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Abstract

This study presents a comprehensive evaluation of the fatigue
performance of two different bracket designs used in the charging door
mechanism of an M3-class electric bus—one made from Aluminum
6061-T6 and the other from ST52 structural steel. Both brackets were
subjected to constant-amplitude cyclic loads derived from real service
data. Fatigue life predictions were conducted using finite element
analysis (FEA) and two stress-based approaches: the Soderberg
criterion and the Smith-Watson-Topper (SWT) method. FEA of the
Aluminum 6061-T6 bracket revealed von Mises stress levels ranging
between 170-204 MPa, which approach the material’s yield strength of
208 MPa. The Soderberg result (1.717 > 1) did not meet the safe design
criterion, which was further validated by the occurrence of fracture
during field application. The fatigue life predicted by the SWT method
was 9.81 x 10”9 cycles. The alternative bracket design made from ST52
steel yielded more favorable results with lower stress levels (100-115
MPa). For this design, the Soderberg value was found to be 0.485 (< 1),
indicating a structurally safe configuration. Additionally, a fatigue life
of 3.87 x 10711 cycles was obtained using the SWT method, and
approximately 1076 cycles according to FEA-consistent with the infinite
life threshold reported in the literature. The findings highlight the
critical influence of material selection and structural geometry on
fatigue performance. The ST52 steel bracket demonstrated superior
performance in terms of both safety and durability, providing a
methodological basis for fatigue-resistant design in electric bus
components.

Keywords: Fatigue Life, Finite Element Analysis (FEA), Smith-
Watson-Topper Method, Soderberg Approach

Ozet

Bu ¢alisma, M3 sinift  bir elektrikli = otobiisiin sarj kapagi
mekanizmasinda kullanilan iki farklh —braket tasariminin biri
Aliiminyum 6061-Té6, digeri ST52 yapisal celiginden iiretilmis yorulma
dayanimi agisindan kapsamli bir degerlendirmesini sunmaktadir. Her
iki braket, gercek servis verilerinden elde edilen sabit genlikli cevrimsel
yliklere maruz birakilmistir. Yorulma émrii tahminleri, sonlu elemanlar
analizi (FEA) ve iki farkli yontem olan gerilme temelli Soderberg kriteri
ile gerilme temelli Smith-Watson-Topper (SWT) yéntemi kullanilarak
gerceklestirilmistir. Aliiminyum 6061-T6 braketi icin yapilan FEA, 170-
204 MPa araliginda von Mises gerilmeleri ortaya koymus; bu degerler
malzemenin 208 MPa’lik akma sinirina oldukga yakindir. Soderberg
sonucu (1.717 > 1) giivenli tasarim kriterini karsilamamis ve bu durum
saha uygulamasinda meydana gelen kirilmayla da dogrulanmistir. SWT
yéntemiyle elde edilen yorulma omrii ise 9,81 x 10”9 ¢evrim olarak
hesaplanmistir. ST52 celiginden imal edilen alternatif braket tasarimi
ise daha diisiik gerilme seviyeleri (100-115 MPa) ile daha avantajl
sonuclar vermistir. Bu tasarim icin Soderberg degeri 0.485 <1 olarak
bulunmus ve giivenli bir yapt oldugunu géstermistir. Ayrica SWT
yéntemiyle 3,87 x 10”11 cevrimlik yorulma émrii elde edilmis, FEA
analizine gére ise yaklasik 1076 cevrim sonucuna ulasiimis ve
literatiirdeki sonsuz omiir esigiyle uyum saglanmistir. Elde edilen
sonuglar, malzeme secimi ve yapisal geometrinin yorulma performansi
tizerindeki kritik etkisini ortaya koymaktadir. ST52 ¢eliginden liretilen
braket hem giivenlik hem de dayaniklilik acisindan listiin performans
sergilemis ve elektrikli otobiis bilesenlerinde yorulma dayanimina
yénelik tasarim siirecine katki saglayacak metodolojik bir temel
sunmustur.

Anahtar kelimeler: Yorulma Omrii, Sonlu Elemanlar Analizi (FEA),
Smith-Watson-Topper Yontemi, Soderberg Yaklasimi

1 Introduction

Recent advancements in the fields of engineering and materials
science have led to significant progress in the investigation of
fatigue strength and its adoption as a design criterion. This
process plays a crucial role in increasing the safety factors of
components used across various industries. By improving
material properties and design criteria, fatigue strength can be
enhanced, allowing components to be used in a more durable
and safe manner. Current studies have made fatigue strength a
fundamental key for achieving efficient and safe structures in
engineering applications.

Fatigue is the process by which a material weakens and
undergoes damage due to repeated loads over time and as a
function of the number of cycles, without reaching the yield
limit. This phenomenon is a commonly encountered term both
in literature and in everyday life. In modern engineering
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applications, it emerges as one of the key factors determining
the reliability and lifespan of components. Fatigue can lead to
unexpected damage of structures or components.

