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Abstract

This study investigates the influence of wheelset bracket orientation on the load transfer mechanism and
structural performance of railway bogie frames using finite element analysis. Three configurations, namely vertical,
horizontal, and cross orientations, were modeled and evaluated in ANSYS Workbench under identical material
properties, boundary conditions, and loading scenarios. Static, dynamic, and impact loading conditions were
considered to assess stress, deformation, and structural safety. The results show that bracket orientation significantly
affects load distribution and structural response. Among the investigated configurations, the horizontal orientation
exhibits the most favorable performance, characterized by lower stress concentration, reduced deformation, higher
stiffness, and improved safety margins. In contrast, the vertical orientation demonstrates the most critical response
and operates closer to the material yield limit. These findings confirm that wheelset bracket orientation is an

important design parameter influencing the reliability, durability, and structural efficiency of railway bogie frames.
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1. Introduction

The railway industry is a strategic sector in the modern transportation system that demands high levels of safety, reliability,
and structural efficiency [1]. In operational practice, railway systems face complex static and dynamic loads due to vehicle
weight, inertial forces during acceleration and braking, and track irregularities [2]. These conditions require each structural

component to work reliably in distributing loads and maintaining vehicle stability during service [3].

One of the structural problems often encountered in the field is the occurrence of stress concentration in the bogie frame.
This issue is especially prominent in the area of load-bearing component joints, where local deformation tends to occur [4].
The bogie frame distributes loads from the train body to the wheels and rails while maintaining safety, stability, and ride
comfort [5]. Therefore, the bogie frame must ensure sufficient strength, rigidity, and efficient load distribution to minimize

adverse mechanical responses [6].

In the bogie system, the wheelset bracket is a key component that functions as a connector between the wheel axle and
the bogie frame [7]. This component receives vertical loads from the vehicle weight as well as significant lateral and

longitudinal forces, especially during braking and on curved tracks [8]. Geometrically, the orientation of the wheelset bracket
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has the potential to affect the load transfer path, stiffness redistribution, and stress concentration patterns on the bogie frame
[9]. However, in conventional design practices, the orientation of the wheelset bracket is generally determined based on
geometric and manufacturing considerations. It is often treated as a secondary design detail without in-depth structural

evaluation [10].

With advances in computational technology, finite element analysis (FEA) is widely used to evaluate the structural
response of bogie frames and their components. Various studies have utilized FEA to analyze stress distribution, deformation,
and structural response to operational loading [11]. Some studies have even combined FEA with multibody dynamics to
evaluate the fatigue response of bogie frames under cyclic loading, thereby identifying critical areas prone to material failure
[12]. However, these studies generally focus on dynamic and fatigue responses. Comparative static analysis of geometric
orientation variations in the wheelset bracket has not been a major concern. In addition, FEA-based static analysis of bogie
frames is also widely used as a verification tool to assess design feasibility against specific criteria and standards [13]. The
results of these studies generally show that the bogie frame design is within the acceptable deformation and stress limits based
on the properties of the materials used [ 14]. This approach effectively meets the minimum structural safety requirements under
static loading conditions. However, these analyses are generally verifiable and are only performed on one wheelset bracket

configuration that represents the existing design.

In addition, several studies report that structural components made of repetitive elements, such as brackets and supporting
frames, can behave like periodic structures. This similarity influences their overall mechanical response. In such systems,
geometric arrangement strongly influences stiffness distribution and load transfer direction. Even small geometric variations

can affect stress concentration and strain energy distribution [15].

Finite element analysis has also been widely applied to investigate both linear and nonlinear structural responses in
engineering systems. Nonlinear behavior may arise from material properties or geometric effects, as reported in previous finite
element studies on shell and structural systems [16]. In this context, the equivalent stress criterion is commonly used to evaluate
the equivalent stress under multiaxial loading and to assess the structural response in a consistent manner [17]. These findings
show that geometric configuration should not be treated as a secondary design factor. It significantly affects load transfer and

overall structural response, especially where stiffness distribution and force flow are critical.

In general, previous studies have focused on a single wheelset bracket configuration. They have not compared how
variations in geometric orientation affect the structural response of bogie frames. Variations in wheelset bracket orientation
have generally not been treated as a major structural variable in bogie frame analysis. This is because existing studies are more
oriented towards design feasibility verification rather than understanding the mechanisms of load transfer and structural
stiffness redistribution. As a result, the available data is still limited in quantitatively explaining the influence of the geometric
orientation of the wheelset bracket. Bracket orientation effects on deformation, stress concentration, and strain energy in bogie

frames remain insufficiently studied.

To date, research systematically comparing several wheelset bracket orientations remains relatively limited. Most studies
only evaluate one configuration in a particular numerical modeling scheme. Differences in geometry, materials, boundary
conditions, and loading hinder direct comparisons between orientations. Thus, the isolated effect of wheelset bracket

orientation remains unclear under controlled conditions.

Therefore, the influence of wheelset bracket orientation on the load transfer mechanism and structural efficiency of bogie
frames has not been systematically investigated. Although many studies have applied FEA to assess the deformation, stress,
and structural safety of bogie components, most have examined only a single design case. These studies mainly assess
feasibility and strength, leaving the effect of wheelset bracket orientation insufficiently addressed. This limitation is especially

relevant when all configurations are assessed under consistent modeling assumptions.
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Previous studies mainly evaluate a single wheelset bracket configuration. These studies focus on design feasibility and
strength verification. As a result, the influence of bracket orientation is not clearly identified. Differences in geometry, material
properties, boundary conditions, and loading between studies make direct comparison difficult. Therefore, the effect of bracket
orientation as an independent variable remains unclear. This study addresses this gap by comparing three bracket orientations:
vertical, horizontal, and cross. All configurations use the same material properties, boundary conditions, and loading scheme.
The only variable considered in this study is the geometric orientation of the wheelset bracket. This approach allows a direct

comparison of deformation, stress distribution, strain, and strain energy to evaluate the influence of bracket orientation.

