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Abstract: Fatigue failure remains a major concern in the design and performance evaluation of
machine components and structures as it accounts for a significant proportion of mechanical failures.
This article presents a fatigue evaluation methodology based on SN (stress-cycles to failure) curves
to understand and predict the fatigue behaviour of complex components under various loading
conditions with widely varying device geometry and dynamics. In order to accurately interpret and
utilize the SN curves, the paper outlines key factors influencing material fatigue, including stress
amplitude, mean stress, stress concentration, environmental effects, and surface finish. The integration
of these factors into the SN curve-based assessment is discussed to tailor fatigue evaluations to specific
machine components and structures. To demonstrate the practical application of SN curves in fatigue
assessment, two case studies of machine components and structures are presented. The paper
ends with a summary and conclusions, the most important of which is that the greatest impact on
design fatigue life consists of accurately estimated stresses resulting from the load conditions and the
dynamics of the structure.

Keywords: fatigue analysis; random loading; power spectral density (PSD); vibration measurements;
PSD simplifications; fatigue life simulation

1. Introduction

Fatigue analysis is an essential part of the design of machine elements and structures
subjected to variable loading [1,2]. It is carried out at the design stage and during the
improvement of the structure using basic fatigue information related to the materials.
These are mainly fatigue stress or strain characteristics, so called fatigue curves, which are
obtained in the laboratory under simple loading conditions, such as axial push—pull or
reverse torsion [3-5]. In order to use such simple information about materials to predict
the fatigue life of complex structures under real loading conditions, an algorithm should be
developed that takes into account all aspects affecting the fatigue life of the machine and
structure components. Typically, the following elements are considered [6-8]:

Load Analysis: The algorithm should take into account the complexity of the loads,
including static and dynamic loads. This includes understanding the magnitude, frequency,
and distribution of loads to which the machine components or structures will be subjected
during their service life. In addition, the load should be represented by appropriate
quantities, such as time histories, PSD functions, or other statistical quantities required by
the computational algorithm. In many cases, numerical modelling, including the finite
element method (FEM), is used to determine the load; therefore, the input quantities should
be matched to the tools used in fatigue analysis.

Stress and Strain Analysis: The algorithm should account for the stresses and strains
generated in the machine elements or structures due to the applied loads. This involves
performing stress analysis and calculating the stress and strain amplitudes at critical
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locations. In this case too, tools such as FEM are helpful, but classical formulas for stress
concentration or stresses in cross-sections are also used. It should be remembered that the
stress value has a large influence on the calculated life because the SN characteristics are
exponential in nature. It is crucial to account for the response of the material to variable
loads by employing suitable hypotheses for the accumulation of fatigue damage, such as
Miner’s rule or other more advanced models based on the specific application. Additionally,
the algorithm should address the multiaxial nature of the stress state.

Material Properties: It is crucial to consider the material properties, such as yield
strength, ultimate tensile strength and fatigue strength limit. These properties determine the
response of the material to cyclic loading and are essential for accurate fatigue life prediction.
This data is typically represented by an S-N curve, which relates stress amplitudes to the
number of cycles to failure. The quality of the material also plays a huge role in determining
fatigue life. Usually, the more inclusions and inhomogeneities a material has, the greater
the scatter in the experimental results of fatigue life tests. This must be taken into account
in the calculations.

Environmental Factors: The algorithm should account for environmental factors that
can affect fatigue life, such as temperature, corrosive conditions and exposure to other
potentially damaging agents.

Scale and Stress Concentration Effects: If the machine elements or structures contain
notches, fillets, or other stress concentration features, the algorithm should incorporate
methods to assess their impact on fatigue life. This may involve applying appropriate stress
concentration factors and combining them with FEA to model local stress concentrations. It
should be remembered that the concentration of fatigue stresses in a given element causes
different fatigue effects depending on the material it is made of—some materials are more or
less sensitive to the effect of stress concentration. The scale effect should be considered if the
volume of material subjected to fatigue stresses is not comparable with laboratory samples.

Validation and Calibration: It is important to validate and calibrate the algorithm
against experimental data or real-life case studies to ensure its accuracy and reliability.
This may involve performing fatigue tests on representative samples or comparing the
algorithm’s predictions with known fatigue failures based on maintenance data.