The periodic application of tensile and compressive loads to
parts generates negative and positive sinusoidal waves on the
material, accelerating the fatigue process.

Eryllmaz et al. developed a methodology for the design of
engine brackets exposed to dynamic effects by comparing the
test results of an 18-meter Euro VI commercial vehicle. The
vehicle and road model prepared in the computer environment
validated the research conducted with previously obtained
road data [1].

Dong et al. examined the fatigue performance of a wire bracket
for rail vehicles with different vibration amplitudes and
compared the fatigue life of the wire bracket through computer-
assisted simulations [2].



Liu et al. attached accelerometer sensors to a bracket located
on the underside of rail vehicles in metro systems, which
supports the wheel sets. They converted the acceleration values
obtained during operation into a frequency-based format and
compared them with the natural frequency of the bracket. The
results revealed that the bracket resonated around 61 Hz, and
stress concentrations increased around the hole area of the bolt
[3]- While these examples illustrate the importance of fatigue
analysis in transportation-related brackets, the present study
extends the scope to electric buses and focuses on constant
amplitude loading derived from service conditions, integrating
fatigue life models for enhanced structural evaluation.

In the process of fatigue life prediction, this study highlights the
significant impact of out-of-plane bending (OPB) on the fatigue
performance of chain link structures. Barros et al. (2023)
developed both analytical equations and a finite element model
to evaluate the fatigue life of metallic chain links used in
mooring systems, considering axial stress and OPB effects.
Their work demonstrated that the presence of OPB significantly
increases normal stress at the hotspot, which in turn drastically
reduces fatigue life, particularly under constant amplitude
loading conditions. Fatigue life was calculated using the Smith-
Watson-Topper (SWT) criterion and validated through
ABAQUS simulations. In the present study, a similar
methodological approach is adopted to evaluate the fatigue
behavior of a critical structural component the charging door
bracket subjected to constant cyclic loads. By integrating
experimentally validated fatigue parameters, the use of SWT
criteria, and service-representative loading conditions, this
research bridges the gap between generic fatigue models and
their application in real-world electric bus components [4].

Fatigue life prediction remains a fundamental requirement for
the safe operation of components exposed to cyclic loads,
especially in the automotive industry. Chin et al. (2021)
investigated the fatigue performance of coil springs under
variable amplitude loading using conventional strain-based
models. Among the models evaluated, the Smith-Watson-
Topper (SWT) criterion was found to yield more accurate
fatigue life predictions than Coffin-Manson and Morrow
models, particularly when high-amplitude cycles were present.
Although btheir study focused on suspension components and
random loading, the demonstrated effectiveness of the SWT
approach provides strong support for its application in
structural fatigue assessment under well-defined cyclic
conditions, such as those analyzed in the present study [5].

In the design phase of structures subjected to dynamic loading,
regions with sharp geometric features may serve as initiation
points for fatigue cracks due to notch effects. Nominal stresses
can be used to reliably predict the fatigue strength of notched
components. This method can be combined with fatigue
strength factors to reduce the effects of notches [6].

In structural connections, the stress concentration in notched
areas can be the initiation point for fatigue cracks, thus these
regions should be carefully considered in the design [7].

In automotive applications, brackets, particularly welded
connection areas, are weak points prone to fatigue damage.
Welding defects in these connections can adversely affect
fatigue life under high-frequency vibrations. Xue and his team
noted that vibrations, especially in welded areas, cause fatigue
failures, and these findings are crucial for bracket designs in the
automotive sector [8].

The Finite Element Analysis (FEA) method is an effective tool
for predicting stress concentrations and analyzing the initiation
of fatigue cracks to optimize the fatigue life of structural
components [9].

Studies on the accumulation of fatigue damage in critical
regions of brackets have shown that porous structures and low-
density areas within materials significantly influence this
process. In analyses conducted by Brusa and colleagues, fatigue
cracks were observed to initiate and propagate in the critical
load-bearing areas of titanium alloy brackets produced via
additive manufacturing. These findings provide a valuable
analogue for understanding similar damage accumulation
phenomena in metal brackets used in transportation systems,
including electric buses [10].

The accumulation of fatigue damage and its impact on material
life is a significant research topic in the field of engineering. Liu
and Ma (2023) conducted a review of various theoretical
models used to explain the fatigue damage of metallic materials.
The study compares linear and nonlinear cumulative damage
models with data analyses, emphasizing that the nonlinear
damage model is more suitable for constant and multi-stage
variable amplitude loading. Among the models reviewed,
nonlinear cumulative damage models especially those
incorporating energy dissipation and strength degradation
were found to yield more accurate fatigue life predictions,
particularly under constant and multi-level amplitude loading
conditions [11].