This study presents a systematic evaluation of wheelset bracket orientation as a key geometric parameter influencing
structural response in bogie frames. Unlike previous studies that typically focus on a single configuration, this work provides
a direct comparison of multiple orientations under identical modeling conditions. The main contribution of this study is a
controlled comparison of three bracket orientations under identical modeling conditions. This approach isolates geometric
orientation effects on load transfer and structural response. This contribution is particularly important for improving structural

reliability and reducing maintenance requirements in railway vehicle systems.

From a practical perspective, the findings provide direct guidance for the design and optimization of bogie frame
structures in railway applications. The identification of an optimal bracket orientation can reduce stress concentration and
improve load distribution, which are critical factors for structural durability and service life. This is particularly relevant for
real-world railway systems. Repeated dynamic and impact loading conditions can significantly affect structural integrity.

Therefore, the results of this study can support more reliable and efficient design strategies in engineering practice.

2. Finite Element Analysis

In this research, the finite element method (FEM) was used to evaluate the static structural response of a railway bogie

frame under controlled loading conditions [18].
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The analysis was performed using the Static Structural module in ANSYS Workbench software. This module allows
quantitative evaluation of deformation, stress distribution, elastic strain, and strain energy in structural components due to
static loading. The main variable examined in this study is the geometric orientation of the wheelset bracket. Three
configurations, vertical, horizontal, and cross, were analyzed using identical numerical modeling conditions to enable direct
comparison. The overall research procedure adopted in this study is illustrated in Fig. 1, which outlines the sequential steps

from geometric modeling to numerical simulation and result evaluation.

2.1. Geometric Model and Wheelset Bracket Configuration

A three-dimensional bogie frame model was developed to represent the primary load-bearing structure of a railway bogie
system. Geometric modeling was performed by maintaining the main dimensions of the frame, the thickness of structural
elements, and the arrangement of main beams and braces [19]. This approach aims to adequately represent the force flow path

and structural stiffness characteristics. This modeling strategy enables a relevant simulation of bogie frame behavior under

static loading.

50.00 —= =
1410.

Fig. 2 Train Bogie Fig. 3 Bogie Geometry

Design variations in this study are limited to the wheelset bracket configuration as the load transfer interface. Three
bracket orientations, namely vertical, horizontal, and cross, are analyzed with equivalent dimensions and mounting positions.
All other structural features are kept identical to ensure a consistent modeling framework. The configurations are defined based
on simplified load transfer directions. The vertical configuration represents a load path aligned with the main structure. The
horizontal configuration represents a perpendicular load path. The cross configuration combines both orientations. These
configurations are treated as idealized cases to allow the influence of geometric orientation to be evaluated under controlled

conditions. The configurations analyzed in this study are shown in Figs. 2, 3, and 4, respectively.

(a) Vertical wheelset bracket (b) Horizontal wheelset bracket (c) Cross wheelset bracket

Fig. 4 Configuration wheelset bracket design
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2.2. Material Properties

The bogie frame and wheelset bracket materials were modeled as isotropic linear elastic materials to maintain consistency
and comparability between configurations [20]. The material properties used in this study represent structural steel commonly
applied to railway components, specifically SS400 [21]. Thus, the mechanical response of the simulation remains

representative of structural behavior under the applied loading conditions.

In this study, SS400 structural steel with an elastic modulus of 2 x 10° MPa, a Poisson's ratio of 0.3, and a density of 7850
kg/m?® was used. The stress-strain relationship of SS400 structural steel is illustrated in Fig. 5, showing linear elastic behavior
up to the yield strength of approximately 250 MPa. The complete material properties used in the simulation are summarized
in Table 1. The yield stress and maximum tensile stress values were used as references for interpreting the equivalent stress
results [22].
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Fig. 5 Stress-strain curve of SS400 structural steel

Table 1 Material properties

Material Properties Value
Young’s Modulus (E) 2e+05 MPa
Poisson Ratio (v) 0.3
Bulk Modulus 1.6667¢+05 MPa
Shear Modulus 76923 MPa
Density (p) 7850 kg/m?
Compressive Yield Strength 250 MPa
Ultimate Strength 460 MPa
Yield Strength 250 MPa

2.3. Finite Element Modeling

The model uses 3D quadratic tetrahedral elements (TET10). Each node has three translational degrees of freedom. These
correspond to displacement in the x, y, and z directions. Quadratic elements improve accuracy in capturing stress gradients.
This is especially important in regions with complex geometry. Mesh refinement is applied near the wheelset bracket. A coarser
mesh is used in non-critical regions to reduce computational cost [23]. As shown in Fig. 6, mesh refinement is applied in

critical regions near the wheelset bracket connection to capture stress concentration accurately.
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Fig. 6 Meshing

A mesh convergence study was performed to evaluate the influence of mesh density on the numerical results. The relative
error of the maximum equivalent stress is calculated by

K

. B O-r of | 0
Relative Error = ————— x 100% (1
Gref

Where o; is the equivalent stress obtained from each mesh configuration, and a..f is the reference stress corresponding to the

finest mesh. The results of the mesh convergence study are summarized in Table 2, showing the variation of equivalent stress

and relative error for different mesh sizes.