Bearing in mind the above factors affecting fatigue life, new and more accurate algo-
rithms for determining fatigue life are being developed. These algorithms are built to take
into account all factors, creating a universal way of solving the problem. Nevertheless, each
case is different and even the most universal algorithm needs to be adapted to the current
case. The reason for using the algorithm for the current needs is primarily the speed of
calculations and their accuracy. A decision should be made regarding:

durability estimation methods i.e., the stress or strain approach,

domain in which the calculations will be performed, i.e., in time or frequency,

whether adjustments to the impact of notches on fatigue life will be necessary,

whether “pure material” fatigue or fatigue of joints, such as welds or bolted compo-

nents, determine durability,

e  whether the influence of external factors, such as temperature change or corrosive
environment, should be taken into account,

e  from where they will be taken or by what method stresses or strains will be determined.

In order to present the complexity of this issue, two cases of determining the fatigue
life of structures are presented below, which differ significantly from each other, and the
basis for their determination are classic stress fatigue characteristics, i.e., SN curves for
basic material.

The compressor suspension system, analysed as the first example, is a key component
of air suspension systems, which are commonly used in vehicles to absorb shocks and
maintain driving stability. It is obvious that this system is subjected to random vibrations
and its performance is highly dependent on the material properties of the suspension com-
ponents, such as shock absorbers. Accurate prediction of the dynamic response and fatigue
life of this system under operating conditions is essential for its reliable operation over
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time. The analysis, including both experimental measurements and numerical simulations
using the finite element method (FEM), allows modelling of the system response to random
vibrations, determination of stresses, and finally leading to fatigue life assessment.

The second example is a Motorcycle Transport Device that is subjected to a different
set of loading conditions, mainly related to the dynamic forces encountered during towing
operations. Since the vibrations of the device were recorded under real conditions, the
load characteristics were known. The fatigue analysis of the Motorcycle Transport Device
focuses on the effect of power spectral density (PSD) simplifications on the calculated
fatigue life. The simplification of the load power spectral density can significantly reduce
the computational effort but raises questions about the accuracy of the fatigue life esti-
mates. How different PSD simplification methods affect the prediction of fatigue life of the
Motorcycle Transport Device are examined.

2. Fatigue Strength Assessment of Real Components

Two case studies are presented. The first concerns the compressor mounting bracket
in passenger cars and the second concerns the device for transporting motorcycles. In both
cases, the SN curve is known; however, the degree of complexity of the shape of the element
and load conditions complicates the process of determining the fatigue life and requires
a different computational path. Therefore, appropriate algorithms for fatigue assessment
were constructed for both cases and presented in Sections 2.1 and 2.2.

2.1. Fatigue Assessment of the Compressor Mounting Bracket
2.1.1. Background

This case involves the suspension system of the compressor for pneumatic car sus-
pension. The structure shown in Figure 1 consists of a vibrating mass, functioning as a
compressor for the car air suspension system, which is screwed to compressor brackets. To
isolate vibrations, the structure is suspended on three vibration isolators. A single isolator
includes spring, rubber bearing, and a spring seat, which adopts the function of lower
bumper. Additionally, the entire assembly is tightened to a rigid frame that serves as the
upper bumper for the rubber bearing.

Rigid frame

(Upper bumper)\‘

Rubber
bearing

Sprin,
pring Clearance

for free

Spring seat vibration

(Lower bumper)

Bracket

Compressor “ N
(a) (b)

Figure 1. (a) Simplified scheme of suspension system of compressor; (b) Vibration isolator cross-section.

During operation, the structure works near or at its natural frequency, resulting in
collisions between the rubber bearing and bumpers, even under low levels of excitation.
The collisions occur on both sides, involving contact between the rubber bearing and the
upper bumper, as well as the lower bumper. As a result, the fatigue life of the compressor
brackets is considerably impacted.