The fatigue life of brackets is considered a critical parameter for
safety and durability in engineering structures. In a study
conducted by Yang, Liu, and Wang (2023), the effect of
environmental temperature on the fatigue life of carbon fiber
reinforced polymer (CFRP) materials was investigated. A
temperature-based property curve and a performance fraction
model for the shaft were developed, and fatigue life predictions
were made using experimentally obtained temperature
coefficients. Additionally, factors such as load mean, amplitude,
and environmental temperature were evaluated for their
influence on fatigue performance. Although this study focused
on composite materials under random loading conditions, it
underscores the increasing relevance of fatigue-oriented
design approaches. This methodology, while developed for
composites, lays a foundation for incorporating environment-
related factors into fatigue models an approach increasingly
important for metallic systems under service conditions, such
as bus brackets. This study contributes to a more accurate
analysis of the fatigue behavior of CFRP materials [12].

The initiation point of fatigue cracks in non-welded steel
components constitutes a significant portion of the total fatigue
life, and accurately predicting this phase is crucial for structural
integrity. Hao et al. (2023) developed a numerical model that
integrates the extended finite element method (XFEM) with the
Smith-Watson-Topper (SWT) damage model to estimate the
fatigue crack initiation life in notched steel components. Their
approach, validated by experimental tests, demonstrated that
the SWT-based cycle-by-cycle damage accumulation method
can reliably predict fatigue life under high-cycle loading. In
parallel with this methodology, the present study applies SWT
theory to assess the fatigue performance of a bracket located on
the charging door of an electric bus. This component, although
not notched in the same geometrical sense, features stress-
concentration-prone zones that behave similarly under cyclic
loading, reinforcing the relevance of SWT-based modeling for



life estimation in structural brackets under service-like
conditions [13].

Recent studies have explored fatigue behavior in structural
components using both experimental and numerical methods.
For instance, Usta et al. (2016) conducted fatigue testing on
ST52 steel using rotating bending tests, while the fatigue
performance of aluminum alloys such as 6061-T6 has been
standardized in MIL-HDBK-5H (1998). More recent work by
Braun et al. (2024) and Zhao et al. (2025) highlighted that
geometric discontinuities such as notches and fillets are
dominant sites for fatigue crack initiation under cyclic loading
[14], [15], [16], [17]. Although these studies provide valuable
insights into material fatigue properties, they often focus on
generic specimens and simplified boundary conditions. In
contrast, the present study evaluates the fatigue performance
of a functionally critical component the charging door bracket
of an M3-class electric bus [1 under realistic loading conditions
derived from service measurements. By integrating mesh-
converged finite element analysis with both Soderberg and
SWT fatigue models, and by comparing two alternative designs
across two different materials, this study fills a methodological
gap in the literature and offers practical guidance for improving
the structural durability of public electric transportation
systems.

The classical Soderberg criterion remains one of the most
widely adopted methodologies in fatigue design, especially for
high-cycle loading scenarios where preliminary assessments
are critical. Despite the emergence of more advanced multiaxial
fatigue models in recent years, the simplicity and conservative
nature of the Soderberg approach ensure its continued
relevance in the design of mechanical components subjected to
cyclic loading. According to de Castro (2024), the Soderberg
formulation offers a practical foundation for quick safety
evaluations, particularly in engineering education and early-
stage design of machine elements. Moreover, this study
emphasizes that while various interpretations of the classical
approach exist in the literature, Soderberg’s line-based
criterion remains instrumental in defining safety margins for
components under combined stress states. In the present study,
the Soderberg criterion is applied to assess the fatigue safety of
charging door brackets under constant amplitude loading,
offering a conservative benchmark for comparison against
strain-based models like SWT [18].

In the context of high-cycle fatigue design, the Soderberg
criterion continues to serve as a conservative benchmark for
evaluating safety margins, particularly under combined loading
conditions. Henriques et al. (2021) conducted a systematic
comparison between the Soderberg approach and the DIN 743
fatigue standard. Their results showed that the Soderberg
method consistently yielded lower safety factors across various
stress combinations, confirming its conservative nature. These
findings support the relevance of the Soderberg criterion in
preliminary fatigue assessments of structural components,
especially in public transportation systems where reliability is
paramount. In this study, the Soderberg approach is adopted as
a baseline to assess the fatigue safety of two bracket designs
under constant amplitude cyclic loading [19].

Fatigue life is a concept of critical importance in engineering
applications. Brackets, which operate under constant
amplitude loads, are subjected to repeated stress cycles over
time. This condition increases the risk of material fatigue and,
consequently, structural damage. Constant amplitude fatigue
life helps predict the number of cycles a material can endure

before fatigue cracks form when exposed to a specific stress
level. This study aims to explore existing theories and
experimental findings regarding constant amplitude fatigue
life, examining their effects on bracket design and durability
analysis. Considering different material types and design
approaches, the development of innovative strategies to extend
fatigue life becomes crucial. To ensure that brackets can be used
safely and efficiently, conducting such analyses and
optimizations will enhance the success of engineering
applications.