Table 2 Mesh convergence study based on equivalent stress

Mesh Size (mm) | Number of Elements | Equivalent Stress (MPa) | Relative Error (%)

20 62988 168.854 0

21 55325 166.914 1.15
22 54136 168.642 0.13
23 49529 168.945 0.05
24 45567 166.845 1.19
25 42935 167.860 0.59
26 41741 166.489 1.40

The convergence results indicate that the variation in equivalent stress is less than 1.40%, with most values below 1%.
This demonstrates that the numerical solution has reached mesh independence. Among the tested configurations, the mesh size
of 23 mm exhibits the smallest deviation of 0.05% compared to the reference solution. This indicates that further mesh
refinement does not significantly affect the results. Therefore, the mesh size of 23 mm was selected as the optimal configuration,

as it provides a suitable balance between computational efficiency and numerical accuracy.

Accordingly, this selected mesh configuration was adopted for the final finite element model. The final mesh consists of
50,143 elements and 101,200 nodes, including 17,195 corner nodes and 84,005 mid-side nodes, confirming the use of quadratic
tetrahedral elements. This mesh density ensures an adequate balance between computational efficiency and solution accuracy.
To ensure the reliability of the finite element model, a validation assessment was conducted based on numerical consistency,
material limits, and structural response behavior. The accuracy of the finite element model was evaluated based on mesh
convergence and consistency with material limits. The maximum equivalent stress remains below the yield strength of SS400
steel (250 MPa), confirming elastic behavior. Deformation distribution is physically consistent, with maxima at high-load and

geometric discontinuity regions.
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The mesh convergence study shows that the variation in equivalent stress is less than 1.40%, indicating that the
discretization error is minimal. Therefore, the model is considered sufficiently accurate for comparative structural analysis.
This approach is consistent with previous studies, where mesh convergence is used as a primary criterion to ensure the accuracy
of finite element results [24]. Model validation based on consistency with material behavior and structural response is also

widely adopted in finite element analysis [25].

2.4. Boundary Conditions and Loading

Boundary conditions are applied to represent the static working conditions of the bogie frame. The weight of the train car
is 20,000 kg. Four concentrated vertical loads are applied at the wheelset bracket locations, each with a magnitude of 24.525
kN, resulting in a total applied load of approximately 98.1 kN. These loads are directed downward to simulate the vertical

force transmitted from the wheels during operation.

In addition to external loading, gravitational acceleration of 9.81 m/s? was included to account for the self-weight of the
structure. The support conditions were modeled using remote displacement constraints applied at four boundary regions of the
frame. All translational degrees of freedom (Ux, Uy, Uz) at these regions were restricted to simulate fixed support conditions.
Rotational degrees of freedom were inherently constrained due to the use of solid elements. Boundary conditions and loading

configurations are illustrated in Fig. 7, showing the fixed supports at mounting points and vertical loads at wheelset brackets.

[F] Remote Displacement
[G] Remote Displacement 2
[H] Remote Displacement 3
[T"] Remote Displacement 4
EI Acceleration: 0. mm/s*

2000.00 (mm)
]

500.00 1500.00

Fig. 7 Remote force area and remote fixed support area

2.5. Basic Principles of Static Structural Analysis
Static structural analysis was conducted under the assumption of linear elastic behavior and static equilibrium conditions
[26]. With these assumptions, the stress-strain relationship follows Hooke's law, which is mathematically expressed as

o=EFE¢ )

where o is normal stress, £ is the modulus of elasticity, and ¢ is normal strain.

In complex structures such as bogie frames, the stress conditions that occur are multiaxial. Therefore, the equivalent stress
criterion was used to evaluate stress concentration in bogie-frame structures [27]. This criterion was also used to compare the

relative stress levels g, between wheelset bracket configurations, which is formulated as follows:

1 2 2 2
o, = 5[(0'1—0'2) +(0y, —03) +(0y—0,)"] 3)

where 07, 0,, and a5 are the principal stresses, respectively.
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In addition to deformation and stress, the structure's stiffness efficiency was evaluated using strain energy analysis. The

total strain energy U stored in the structure due to static loading is calculated by:

U=%j0'£dV

v

“

where V represents the volume of the structure. Lower strain energy indicates a stiffer structural response and more efficient
load distribution. [28]. This study is limited to linear elastic analysis, as the maximum stress obtained remains below the yield
strength of SS400 steel. Therefore, material and geometric nonlinearities are not expected to significantly influence the results.
Dynamic and impact loading conditions are included in this study to evaluate structural performance under realistic operating

scenarios. However, material nonlinearity and geometric nonlinearity are not considered and may be addressed in future work.

3. Finite Element Analysis

This section presents the simulation results and interprets their structural significance for three wheelset bracket
configurations. The simulation results are discussed in terms of total deformation, equivalent stress, equivalent elastic strain,

and strain energy. A broader comparative interpretation of all configurations is then presented in Section 4.

3.1 Static Load Analysis

This analysis evaluates the structural response of the bogie frame under static loading conditions to establish a baseline
for subsequent dynamic and fatigue analyses. The applied load represents the static weight of the train transmitted through the
wheelset. The load is applied as vertical concentrated forces on the wheelset bracket, while fixed supports are imposed at the
structural boundaries to represent real constraint conditions (based on 2.4. Boundary Conditions and Loading). The simulation

results for each wheelset bracket configuration are presented in Figs. 8, 9, and 10.

00 100000 200000 (e 00 100000 200000 ¢

50000 150000 50000 150000

(b) Equivalent elastic strain vertical wheelset bracket (c) Equivalent stress vertical wheelset bracket

Fig. 8 Simulation results of the vertical wheelset bracket configuration
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150000

(a) Total deformation horizontal wheelset bracket

(b) Equivalent elastic strain horizontal wheelset bracket (c) Equivalent stress horizontal wheelset bracket

Fig. 9 Simulation results of the horizontal wheelset bracket configuration

150000

(b) Equivalent elastic strain cross wheelset bracket (c) Equivalent stress cross wheelset bracket

Fig. 10 Simulation results of the cross wheelset bracket configuration

A quantitative comparison of the simulation results is provided in Table 3. Each configuration produced different
deformation, strain, and stress responses under identical loading conditions. These differences indicate the influence of
structural orientation on load transfer behavior. Lower stress and deformation indicate better stiffness and more efficient

structural performance. Therefore, a quantitative comparison is required to identify the most effective configuration.
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Table 3 Static simulation results

Configuration Deformation (mm) Strain Stress (MPa)
Vertical 3.8034 0.00084527 168.95
Horizontal 3.651 0.00076345 152.58
Cross 3.7057 0.00078046 155.96

The results indicate that the vertical configuration produces the highest stress and deformation, while the horizontal
configuration shows the lowest values. This behavior highlights the significant influence of load path orientation on structural
performance.