In this research the goal was to use spectral methods for bracket fatigue calculations,
which are entirely performed in the frequency domain [9,10] and are more effective than
time domain calculations [11,12]. An input for spectral methods is FEM frequency response
analysis [13] (e.g., [14] Nastran SOL 111 or ANSYS Harmonic Response). Since these are
linear simulations from the definition [12,15], they do not capture the non-linear behaviour
of the structure, like collisions, and cannot be used directly for predicting stress history.
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To address this limitation, an adaptation was required to include effects of collisions in
the stress response of the structure. This issue was first time reported by Czekaj et al.
in [16]. However, the initial method provides very conservative results compared to those
presented in this work. Therefore, this study proposes an alternative approach using
equivalent effective accelerations to account for the non-linear effects of collisions in linear
FEM simulations.

2.1.2. Proposed Solution

Due to the occurrence of collisions, the main challenge in the algorithm for determining
the fatigue life is the correct determination of stress distribution and the locating of critical
regions. To use efficient linear FEM solvers for stress calculations, a method is proposed
where a vibration test was conducted to obtain the dynamic response of the structure under
collision conditions, and its statistical properties. The concept of considering real non-linear
conditions using linear FEM solvers is presented in Figure 2. In the proposed method, the
control parameter is the effective value of accelerations (RMS acceleration).

CAD 3D
Model
Discretisation
* DESIGN
DECISION
Material
definition
5
‘ 2 PSD Input Damage
Boundary ] standard g2/Hz Fatigue life
conditions ES
: l
Soliig Random Fatigue
No—» Freq. - Yes— | . i R — 2
Vibration calculations
Resp.
A
Yes l
+ I v S-N curve,
Simple irli
protoglpe Accelerations, Acceleration / Stress PSD _?c')r\ll'l;
required Stress Tensor mO0, m1, m2, m4 B
Yes
v
Vibration [PElD g
- - g2/Hz,
RMS, H(f)
v
RMS Output NL .
Vs Accelerations,
RMS Input Stress Tensor
Nominal 5
stiffness Isqlators Solving Random MS_LI
Constant defndias ARt Vibration .
damping ratio CBUSHI1D Resp. RMS NL?,
t Damping ratio adjustments No

Figure 2. The procedure for FEM simulation considering collisions, using the equivalent effective
value of acceleration.

The starting point is the assumption that, at the location of the collisions, the total
power of the output signal of the linear system (FEM model) is equal to the total power of
the output signal of the non-linear (real) system. In the testing frequency range of 5 Hz to
200 Hz, this reduces to a simple relationship:
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200 200
[ Guhaf = [ Gupaf, )

where Gj;,, is the power spectral density of accelerations for the linear system, and G,;; is the
power spectral density of accelerations for the non-linear system. In practice, this means
that the variance of both systems is equal:

Varlin_out = Vurnl_out' (2)
According to the above, the effective acceleration values are also equal:
RMSiin_out = RMSy_out- 3)

2.1.3. Experimental Study

The experimental setup shown in Figure 3 consisted of a compressor suspension
system mounted on an electromagnetic shaker. Two acceleration sensors were installed
on the test rig, the first close to the shaker table to control the input PSD signal, and the
second sensor mounted on the vibrating mass in one of the collision regions to control the
system PSD response required for further FEM simulation.

"y

T

]

Figure 3. Test rig for compressor dynamic response measurement in collision region.

The system was excited in a vertical direction using a PSD profile with RMS accelera-
tion of 0.9 g (Table 1). Figure 2 displays the graphical representation of the PSD input. The
shape and measurement frequency range of the defined PSD input is based on automo-
tive standard IEC 60068-2-64 Environmental testing—Part 2-64: Tests—Test Fh: Vibration,
broadband random and guidance.

Registered input and output acceleration signals and their histograms used to verify
statistical properties are presented in Figure 4. Finally, the measurements results are
summarized in Table 2.

Table 1. Vibration test profile used in the test.

Point Frequency [Hz] PSD [g?/Hz]
1 5 0.0196
2 10 0.0235
3 20 0.0235
4 200 0.0003

RMS acceleration 090 ¢
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Figure 4. Vibration test profile according to Table 1.