Although fatigue life comparison of different materials is a well-
explored area, this study focuses on a rarely addressed
structural detail: the bracket supporting the charging door of
an M3-class electric bus. This component is subjected to cyclic
forces during each charging operation, making it critical in
terms of fatigue performance. Unlike generic material tests, this
study integrates real-world load data, realistic boundary
conditions, and mesh-converged finite element analysis to
evaluate both stress concentration zones and life prediction
models (Soderberg and SWT). As such, the study contributes
not only material-specific results, but also a methodological
framework for application-oriented fatigue design in electric
vehicle infrastructure.

2 Materials and methods

This study is a numerical analysis conducted to evaluate the
fatigue life of a bracket located in the charging cover area of a
bus under constant amplitude loads, using Finite Element
Analysis (FEA) and fatigue life prediction models. To analyze
the performance differences between the old and new bracket
designs, both models have been thoroughly examined and
compared.

2.1 Technical specifications of the bracket

Two different bracket models were studied, and based on the
loading and fatigue behavior experienced by the old bracket
throughout its service life, a new bracket design was developed,
completely changing both the material and the design. In this
study, the first bracket was made from Al 6061-T6, while for the
second bracket, in addition to the design changes, the material
was altered to St52 quality steel, which is commonly referred
to as structural steel in the literature and is expected to have a
higher fatigue life. The mechanical properties of both materials
are provided in Table 1.

Table 1. Mechanical properties of the materials used for the
bracket [14], [15].

Mechanical Al 6061-T6 Series St52 Steel
Properties
Yield Strength 208 MPa 355 MPa
Tensile 310 MPa 559 MPa
Strength
Poisson's Ratio 0,33 0.3
Elastic 68900 MPa 207000 MPa
Modulus

In addition to the mechanical properties of the materials,
fatigue life predictions in this study are based on S-N curves,
which play a critical role in evaluating the bracket's behavior
under cyclic loading. The S-N curve used for the aluminum
6061-T6 material (Figure 1) was derived from the MIL-HDBK-
5H handbook (1998), which compiles statistically processed
experimental fatigue test data conducted under various stress
ratios for aerospace-grade materials [14]. For the ST52 steel



material (Figure 2), the S-N curve was obtained from the
experimental study by Usta et al. (2016), where rotating
bending fatigue tests were conducted in accordance with ASTM
E466 and E468 standards. These tests involved seven stress
levels and three repetitions per level, yielding a comprehensive
fatigue performance profile [15]. Thus, the S-N curves used in
this study are grounded in experimentally validated literature
sources and conform to internationally recognized standards,
ensuring their reliability for fatigue life estimation.
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Figure 2. S-N curve for st52 quality steel materials [15].

2.2 Bracket design

Two different designs for the bracket were considered in this
study (Figure 3). In the first design, the old bracket made of Al
6061 T6 material, which deforms over time depending on the
bus's charging cap closing mechanism, was used. This bracket
fails to provide sufficient strength in the current design and
undergoes deformation due to material fatigue. To improve this
situation, in the second design, St52 quality structural steel,
which offers higher strength and fatigue resistance in terms of
material properties, was chosen. As a result, the structural
durability of the new bracket design was enhanced, aiming for
a longer service life.

2mm

70mm

y . Second Design
First Design

Figure 3. Bracket designs.

2.3  Finite element model and boundary condition

The finite element mesh was developed using ANSYS
Mechanical, based on 3D geometry created in CATIA V6. For the
first bracket design, the mesh consisted of 466,559 nodes and
101,728 elements. High-order hexahedral SOLID186 elements
were employed due to their superior ability to capture stress
gradients in fatigue-critical areas compared to lower-order or
tetrahedral elements [20].

As presented in Figure 4, the generated mesh exhibited an
average element quality of 0.96, a maximum skewness of 0.72,
and an average orthogonal quality of 0.98. These values fall
within acceptable limits for structural fatigue simulations, as
reported in the literature [21].

Figure 4. Finite element mesh created for the first bracket,

To validate the mesh independence, a convergence study was
carried out. Element sizes of 4 mm, 3 mm, 2 mm, and 1 mm were
tested, and the maximum von Mises stress values were
monitored ata critical location near the loading point. As shown
in Figure 5, the stress difference between the 2 mm and 1 mm
meshes was less than 0,5%, confirming that the mesh was
sufficiently refined. This convergence behavior supports the
numerical reliability of the simulation results and is essential
for accurate fatigue assessment [22]. Therefore, the 2 mm mesh
was selected for subsequent simulations to maintain a balance
between computational efficiency and solution accuracy.
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Figure 5. First Bracket Mesh independence graph.