To verify the validity of the results, the stress-strain relationship was evaluated using Eq. (2) by substituting the material

properties (E =2x10 MPa) . The stress verification based on Hooke’s law is presented in Table 4. To ensure physical

consistency and numerical reliability, the simulated stress values were analytically verified using Hooke’s law under elastic

material assumptions based on the simulated strain and elastic modulus.

Table 4 Stress verification using Hooke’s law

Vertical stress | Horizontal stress | Cross stress
169.05 MPa 152.69 MPa 156.09 MPa

The calculated stress values differ by less than 1% from the simulation results. This indicates good numerical agreement.
The stress values range from 152 to 169 MPa. This corresponds to 61-68% of the material yield strength. Therefore, the

structure operates within the elastic region [29].

After confirming that the material behaves elastically, the next step is to evaluate the structural safety of each
configuration. This is done using the safety factor, which indicates how far the structure is from failure. The safety factor SF

is defined as

SF =5 )

where g, is the yield strength (250 MPa) and 0,4, is the maximum stress obtained from the simulation. The calculated safety

factor for each configuration is summarized in Table 5.

Table 5 Safety factor for each configuration under static loading

Configuration | Safety factor
Vertical 1.48
Horizontal 1.64
Cross 1.60

The safety factor values range from 1.48 to 1.64. A safety factor between 1.5 and 2.0 is generally recommended for static
structural components. The horizontal and cross configurations satisfy this criterion, indicating adequate structural safety.
However, the vertical configuration (SF = 1.48) falls slightly below the recommended lower bound, indicating a marginal

safety condition and reduced tolerance to additional loading such as vibration or impact.

To further understand how efficiently the material strength is used, the stress utilization ratio UR is evaluated as

— O-max
UR = —Uy (6)
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where UR is the stress utilization ratio, 0y, is the maximum equivalent stress obtained from the simulation, and oy, is the
material yield strength. Values below 1.0 indicate that the structure remains within the elastic region, while values approaching

unity indicate more efficient utilization of the material strength. The stress utilization ratio for each configuration is presented
in Table 6.

Table 6 Stress utilization ratio under static loading

Configuration | Utilization | Interpretation
Vertical 0.676 Moderate
Horizontal 0.610 Safe
Cross 0.624 Moderate

The vertical configuration shows the highest utilization (0.676), indicating a smaller design margin and higher sensitivity
to load variations. In contrast, the horizontal configuration (0.610) is closer to the safe region, indicating better structural

efficiency and more reliable performance.

The differences in structural performance are governed by the load transfer mechanism within the frame. The vertical
configuration promotes a direct load path, leading to localized stress concentration. In contrast, the horizontal configuration
distributes the load more uniformly, resulting in lower stress and improved stiffness. Although the cross configuration adds

load paths via bracing, it reduces peak stress less than the horizontal arrangement.

These findings are consistent with previous finite element studies, which show that structural response is strongly
influenced by load path and geometric configuration [30]. Configurations that promote direct load transfer tend to produce
higher localized stresses. In contrast, configurations that allow load redistribution result in lower stress concentration and
improved structural efficiency. A similar trend is observed in the present study. The vertical configuration shows higher stress
due to a more direct load path. Meanwhile, the horizontal configuration provides a more uniform load distribution and
improved structural performance. This agreement confirms that the numerical model is capable of capturing realistic structural

behavior.

In terms of practical application, these results suggest that the horizontal configuration offers a more reliable structural
behavior under service conditions. Lower stress levels and a higher safety factor indicate better capacity to withstand
operational loads over time. This is directly related to improved durability and reduced maintenance requirements. In contrast,
the vertical configuration operates closer to the material limit. It is more sensitive to dynamic loading, vibration, and track

irregularities. Therefore, the horizontal configuration offers a more robust and safer design for real-world railway applications.

3.2 Dynamic Load 30% and Cyclic Load Analysis

This analysis evaluates the structural response of the bogie frame under dynamic and cyclic loading conditions using
time-history simulation. Unlike static loading, the applied load varies with time due to track irregularities and wheel-rail
interaction. This approach allows the evaluation of stress fluctuation, deformation behavior, and fatigue potential under

realistic operating conditions.

Dynamic amplification was introduced to account for load fluctuations caused by wheel-rail interaction, track
irregularities, and operational vibration. A dynamic amplification factor of +30% was adopted to represent realistic variations
in the wheel load during service. Accordingly, the maximum dynamic load F,x and minimum dynamic load F;, are
calculated from the static wheel load F;, where F; represents the static wheel load applied to each wheelset bracket location,

using

F,. =F.(1+023) ()
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F. =F(1-03) @®)

where 0.3 is the amplification factor which represents a +30% variation in the applied load, consistent with operational railway
conditions reported in EN 1991-2 and UIC recommendations. Using the static wheel load of F; = 24.525kN as the reference
condition, this variation gives Fy,,y = 31.883kN and F,;, = 17.167kN. These values are therefore adopted as the upper and
lower bounds of the cyclic loading condition, respectively, to represent load fluctuations during operation. The cyclic load
amplitude F, is subsequently calculated by

E _-F

F — 2 max min

‘ 2

_31.883-17.167 — 7358V

(€))
where F, represents the magnitude of cyclic load variation about the mean load. The mean load corresponds to the static wheel
load, while the amplitude represents the dynamic fluctuation during operation. These parameters were subsequently applied to
define the piecewise cyclic loading in the transient structural analysis. Compared with an idealized sinusoidal excitation, the
adopted loading pattern more closely represents the fluctuating wheel loads experienced under actual railway operating

conditions. The numerical results obtained from the transient dynamic analysis are summarized in Table 7.