Table 2. Statistical parameters for the registered input and output signal.
Parameter Notation Input Signal Output Signal
Mean acceleration (g) X 0.00 0.00
Kurtosis Ku 3.06 8.15
Skewness Sk —0.01 —0.69
Maximum acceleration (g) Max 4.31 15.52
RMS acceleration (g) RMS 0.95 2.25

Parameters for the input signal with a mean value around 0 g, kurtosis close to 3 and
a negligible skewness, indicating the expected distribution shape, which closely follows a
normal distribution. In contrast, the histogram for the output signal illustrating the collision
condition totally deviated from normal distribution. Similarly to the input signal, it shows
a central peak at around 0 g; however, it has a more pronounced peak and a steeper drop-off,
evidenced by a higher kurtosis (Ku = 8.15). This indicates a more leptokurtic distribution,
with values more tightly clustered around the mean and a significant tail reflecting more
extreme acceleration events resulting from collision conditions. Here, the skewness is negative
(S = —0.69), suggesting a tail with more frequent negative acceleration values.

To obtain the dynamic response in the frequency domain needed for further FEM
simulation, the acceleration time history data for the vibrating mass (Figure 5a) was
subjected to analysis through the Welch method [17-19], resulting in the PSD function
presented in Figure 6.

2 Vibration test - Acceleration time history s +10* Vibration test - A

Response, RMS: 2.25g
——Input, RMS: 0.95g

Response, RMS: 2.25g.
Il input, RMS: 0.95g

Acceleration g
Frequency
w

10 20 30 40 50 60 70 80 90 - A
Time s cceleration g

(@) (b)

Figure 5. Acceleration results in accordance with the input shown in Table 1: (a) Time history;
(b) Histograms.
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Figure 6. PSD functions for the input and output signal.

Figure 6 illustrates the power distribution of the signals over the tested frequency
range. The system response under the testing conditions shows two distinct peaks. The
first peak, at around 13 Hz, corresponds to the natural frequency of the structure, while
the second peak, at around 45 Hz, is due to collision conditions. Such a response using
a linear FEM solver is not possible to obtain in a direct way, as non-linearity cannot be
defined from a definition.

2.1.4. FEM Calculations

Following the process in Figure 2, FEM random vibration analysis was performed
using the PSD profile from Table 1. Vibration isolators were modelled using 1D CBUSH
elements, defining a constant stiffness value of 4 N/mm for the vertical direction. This
value corresponds to the single spring constant. Transverse stiffnesses were omitted here.
The purpose of such definition is to achieve a single resonance peak for the structure, as
shown in Figure 7, which in further analysis can be easily controlled and modified, for
example, by adjusting the critical damping ratio C.

Frequency Response Function

or

st

a &) o ~

Acceleration FRF

w

- )
< T T

20 40 60 80 100 120 140 160 180 200
Frequency Hz
Figure 7. The FEM frequency response function of the compressor suspension system close to the
collision region.

Knowing the PSD and RMS response at the collision location from experimental
studies (Table 2), the critical damping ratio { for the FEM model can be adjusted so that
the RMS acceleration results for the reference point are in line with the measurements.
In this case, a final critical damping ratio was set as { = 0.0315. For this value, the RMS
accelerations of the linear FEM model at the reference point match the experimental RMS
accelerations recorded at the output signal location, as shown in Figure 8.
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RMS Output vs RMS Input - FEM Damping adjustment

—FEM Results, {=0.01
| |=FEM Results, =0.0315
—FEM Results, {=0.06

----- P1 Measurements

w

RMS Output g
v B

&)

0.5F

0 02 04 06 08 1 12

RMS Input g
Figure 8. The RMS response of the compressor suspension system—adjusting the critical damping
ratio for the FEM model.

The von Mises stress results from the random vibration analysis using the equivalent
effective acceleration method are presented in Figure 9. Points A-F serve as reference points
for further comparison with the experimental data.

Figure 9. RMS von Mises stress distribution determined by the equivalent RMS acceleration method.

From the notch area, stress PSD function was extracted and is presented in Figure 10.
It serves as the basis for fatigue life calculations using the spectral method, e.g., Dirlik or
Tovo-Benasciutii [20-22].