The finite element mesh for the second bracket was constructed
using the same methodology and meshing criteria applied to
the first design. As shown in Figure 6, the model consisted of
239,424 nodes and 106,275 elements. Hexahedral SOLID186
elements were again used to ensure high solution accuracy in
regions of stress concentration [20].

The generated mesh exhibited an average element quality of
0.93, a maximum skewness of 0.76, and an average orthogonal
quality of 0.98. These values fall within the acceptable limits for
structural fatigue analyses and indicate that the mesh was of
sufficient quality to provide reliable numerical results [21].



Figure 6. Finite element mesh created for the second bracket.

To confirm mesh independence, a convergence study was also
performed for this design. The element size was gradually
refined, and the maximum von Mises stress values were
monitored at a critical location. As illustrated in Figure 7, the
stress values converged beyond approximately 200,000
elements. The difference between the final two mesh densities
was less than 0.5%, confirming that convergence was achieved
[22]. Therefore, the selected mesh configuration was deemed
appropriate for all subsequent fatigue life simulations.
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Figure 7. Second Bracket Mesh independence graph.

To accurately simulate the operational conditions of the bus
charging lid brackets, a constant amplitude cyclic load was
applied to both bracket designs. This load replicates the
repetitive opening and closing actions experienced during
regular operation. The load magnitude was set to vary between
+75 N and 0 N, based on empirical measurements obtained
from the actuator mechanism responsible for lid movement.
Such loading conditions represent high-cycle fatigue, where
components are subjected to numerous cycles of low-to-
moderate stress amplitudes [23].

The load was applied at the hole located on the upper arm of
each bracket, corresponding to the connection point with the
mechanical actuator. The direction of the applied force was set
along the negative Y-axis, replicating the real force vector
direction measured during operation. To realistically reflect the
physical mounting conditions, the brackets were fixed at their
base surfaces, simulating the rigid attachment to the vehicle’s
chassis. All six degrees of freedom translations and rotations in
the X, Y, and Z directions were fully constrained at these
mounting points. Accurate definition of boundary conditions is
essential for obtaining reliable fatigue predictions, as
constraints directly influence the stress distribution
throughout the part [24].

The boundary conditions and loading definitions follow best
practices widely used in finite element-based fatigue

simulations. Proper application of constraints and loading
scenarios is critical for the validity of numerical fatigue life
estimation [25]. Figure 8 illustrates the applied boundary
conditions, the fixed regions, and the loading direction for both
bracket designs.

il

Second Design Boundary Conditions

First Dnlloundnry Conditions
Figure 8. Boundary conditions of the brackets on the bus.

The applied loading was modeled as a constant amplitude cyclic
force ranging from 0 N to 75 N, representing the operational
stresses encountered during repeated lid actuation. The
idealized force profile for each open-close cycle is illustrated in
Figure 9.

Idealized Force Profile per Lid Opening/Closing Cycle
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Figure 9. Cyclic force pattern per lid actuation cycle.

2.4 Fatigue life prediction methods

In the prediction of fatigue life, the Smith-Watson-Topper
(SWT) model and the Soderberg method in combination with
the finite element method (FEM) have been employed. These
theories are commonly applied to estimate the fatigue strength
of materials, particularly under cyclic loading conditions. The
Smith-Watson-Topper (SWT) method predicts fatigue life
based on a single cyclic stress amplitude and mean stress value
of the material, and it is particularly useful under complex
loading scenarios such as torsion and bending. In this study, a
stress ratio (R) of -1 has been assumed for both the Soderberg
and SWT approaches, and Equation (4) has been utilized
accordingly in the fatigue life calculations.

2.4.1 SWT Fatigue Parameter
The Stress-Life Approach is based on the principles of high
cycle fatigue (HCF) and low cycle fatigue (LCF). In high cycle

fatigue, the cyclic stress amplitudes, Ae , are within the
material's elastic range. In low cycle fatigue, the cyclic plastic

strain amplitudes, Aep are considered.
For high cycle fatigue, the Basquin equation and for low cycle

fatigue, the Coffin-Manson equation are used. These are as
follows:
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In this context 6y and b represent the fatigue strength
coefficient and exponent, respectively, while &, and c represent
the fatigue ductility coefficient and exponent. 2N¢ refers to the
number of

cycles until failure, and E represents the modulus of elasticity.

The total strain can be related to the fatigue life through the
following stress-life equation. This equation is the sum of the
Basquin equation and the Coffin-Manson equation:
Ac Oy .

(7)Total = E(ZNf)b +€7 (2Nf)©

It is known that this equation does not take into account the
effects of mean stress and nominal stress on the fatigue life.
While it considers the effects of stress amplitude and plastic
deformation, it does not account for the combined effects of
mean stress and stress amplitude.