Table 7 Time history results of deformation, strain, and stress under dynamic loading

Vertical Horizontal Cross
Time Total . qul;;\;zlcent Equivalent Total _ qul;:;?ilcent Equivalent Total _ qutiil\gzlcent Equivalent
[s] deformation strain stress deformation strain stress deformation strain stress
Maximum | Maximum | Maximum | Maximum | Maximum | Maximum | Maximum | Maximum | Maximum

[mm] [mm/mm] [MPa] [mm] [mm/mm] [MPa] [mm] [mm/mm] [MPa]
0.5 4.3456 9.65E-04 192.82 4.1718 8.72E-04 174.17 4.2347 8.91E-04 178.04
1 4.8994 1.09E-03 217.14 4.7033 9.82E-04 196.16 4.7748 1.00E-03 200.53
1.5 3.7978 8.44E-04 168.7 3.6459 7.62E-04 152.36 3.7004 7.79E-04 155.74

2 2.7269 6.07E-04 121.38 2.6174 5.48E-04 109.58 2.6559 5.60E-04 112
2.5 3.7965 8.44E-04 168.64 3.6447 7.62E-04 152.32 3.6992 7.79E-04 155.69
3 4.902 1.09E-03 217.26 4.7058 9.82E-04 196.26 4.7773 1.00E-03 200.63
3.5 3.7967 8.44E-04 168.65 3.6449 7.62E-04 152.32 3.6994 7.79E-04 155.7
4 2.7268 6.07E-04 121.37 2.6173 5.48E-04 109.58 2.6558 5.60E-04 111.99
4.5 3.2557 7.24E-04 144.77 3.1255 6.54E-04 130.74 3.1718 6.69E-04 133.63
5 3.807 8.46E-04 169.1 3.6543 7.64E-04 152.71 3.7091 7.81E-04 156.1
5.5 4.343 9.64E-04 192.71 4.1694 8.71E-04 174.07 4.2323 8.90E-04 177.94
6 4.8997 1.09E-03 217.16 4.7037 9.82E-04 196.17 4.7751 1.00E-03 200.54
6.5 3.7993 8.44E-04 168.76 3.6472 7.63E-04 152.42 3.7018 7.80E-04 155.8
7 2.7242 6.07E-04 121.26 2.615 5.48E-04 109.48 2.6533 5.60E-04 111.89
7.5 3.7999 8.45E-04 168.79 3.6478 7.63E-04 152.45 3.7025 7.80E-04 155.83
8 4.8982 1.09E-03 217.09 4.7023 9.81E-04 196.11 4.7737 1.00E-03 200.48
8.5 4.3455 9.65E-04 192.81 4.1717 8.71E-04 174.16 4.2346 8.91E-04 178.04
9 3.8038 8.45E-04 168.96 3.6514 7.64E-04 152.59 3.7061 7.81E-04 155.98
9.5 3.8012 8.45E-04 168.85 3.649 7.63E-04 152.49 3.7037 7.80E-04 155.88
10 3.8034 8.45E-04 168.94 3.651 7.63E-04 152.58 3.7057 7.80E-04 155.96

The time-history results show a periodic loading pattern representing cyclic behavior. The structure experiences
alternating loading and unloading phases, resulting in continuous stress fluctuation. The obtained response indicates a repeated

fluctuation pattern throughout the loading duration. This behavior reflects alternating loading and unloading conditions within
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the structure. The stress continuously changes during each loading cycle under dynamic excitation. Such cyclic loading is

strongly associated with fatigue damage accumulation.

Based on the observed cyclic response, the mean stress g,,, and the stress amplitiude o, can be calculated by

G — O-max + O-mm
= (10)

— O-max — O-mm
o, = (11)

where the maximum stress value 0,4, and minimum stress value o,,;, are used to characterize the stress variation under
dynamic loading. These parameters are required for fatigue assessment using the Goodman criterion. The resulting stress

parameters are presented in Table 8.

Table 8 Dynamic stress parameters

Configuration Mean stress (MPa) | Alternating stress (MPa)
Vertical 169.26 48.00
Horizontal 152.87 43.39
Cross 156.26 44.37

The vertical configuration clearly exhibits the largest stress amplitude. This indicates a wider stress range during each
loading cycle. In fatigue mechanics, this is directly associated with accelerated crack initiation. The horizontal configuration
shows a lower amplitude, indicating a more stable stress response under fluctuating loads. The cross configuration lies between

the two cases. This suggests that added bracing redistributes load but does not significantly reduce peak stress variation.

Table 9 Stress utilization under dynamic loading

Configuration Utilization Interpretation
Vertical 0.869 Critical
Horizontal 0.785 Moderate

Cross 0.802 Near-critical

To further assess structural safety, the peak stress is compared against the material yield strength through the utilization
ratio. The stress utilization under dynamic loading is summarized in Table 9. The peak stress values are normalized relative to
the material yield strength. This approach provides a clearer indication of the remaining structural safety margin. Higher

utilization values indicate configurations operating closer to the yield condition.