Power Spectral Density

—Stress PSD, Node: 657488

=)
=

Stress PSD, MPa%/Hz
3
2

1041

10 10%
Frequency, Hz

Figure 10. Von Mises stress PSD function in the notch region.
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First, from the stress PSD function, the spectral moments m, mq, my and m4 were
determined. Next, using the relations between the spectral moments, the statistical stress
parameters were determined: the expected number of zero-crossings E[0], the expected
number of positive peaks E[P], the irregularity factor 7,, and the equivalent RMS stress
value ogps. The bracket material is specified as fine-grained steel suitable for cold-working.
The S-N curve (Figure 11) was derived based on the fatigue limit 0, = 185 MPa and the

corresponding number of cycles Ny = 10°. The curve slope k is determined to be 5.

Fatigue S-N Curye; Compressorvbracket

—Stress range
—Stress amplitude

10

10°

102

Stress MPa

10’
10? 10° 10° 10°
Load cycles

Figure 11. S-N curve defined for the compressor bracket.

Following that, fatigue calculations were conducted employing the methods proposed
by Dirlik and Tovo-Benasciutti. The outcomes, with calculated lifetime in hours T,;; and
the corresponding damage parameter D, are presented in Table 3.

Table 3. Vibration fatigue results for notch region.

Method Test Time ORMS OMAX E[O} E[P] Y2 Tcul D
(Hours) (MPa) (MPa) (Hz) (Hz) (-) (Hours) (=)

Dirlik 50 43.44 217.2 8.65 9.44 0.92 2.41 x 103 0.0207

Tovo-Benasciutti 50 43.44 217.2 8.65 9.44 0.92 249 x 10° 0.0201

2.1.5. Method Verification

To verify the method, strain gauges were employed to control strains on the compres-
sor bracket under random vibration test using PSD input from Table 1. Strain gauges were
glued at the reference points A-F according to Figure 9. An example of the used strain
gauges and measurement location is shown in Figure 12.

Figure 12. Strain rosette in points A and B on the compressor bracket.

Similarly to the accelerations, the strain time history was recorded and converted into
power spectral density. Based on that, the stress components were calculated, and example
results for point A are presented in Figure 13. The PSD results clearly show that the stress
response closely follows the acceleration pattern, with two distinct peaks observed.
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Figure 13. Normal and shear stresses in measurement point A: (a) Stress time history; (b) Stress PSD.

Stress [MPa]

In each reference point, RMS stress was calculated and are finally compared with FEM
results in Table 4.

Table 4. Equivalent RMS stress comparison between FEM and measurements.

Equivalent Stress ogpss; Input RMS 0.9 g

Point ID FEM Test Ratio
(MPa) (MPa) FEM/Test

A 22.7 13.7 1.66

B 15.8 11.8 1.34

C 7 9.9 0.71

D 49 7.2 0.68

E 3.2 6.1 0.52

F 9.5 109 0.87
Notch 42.8 - -

The above comparison of RMS stresses shows that the FEM model results deviate by
an average of +/—37% from laboratory test values. Despite differences in absolute stress
values, the proposed equivalent effective acceleration method follows the trend observed
in real measurements, indicating that the FEM model captured the general behavior and
stress distribution in the system. Another important aspect is that, although the differences
between the FEM results and the experimental data are noticeable, all these differences are
of the same order of magnitude for stresses. This is a significant achievement, considering
the high complexity of the system and the loading conditions. This makes the method
suitable for finding critical regions and preliminary fatigue calculations of new compressor
suspension prototypes and provides a solid basis for further development.

Although the goal in this case was to create a simple FEM model for easy control and
adjustment, the compressor suspension FEM model is still quite complex. Therefore, factors
like contact definition, mass distribution and boundary conditions affect the accuracy of the
results. The current model assumes that the compressor only vibrates vertically at a single
frequency. In reality, it also rotates slightly and vibrates at several frequencies within the
testing range. The differences between the FEM and experimental results may be due to the
exclusion of transverse stiffness in the isolator definition. Another important factor could
be the lack of Cross-PSD analysis at all collision points, as the current study focuses only
on one isolator position. Future research should explore how the vibrations at all collision
regions interact with each other. Considering this aspect in future studies could improve
the results.
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2.2. Fatigue Assessment of the Motorcycle Transport Device
2.2.1. Background

The second case study focuses on analysing a transportation system consisting of
a motorcycle transport device, an automobile, and a motorcycle. This device is mounted
on the car’s hitch, as shown in Figure 14. During transportation, it is subjected to random
vibrations originating from the road surface over which the movement takes place. While
the S-N curves (fatigue strength) of the materials used in the device’s construction are
well-known, the exact loads and excitations acting on this device remain unknown.

e

2

Figure 14. Transport device according to patent PL 224395 B1; 1. Mounting element (for tow hitch);
2. Wheel-base; 3. Stabilizing strap.