®)

Therefore, a more comprehensive approach is required for
fatigue life predictions. The Smith-Watson-Topper (SWT)
method aims to model the fatigue life more accurately by
combining the effects of mean stress and stress amplitude.
Based on this, the general form of the SWT method is given in
Equation (4) [26]. In addition to its classical strain-based
implementation, the SWT approach can also be utilized in a
stress-based form, depending on the nature of the analysis and
available data. Recent literature confirms the validity and
applicability of stress-based SWT formulations. For instance,
the review study by Lagoda et al. comprehensively discusses
both classical and modified forms of the SWT parameter,
including stress-based implementations, and provides updated
insights into its use across various metallic materials [27].
1R (4)

SWT = Omax T
Here, 0,4, represents the maximum stress, and R denotes the
stress amplitude values. Using the obtained SWT parameter,
the empirical formula for predicting the fatigue life is derived
as follows:

QO )
OGN E

In this case, Ny represents the number of cycles the material
undergoes until failure, while C and m are the experimental
constants determined for the material [28]. The value of the
experimental constant C is generally accepted as 10*12 for
steel materials and 8.48966'? for aluminum materials in the
literature. The value of m is considered to be 0.5 for aluminum
and 0.2 for steel, assuming that the bracket does not undergo
high plastic deformation over time [13]. Since standard steel
and aluminum materials are used in this study, the value of m
has been taken as 1.

Ny

A review of the literature reveals that studies have been
conducted in which the SWT approach is thoroughly examined,
and the connection between sources is interpreted based on
low and high cycle counts according to the SWT approach.
These studies contribute to a more comprehensive

understanding of fatigue analysis and facilitate more accurate
predictions in applied engineering fields [29].

2.5 Soderberg approach

In the field of fatigue analysis, the Soderberg criterion is widely
adopted as a conservative method to evaluate the structural
durability of mechanical components under cyclic loading. This
approach was developed to prevent failure by ensuring that the
combined effects of mean and alternating stresses do not
exceed the material's yield strength and ultimate tensile
strength. Fatigue is defined as the progressive and localized
structural damage that occurs when a material is subjected to
cyclic loading, with the stress ratio and the magnitude of the
mean stress significantly influencing the fatigue life. The
Soderberg criterion incorporates these variables into a linear
relationship, providing a safe design boundary, particularly for
ductile materials. In the present study, the Soderberg approach
is applied to the fatigue assessment of bracket components
subjected to cyclic loading with a stress ratio (R) of -1,
representing fully reversed tension-compression loading
conditions. This methodology allows for the estimation of
fatigue safety margins in critical structural components
operating under symmetric tension-compression cycles
(Figure 10).

Petione Goodman —— Sodertberg Serber

Figure 10. Soderberg curve [30].

The formulation of the Soderberg equation is as follows:

Oglternating n Omean <1 (6)

Opndurance Limit ~ Oyield Strength

In the equation, dyternating, represents the alternating stress
value, Ognqurance Limit» represents the fatigue strength, o,,04n,
represents the mean stress value, and dyeiq strengen represents
the yield strength. As shown in Figure 9, the Soderberg
approach focuses on providing a more secure result, as it takes
into account the yield strength in addition to the Goodman and
Gerber criteria. A result greater than 1 indicates that the
component will not be able to operate safely during its working
cycle, while all results below 1 indicate that it will operate in a
safe region. According to the formulation used in this study, the
fatigue strength of aluminum is considered to be 40% of the
yield strength, and for steel, it is considered to be 50% of the
yield strength. Calculations will proceed accordingly. Upon
reviewing the literature, it is observed that the Soderberg
approach is one of the important criteria for the safe prediction
of fatigue life and has been actively studied in fatigue life
predictions [31],[32].

3 Results

In this study, the fatigue life of existing and improved charge
cover bracket designs has been evaluated using the Smith-
Watson-Topper (SWT) method and finite element analysis



(FEA). Additionally, the fatigue strength has been predicted
using the Soderberg method. The findings provide a detailed
insight into the performance of bracket designs under different
loading conditions and the effects of material properties. This
section will present and interpret the stress distributions and
the predicted fatigue lives obtained from the analyses
conducted.

3.1 Finite element analysis results

When analyzing the finite element results for the first bracket
design, significant stress levels were observed particularly
around the load application region and at the fillet transition
between intersecting surfaces. As shown in Figure 11, localized
stress values ranged from approximately 170 MPa to 204 MPa,
which are notably close to the yield strength of the aluminum
6061-T6 material. While the overall structure appears to retain
its global integrity, these stress concentrations indicate
potential hotspots for fatigue crack initiation. This is consistent
with recent findings in fatigue research, where microcracks are
observed to nucleate in regions of geometric discontinuity such
as fillets and bolt holes due to amplified local stresses (Braun et
al,, 2024; Zhao et al.,, 2023; Zhang et al,, 2023). Experimental
studies have further shown that notch severity directly reduces
the crack initiation life and accelerates early-stage fatigue
damage. Therefore, such local stress evaluations are not only
critical for realistic fatigue life predictions but also provide a
methodological basis for improving bracket durability through
geometry optimization [16], [17], [33].