The vertical configuration reaches about 87% of yield strength. Minor load increases could push it toward yielding. In
contrast, the horizontal configuration remains within the moderate zone, indicating a more comfortable safety margin. The
cross configuration approaches the critical boundary, suggesting that its performance is improved over the vertical case but

remains suboptimal.
To verify that the material remains within the elastic domain, the yield strain €, represents the elastic strain limit before
the onset of plastic deformation and can be calculated by

g,

& =f=0.00125 (12)

v

where o), is the yield strength of the material, and E is Young’s modulus. The yield strain represents the maximum strain that

can be sustained before the onset of plastic deformation. Under dynamic loading, excessive strain may indicate the onset of
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permanent deformation. Comparing the obtained strain with the elastic limit helps assess structural reliability. This evaluation

is important for identifying configurations approaching plastic behavior. Lower strain ratios indicate better elastic stability

during fluctuating loading conditions. The strain evaluation results are shown in Table 10.

Table 10 Strain evaluation under dynamic loading

Configuration Strain Ratio Interpretation
Vertical 0.872 Near plastic
Horizontal 0.786 Safe
Cross 0.80 Moderate

A comparison of these values shows that the vertical configuration approaches 87% of the elastic strain limit. In material
mechanics, strain levels above approximately 0.8 ¢, indicate a reduced margin before the onset of plastic deformation. The
horizontal configuration remains below this threshold, indicating a more reliable elastic response. Meanwhile, the cross

configuration sits near the boundary, reflecting moderate performance with a tendency toward higher strain levels.
The deformation behavior is then examined to evaluate the structural stiffness under dynamic conditions, and the
percentage increase (448) can be calculated by

A5:5d;§s x100%

s

(13)

where &, is the maximum deformation obtained under dynamic loading conditions (mm), and §; is the maximum deformation
obtained under static loading conditions. This parameter quantifies the effect of dynamic loading on structural stiffness. Higher
deformation indicates lower structural rigidity and greater flexibility during load fluctuations. Excessive deformation may
amplify vibration levels and reduce structural stability during operation. Therefore, deformation comparison is necessary to

evaluate stiffness performance and operational reliability. The deformation comparison is shown in Table 11.

Table 11 Deformation comparison under dynamic loading

Configuration Maximum deformation (mm) Increase (%)
Vertical 4.90 28.9
Horizontal 4.70 28.8
Cross 4.78 28.9

It can be observed that the deformation increases by nearly 29% compared to the static condition. Such an increase
indicates a noticeable reduction in effective stiffness when the structure is subjected to dynamic loading. Higher deformation
at the same load indicates greater flexibility, which may amplify vibration and reduce stability. The slightly higher deformation

in the vertical configuration further reinforces its less efficient load transfer mechanism.

To assess the fatigue performance under repeated loading, the Goodman criterion represents the fatigue safety condition

under cyclic loading and can be evaluated by

Gl,l G’n
&t <l (14)

where g, is the stress amplitude, o, is the endurance limit of the material, g,, is the mean stress, and g, is the ultimate tensile
strength of the material. According to the Goodman criterion, values below unity indicate safe operation under cyclic loading

conditions.

Repeated stress fluctuation can gradually initiate microcracks within the material structure. Fatigue failure may occur
even when the stress remains below the yield strength. Therefore, fatigue assessment becomes essential under cyclic loading

conditions. The Goodman criterion combines mean stress and alternating stress into a single parameter. This method is widely
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used for evaluating fatigue resistance in engineering structures. Lower Goodman values indicate better resistance against cyclic

stress damage. The fatigue evaluation results based on the Goodman criterion are presented in Table 12.

Table 12 Fatigue evaluation based on Goodman criterion under dynamic loading

Configuration Goodman Interpretation
Vertical 0.577 Safe
Horizontal 0.521 Safe
Cross 0.533 Safe

All configurations satisfy the fatigue criterion since the computed values remain below unity. However, the vertical
configuration produces the highest Goodman value, indicating the smallest margin against fatigue failure. This suggests that
under prolonged cyclic loading, it is more susceptible to damage accumulation. The horizontal configuration, which yields the
lowest value, demonstrates better resistance to cyclic stress and is therefore expected to have a longer fatigue life. The cross
configuration provides intermediate performance, confirming that additional bracing improves load redistribution but does not

significantly reduce fatigue-critical stresses.

The observed performance differences can be attributed to the load-transfer mechanism in each configuration. In the
vertical arrangement, the load follows a relatively direct path, which tends to concentrate stress in localized regions. From an
application standpoint, these findings highlight the importance of considering dynamic effects in structural design. A
configuration that appears adequate under static loading may exhibit critical behavior when subjected to fluctuating loads. The
vertical configuration operates near material limits, making it more vulnerable to vibration and track irregularities. This may
accelerate fatigue damage and increase maintenance demands. In contrast, the horizontal configuration shows a more balanced
response. It has lower stress, smaller deformation, and better fatigue resistance. These features improve durability and

reliability, making it more suitable for practical railway applications.

3.3 Impact Load Analysis

This analysis evaluates bogie frame response under impact loads from rail joints and track irregularities. The peak
structural response obtained from the impact simulation is summarized in Table 13. Unlike cyclic loading, impact loading is
governed by a single dominant peak, making the maximum response the primary parameter for assessing structural safety. In
practical railway operation, this condition is critical because sudden load amplification can approach the material limit and

directly influence failure risk.

To represent the amplification caused by sudden contact, the impact load F; represents the amplified wheel load during
sudden loading events and can be calculated by

F =k-F, (15)

where k is the impact amplification factor, and F; is the static wheel load. The amplification factor accounts for the increase

in load caused by sudden wheel-rail interactions and impact events. This amplification reflects realistic railway conditions,

where dynamic effects can significantly exceed static loads. According to UIC 776-2, impact factors in the range of 1.2-1.6

are commonly used to represent such conditions. This indicates that structures designed only for static loads may experience

critical stress levels under impact events.