The Motorcycle Transport Device analysed in this study is a mechanical system sub-
jected to complex loading conditions during vehicle towing operations. The fatigue analysis
of this device was performed using both experimental and computational methods, with a
focus on simplifying the power spectral density (PSD) function to reduce computational
effort while maintaining accuracy in fatigue life predictions.

In the context of the discussed system, which is related to the field of automotive engi-
neering, there is an opportunity to reference the characteristics of excitations—standardized
Power Spectral Density (PSD) functions that are commonly used in fatigue calculations
within the automotive industry. However, the presented system is exposed to specific exci-
tations resulting from interactions with the suspended mass on the car’s hitch. To precisely
analyse these excitations, real acceleration measurements were conducted directly on the
device at the hitch mounting location (Figure 15). These measurements were conducted
on two distinct road surfaces: asphalt roads and unpaved roads. The device underwent
these measurements while being subjected to a full load during the transportation of
a motorcycle (Figure 16).

Figure 15. Measurement point for acceleration in three axes.
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Figure 16. The device with a motorcycle attached.

The power spectral density (PSD) function was obtained from real-world vibration
measurements conducted on a Motorcycle Transport Device during vehicle operation and
is presented on Figures 17 and 18. The PSD data represented the load history and dynamic
response of the system, including random vibration inputs from road conditions. The
PSD function served as the basis for the fatigue analysis, providing a frequency-domain
representation of the loading conditions. Based on the measured accelerations, utilizing
MATLARB tools, particularly the PWELCH function, the power spectral density function
was determined for both the asphalt (Figure 17) and non-paved road (Figure 18) routes.
The obtained PSD characteristics constitute significant input data for further analysis.
To comprehensively assess the impact of these excitations on the device’s behaviour, a
numerical simulation was employed using the FEM within ANSYS 2020R1 software.

— 14
) l»A st bbb on it s b ‘
(@) é[ u"u'«, P ,’u |m‘wmuqa. (b) 12}
<
5 20 2 1 ‘
. - | '
TZ < 08 ‘ |
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o 04ff | i
— | |
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5 — [ - e
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Figure 17. Asphalt road: (a) raw recorded signal, (b) determined PSD function.
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Figure 18. Unpaved road: (a) raw recorded signal, (b) determined PSD function.

The incorporation of PSD excitation characteristics in the computer simulation allowed
for the replication of a realistic dynamic environment in which the analysed device operates.
Such an approach facilitated a detailed assessment of stresses, deformations, and potential
critical areas with regard to material fatigue. Comparing simulation results with previously
known S-N curves of materials will enable an evaluation of safety and durability for the
designed structure under real operating conditions.

After constructing a simplified computer model of the analysed system, a detailed
simulation was initiated using Ansys 2020R1 software. As part of the basic strength analysis,
a node most susceptible to potential damage was identified (Figure 19). This pivotal node
is located within a triangular support, where significant loads and stresses are present.
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Figure 19. Determination of the PSD response reading location.

To conduct a more advanced analysis, Ansys Random Vibration tools were employed,
enabling the modelling of interactions caused by random vibrations. These simulations
were conducted while considering boundary conditions, which were selected in accordance
with the research carried out in the publication by Mazurek and Mamala. The device’s
mounting location was modelled as a fixed support, the rear car wheel as a cylindrical sup-
port, and the entire motorcycle system with a mass of 200 kg was appropriately considered.
For the purpose of representing real-world conditions, an excitation in the form of PSD was
applied to the fixed support point.