Figure 11. Stress distribution on the first bracket.

The first designed bracket was validated using the actual output
of the bus charging lid, which showed that it failed to maintain
structural integrity during cyclic loading over time. This
resulted in the bracket breaking and causing damage to the
charging lid (Figure 12).

e

Figure 12. Damage image of the bracket from the first design
during application.
Based on the application results, a second alternative bracket
design was developed using standard structural steel (ST52),
which exhibits improved resistance to cyclic stresses. Finite

element analyses were repeated for the revised geometry and
material. Upon examining the results, it was found that the
updated design achieved a more favorable and uniform stress
distribution overall. As illustrated in Figure 13, localized stress
values still appeared near the fillet and load application regions,
ranging between 100 MPa and 115 MPa. However, these values
remain well below the yield strength of the material, and the
stress concentration is notably less severe compared to the first
design. Consequently, the likelihood of fatigue crack initiation
is significantly reduced, suggesting that the second bracket
design offers superior durability under cyclic loading
conditions.

Figure 13. Stress distribution on the second design bracket.

According to the finite element results, when the fatigue life is
calculated using the Soderberg approach, it was determined
that the bracket from the first design would experience damage
after 246.660 cycles of a 75 N cyclic load, as shown in Figure 14.
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Figure 14. Estimation of life according to the soderberg

approach for the first bracket.
According to the Soderberg approach presented in Equation 6,
the alternating stress was calculated as half the difference
between the maximum (204 MPa) and minimum (0 MPa) stress
values, resulting in 102 MPa. The endurance limit was
determined to be 83.2 MPa, based on literature findings which
suggest that for aluminum materials, the fatigue strength can be
taken as 40% of the yield strength [31], [32]. The mean stress
was calculated as the average of the maximum and minimum
stress values, and similarly found to be 102 MPa. The yield
strength was assumed to be 208 MPa [14]. Based on these
parameters, the Soderberg-based calculations are presented in
Equations 7 and 8.

102MPa  102MPa _ %)
83.2 MPa ' 208 MPa —
1717 <1 (8)



This result indicates that the Soderberg criterion is not
satisfied. In this case, it can be concluded that the bracket will
not operate safely under cyclic loading conditions. The
applications conducted on the bus corroborate these findings.
When the Soderberg approach was applied to the second
design, it was found that the regions experiencing maximum
stress reached a cycle count of 1,000,000, which is generally
accepted as the threshold for infinite life in fatigue design
(Figure 15). For instance, Shigley and Mischke (2004) stated
that most metallic materials are considered to have reached
infinite life when subjected to more than 10° load cycles [34].
Similarly, according to the SAE J1099 fatigue design guidelines,
1 million cycles is often regarded as the endurance limit under
constant amplitude loading [35]. In addition, Suresh (1998)
emphasized that aluminum and steel alloys typically exhibit
fatigue limits near the 10°-107 cycle range under controlled
conditions [36].
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Figure 15. Estimation of life according to the soderberg

approach for the second bracket.
Using the same method described in Equation 6, the alternating
stress was obtained by taking half of the difference between the
maximum stress (115 MPa) and the minimum stress (0 MPa),
yielding a value of 57.5 MPa. The endurance limit was estimated
based on literature, which commonly suggests that the fatigue
strength of aluminum alloys can be approximated as 50% of
their yield strength [31], [32]. Accordingly, the mean stress
defined as the average of the maximum and minimum stress
values was also calculated as 57.5 MPa. For the purposes of the
analysis, the yield strength was taken as 350 MPa [15]. These
values formed the basis for the Soderberg analysis, as outlined
in Equations 9 and 10.

575MPa  57.5MPa _ (9)
177.5MPa ' 355MPa
0485 <1 (10)

Thus, it has been concluded that the design and material

selection of the second bracket can safely operate under the

specified loading conditions.

3.2  Fatigue life predictions using Smith-Watson-Topper
(SWT) and S-N curve

In the scope of this study, the SWT approach is employed to
determine the fatigue life:

For the first bracket made of aluminum material, the SWT
stress is determined using Equation 4, and the cycle count is

determined using Equation 5. The required maximum stress in
Equation 4 is obtained as 204 MPa through finite element
analysis, and based on this, the corresponding calculations are
provided in Equations 11 and 12.

SWT = 204 MPa (11)
8.48966' .

When similar calculations were made for the new design
manufactured from steel, the SWT stress was determined using
Equation 4, and the cycle count was determined using Equation
5. The required maximum stress in Equation 4 was obtained as
115 MPa through finite element analysis, and based on this, the
calculations are provided in Equations 13 and 14.