Table 13 Peak response

Configuration | Total deformation (mm) | Equivalent elastic strain | Equivalent stress (Mpa)
Vertical 5.231 1.16E-03 231.84
Horizontal 5.020 1.05E-03 209.41
Cross 5.100 1.07E-03 214.21
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The vertical configuration exhibits the highest response across all parameters. A stress value of 231.84 MPa corresponds
to about 92.7% of the yield strength. This indicates that the structure operates very close to its allowable limit. According to
EN 1993-1-1 Eurocode 3, stress levels above 0.8c_y are considered critical. In real operation, this increases dependence on
track condition and inspection quality. The horizontal configuration shows lower stress and deformation values. This indicates
a more effective load distribution mechanism. The cross configuration provides moderate improvement but does not

significantly reduce peak response.

Table 14 Stress utilization under impact loading

Configuration | Utilization | Interpretation
Vertical 0.927 Critical

Horizontal 0.838 Near-critical
Cross 0.857 Critical

This normalization provides a clear measure of how close the structure operates to its allowable limit. The stress utilization
under impact loading is presented in Table 14. Stress normalization is used to evaluate structural loading severity under impact
conditions. The obtained ratio indicates the proximity to the allowable material stress limit. Higher utilization values
correspond to reduced safety margins during sudden loading. This parameter helps identify structures vulnerable to impact-

induced failure.

The vertical configuration reaches 92.7% of the yield strength, indicating that the structure operates very close to its
allowable limit. The horizontal configuration exhibits a lower utilization value, indicating a more stable stress distribution and
a greater tolerance to load variation. This behavior occurs because the load is distributed more evenly across structural members,
reducing stress concentration. The cross configuration shows intermediate behavior, where additional load paths partially

redistribute the force, but the peak stress remains relatively high.

To evaluate the deformation response, the strain is normalized with respect to the elastic limit. This allows the material

behavior to be assessed in terms of its proximity to plastic deformation. The strain evaluation results are shown in Table 15.

Table 15 Strain evaluation under impact loading

Configuration | Strain Ratio | Interpretation
Vertical 0.928 Near plastic
Horizontal 0.84 Moderate
Cross 0.856 Near-critical

The vertical configuration reaches a strain ratio of 0.928, indicating that the deformation state approaches the elastic limit.
The horizontal configuration shows a lower strain ratio of 0.84, indicating a more stable deformation response and improved
elastic behavior. The cross configuration exhibits intermediate behavior, reflecting partial improvement due to additional load

paths. However, localized deformation is still present, indicating that redistribution is not fully effective.

Table 16 Deformation comparison under impact loading

Configuration | Maximum deformation (mm) | Interpretation
Vertical 5.231 Lowest stiffness
Horizontal 5.020 Highest stiffness
Cross 5.100 Moderate

Table 16 shows the summary of deformation comparison. To evaluate structural stiffness under impact loading, stiffness
k is used to describe the resistance of the structure to deformation. A higher stiffness indicates greater resistance to
displacement, while a lower stiffness indicates greater deformation under the applied load. The relationship between structural

stiffness and deformation is expressed as
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kocg (16)

where § denotes the displacement under impact loading. This inverse relationship indicates that lower displacement
corresponds to higher structural stiffness. Therefore, the deformation response can be used to compare the stiffness

performance of the three bracket configurations.

The vertical configuration exhibits the largest deformation, reaching 5.231 mm, which indicates reduced structural
stiffness under impact loading. This condition increases susceptibility to vibration and local instability, particularly under
repeated loading. In practical applications, such behavior may accelerate wear and reduce structural reliability over time. The
horizontal configuration shows the lowest deformation, indicating a stiffer response and more effective load transfer. The cross
configuration presents an intermediate deformation value. However, the reduction remains limited, suggesting that stiffness

enhancement is not significant.

To evaluate the dynamic characteristics of the structure, the equivalent wheel-supported mass m represents the mass

associated with the static wheel load and can be calculated by

m=- (17)

where g is the gravitational acceleration. The equivalent mass is subsequently used to determine the natural angular frequency
of the structure. Using the equivalent mass and structural stiffness, the natural angular frequency w, represents the

characteristic angular frequency of the structure and can be calculated from

_|k_ g
w,,—\/; \E (18)

where k is the structural stiffness, m is the equivalent mass, and § is the static deformation obtained from the simulation results.
The natural frequency f,, represents the characteristic frequency of the structure and can be calculated from the natural angular

frequency through the following equation

a)ﬂ
Ju= Py (19)

where w,, is the natural angular frequency. The calculated natural frequency is subsequently compared with the operational
excitation frequency to evaluate the possibility of resonance. Based on the deformation values obtained from the impact

analysis, the calculated natural frequencies for each configuration are presented in Table 17.

As shown in Table 17, the natural frequency of all configurations lies within a narrow range of approximately 6.9 to 7.0
Hz. This indicates that the global stiffness of the structure does not vary significantly between configurations. Since the mass
remains constant, the variation in natural frequency is primarily governed by differences in stiffness. The horizontal
configuration exhibits the highest frequency, reflecting its higher stiffness, while the vertical configuration shows the lowest

value, indicating reduced rigidity.

Table 17 Natural frequency estimation under impact loading

Configuration | Natural angular frequency (rad/s) | Natural frequency (Hz)
Vertical 43.32 6.89
Horizontal 44.25 7.04
Cross 43.85 6.98
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When compared with the excitation frequency associated with the impact event, which occurs over a time scale of
approximately 1 s (=1 Hz), it is evident that the system operates well below its natural frequency. This condition can be

expressed as

The potential for resonance is evaluated by comparing the operational excitation frequency with the natural frequency of
the structure. A sufficiently large separation between these frequencies indicates a lower likelihood of resonance during

operation and is expressed as
fo<f, (20)

where f, is the operational excitation frequency. This criterion indicates that the excitation frequency is substantially lower

than the natural frequency, thereby reducing the likelihood of resonance during operation.