SWT = 115 MPa (13)
1012

=———=3. 1 14

Ny = Gygyor = 387%10 (14)

Based on the obtained results, it is observed that the St52
quality steel material provides a longer operational lifespan
according to the SWT approach. For the lifespan prediction of
the brackets, the S-N curve of the relevant aluminum material,
as shown in Figure 1, needs to be utilized (Table 2). When
making lifespan predictions from the S-N curve, an
interpolation method will be applied to reach the result. In this
context, the set of equations to be used is as follows:

(6 —0y) — (N, — Ny) (15)

(03 —0y)
Table 2. S-N curve of al 6061 - t6 material.

N:N1+

Cycles (N) Stress (MPa)
100.000.000 82.74
55.000.000 89.63

2.400.000 117.2

800.000 137.9
140.000 172.4
34.000 206.8
5.000 241.3
1.700 275.8

Based on the calculations using Table 2, values of 0,=206.8 MPa
and N;=34000 as well as 0,=172.4MPa and N,=140000, were
determined, with the maximum stress 0=204 MPa taken as a
reference based on the FEM analysis results obtained on the
bracket. According to the interpolation calculations derived
from these results:

N = 34000 + 0000 — 34000 (204 — 206.8) (16)
= 1724 —2068 :
10600 (17)
N = 34000 + ——x(~2.8)
N = 34000 + (—3082.35)x(—2.8) (18)
N = 34000 + 8619.65 = 42619 (19)

According to the interpolation performed on the S-N curve, it
has been determined that the bracket made of aluminum
material and subjected to time-dependent damage will fail after
42.616 cycles. However, the interpolation performed here is
valid for situations where the material operates in complete
cycles.



Similarly, when the same calculations are made for the steel
material used in the second design, the S-N curve for steel,
provided in Figure 1, has been used as a reference in the same
way (Table 3).

Table 3. S-N curve of st-52 material.

Cycles (N) Stress (MPa)
1.200.000 200
110.000 205
50.600 230
11.000 300
1.524 400
1.000 420
673 440
450 460
250 480
150 490

Using the data obtained from Table 3, when the stress
distribution on the second bracket was examined, it was
concluded that the stress values ranging between 100-115 MPa
on the bracket correspond to the infinite life region when
referenced with the S/N curve for St52 structural steel
provided in Figure 1.

In the literature, it has been observed that the S-N curve is one
of the key parameters in calculating fatigue life. In this regard,
successful studies have been conducted by utilizing the S-N
curve to calculate the fatigue life for different materials [37].

4 Conclusions

This study presents a comprehensive fatigue evaluation of two
bracket designs one made of Aluminum 6061-T6 and the other
of ST52 structural steel used in the charging door mechanism
of an M3-class electric bus. Constant amplitude cyclic loading,
derived from real-world service conditions, was applied to both
brackets. Fatigue life predictions were conducted using finite
element analysis (FEA) in combination with two distinct
methods: the stress-based Soderberg criterion and the stress-
driven Smith-Watson-Topper (SWT) method.

These models were evaluated independently to maintain
theoretical integrity. The Soderberg approach was employed to
assess structural safety under combined static and alternating
stresses, whereas the SWT method estimated high-cycle fatigue
life based on localized stress response.

For the bracket manufactured from Aluminum 6061-T6, FEA
results showed von Mises stress values ranging between 170
MPa and 204 MPa, approaching the material’s yield strength of
208 MPa. The calculated Soderberg value of 1.717 (>1)
indicated that the bracket did not meet the safety requirements.
The SWT method, despite predicting a fatigue life of 9.81 x 10°
cycles, could not override this safety limitation. FEA-based
fatigue life was estimated at approximately 246,660 cycles. This
concern was validated by field observations, where the
aluminum bracket failed during regular operation.

In contrast, the ST52 steel bracket exhibited a significantly
improved stress distribution, with von Mises stresses between
100 MPa and 115 MPa well below the material’s 355 MPa yield
strength. The Soderberg result of 0.485 (<1) confirmed that the
bracket operated within safe design limits. The SWT method
estimated a fatigue life of 3.87 x 10** cycles, and FEA-based
results exceeded 10° cycles, classifying the design within the
“infinite life” domain according to standard literature.

These findings highlight that both material selection and
structural geometry play a decisive role in fatigue performance.
The ST52 bracket, due to its superior mechanical
characteristics, fulfills the structural integrity requirements
under cyclic loading more effectively than the Aluminum 6061-
T6 design. The methodology merging validated FEA
simulations with dual fatigue life prediction approaches
establishes a robust framework for the fatigue assessment of
structural components in electric vehicle systems.

In future research, emphasis may be placed on modeling
variable amplitude loading scenarios and incorporating long-
term service data for even more accurate fatigue life
estimations. Additionally, experimental validation of high-
stress concentration regions identified via FEA particularly
around bolt holes and fillet transitions could improve
confidence in simulation-based design practices.
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