To assess the dynamic response, the structural behavior is evaluated in terms of acceleration. The acceleration response
a describes the rate of change in structural motion during impact loading and is obtained from the displacement history through

its second derivative with respect to time as

_dzu
“u ey

where u denotes the structural displacement, and t represents time. The resulting acceleration is subsequently used to
determine the inertial force generated by the equivalent mass during the impact event. Based on Newton’s second law, the
applied impact force F represents the inertial force generated by the equivalent mass in response to the acceleration and is

determined as
F=m-a (22)

where a is the acceleration response. This relationship establishes the connection between the structural acceleration and the
force developed during sudden loading events. The resulting force provides an indication of the inertial response experienced

by the structure under impact loading. The calculated acceleration response is presented in Table 18.

Table 18 Acceleration response under impact loading

Configuration Acceleration (mm/s?) Interpretation
Vertical 22.231 Highest dynamic response
Horizontal 21.331 Smooth response
Cross 21.634 Moderate

The vertical configuration produces the highest acceleration, indicating a stronger inertial response under impact loading.
Based on the relation F = m - a, higher acceleration leads to greater internal dynamic forces, which can increase vibration
intensity and accelerate material degradation. The horizontal configuration exhibits lower acceleration, indicating a smoother
energy transfer and reduced dynamic amplification. The cross configuration shows intermediate behavior, reflecting partial

improvement in load redistribution.

To evaluate long-term structural performance, fatigue behavior is considered due to the repetitive nature of impact loading.
Even when short-term safety is satisfied, cumulative damage may develop over time. Fatigue evaluation results are summarized

in Table 19.



Advances in Technology Innovation, vol. x, no. x, 20xx, pp. xx-xx 19

Table 19 Fatigue evaluation under impact loading

Configuration Goodman Interpretation
Vertical 0.718 Safe (low margin)
Horizontal 0.65 Safer
Cross 0.67 Moderate

All configurations satisfy the fatigue criterion, indicating that fatigue failure is not expected under the given loading
condition. However, the vertical configuration exhibits the highest Goodman value, indicating a reduced fatigue margin
compared to the other configurations. At this level, the structure remains safe but becomes more susceptible to long-term
damage accumulation. The horizontal configuration shows the lowest Goodman value, indicating better resistance to cyclic
stress and improved durability. The cross configuration provides moderate improvement, although its effect on fatigue

performance remains limited.

The differences in structural response under impact loading are governed by the load transfer mechanism within each
configuration. In the vertical arrangement, loads follow a direct path along primary members. This promotes localized stress
concentration and limits energy redistribution. This results in higher stress, larger deformation, and increased dynamic response.
In contrast, the horizontal configuration distributes the load across multiple structural members, reducing stress concentration
and improving stiffness. This leads to a more stable response with lower deformation and reduced dynamic amplification. The

cross configuration adds load paths, but its effectiveness is limited by the dominant primary load direction.

Impact loading represents one of the most critical conditions in railway operation. The vertical configuration operates
near the material limit and is more sensitive to dynamic excitation. This increases the risk of fatigue damage and structural
degradation. Conversely, the horizontal configuration shows a more balanced response, with lower stress, reduced deformation,
and better resistance to impact damage. These features improve durability and reliability, making it the most suitable for real-

world railway applications.

4. Conclusion

This study presented a comparative finite element analysis of a railway bogie frame with three wheelset bracket
orientations: vertical, horizontal, and cross. All configurations were evaluated under identical geometry, material properties,
boundary conditions, and loading conditions. Structural performance was assessed using deformation, stress, strain, fatigue
behavior. While dynamic characteristics was assessed under static, dynamic, cyclic, and impact loading conditions. Based on

the results, the following conclusions are drawn:

(1) The wheelset bracket orientation significantly affects structural behavior through load-transfer characteristics and stress
distribution. Under static loading, the vertical configuration produced the highest stress (168.95 MPa) and deformation
(3.803 mm), while the horizontal configuration showed the lowest values (152.58 MPa and 3.651 mm), indicating better
stiffness and load distribution.

(2) The horizontal configuration demonstrated the best structural performance under all loading conditions. It achieved the
highest safety factor (1.64), lowest stress utilization (0.610), and lower dynamic stress amplitude (43.39 MPa), indicating
improved elastic stability and fatigue resistance.

(3) The vertical configuration generated a more direct load path, causing higher localized stress and deformation. In contrast,
the horizontal configuration distributes loads more uniformly, reducing peak stress and improving structural rigidity. The
cross configuration provided intermediate performance.

(4) Under dynamic and impact loading, the vertical configuration showed the most critical response. Peak stresses reached
217 MPa during cyclic loading and 231.84 MPa under impact loading, corresponding to 92.7% of the material yield
strength. Meanwhile, the horizontal configuration maintained lower stress and deformation, indicating better resistance to

fatigue and impact effects.



20

)

Advances in Technology Innovation, vol. x, no. x, 20xx, pp. xx-xx

Dynamic loading increased deformation by approximately 29% compared to static loading, indicating reduced effective
stiffness under fluctuating loads. The natural frequency ranged from 6.89 to 7.04 Hz, remaining well above the operational

excitation frequency, thereby minimizing resonance potential.

This study is limited by the use of linear elastic material assumptions and simplified loading conditions. Material

nonlinearity, cumulative fatigue damage, and experimental validation were not included. Future work should incorporate

nonlinear material models, fatigue-life prediction, realistic track excitation, and experimental validation to improve model

reliability and practical applicability.
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