2.2.2. Simplification of the PSD Function

Several methods for simplifying the PSD function were applied to assess their impact
on fatigue life predictions. These methods included:

e  Normalization: The PSD function was normalized with respect to its maximum value,
ensuring that all cases could be compared on a common scale.

e  Reduction of Characteristic Points: The number of characteristic points in the PSD
function was reduced to decrease the data complexity while retaining essential features
of the load.

e Interpolated Envelope: An interpolated envelope was applied around the PSD curve,
smoothing out minor fluctuations and focusing on the primary frequency components

One of the key aspects of this study was to examine how additional smoothing of the
PSD function, following the Welch method, would influence fatigue life predictions. The
Welch method is widely used due to its ability to reduce the variance of PSD estimates
through overlapping windows and averaging, stabilizing the estimation. However, as
demonstrated by Kal'avsky et al., the accuracy of PSD-based fatigue life predictions is sensi-
tive to the settings of the Welch method, such as window size, weighting, and overlap [19]
Incorrect parameter settings can lead to the distortion of critical vibration frequencies,
which are essential for accurate fatigue life prediction.

To explore this further, an additional smoothing technique was introduced, applying
an interpolated envelope to further filter minor fluctuations in the PSD curve. Excessive
smoothing can obscure significant frequency components, particularly those related to large
stress amplitudes, which are critical for fatigue damage assessment [19]. As a result, the
impact of this additional smoothing on fatigue life prediction was analyzed in comparison
to the original PSD estimated using the Welch method. In mechanical systems, such as
vehicle suspensions, Kong et al. emphasized that precision in PSD estimation is crucial
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for accurate fatigue life predictions, as over-smoothing may lead to the underestimation
of fatigue in critical areas [23]. Similarly, in the case of the motorcycle transport device
analyzed here, over-smoothing of the PSD data could obscure important vibration frequen-
cies, particularly under high-stress conditions, potentially leading to an underestimation of
fatigue damage.

2.2.3. Finite Element Simulation and Fatigue Analysis

A finite element model of the Motorcycle Transport Device was created to simulate its
response to the simplified PSD load (see Figure 6). The fatigue life was predicted using the
response PSD data obtained from the simulation. Key statistical parameters, such as the
number of zero crossings and peaks, were calculated from the PSD moments to estimate the
vibration amplitude distribution. The Rayleigh and Dirlik models were used to calculate
fatigue damage based on these amplitude distributions

The fatigue life was predicted using the Wohler (5-N) curve for the material, and the
fatigue limit, number of cycles to failure, and S-N curve slope were determined. The impact
of each PSD simplification method on fatigue life predictions was analyzed, with the goal of
identifying the most efficient and accurate approach for practical engineering applications.

2.3. Data Analysis and Validation

The experimental and numerical results for both the compressor suspension system
and the Motorcycle Transport Device were validated by comparing the predicted dynamic
responses with real-world measurements. For the compressor suspension, the comparison
focused on acceleration time histories and frequency-domain data (PSD) while, for the
Motorcycle Transport Device, the primary focus was on the effect of PSD simplification on
fatigue life predictions.

The validation process ensured that the finite element models were capable of accu-
rately representing the dynamic behavior and fatigue performance of both systems under
random vibration loads.

2.3.1. Simplified PSD and Fatigue Life Prediction

The Motorcycle Transport Device’s fatigue life was predicted using the PSD data
obtained from real-world measurements. The PSD simplification methods, including
normalization, reduction of characteristic points, and interpolated envelope, were applied
to the PSD function. Figure 20 shows the comparison between the original PSD and the
simplified PSDs.

1

PSD
Downsampling method |
= = ‘Interpolated envelope
————— MinMax

091K

08

0.7 £t
0.6 |

0.5 |

P [g%Hz]

047 i
03t i
0.2

0.1

\“ ~
~
L T L V’\":‘._‘ e
0 10 20 30 40 50 60
F [Hz]

0

Figure 20. Comparison of original and simplified PSD functions for the Motorcycle Transport Device.
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2.3.2. Numerical Simulation Results

The finite element model of the Motorcycle Transport Device was also used to simulate
its dynamic response to random vibration. Figure 21 presents the von Mises stress distribu-
tion in the Motorcycle Transport Device under random vibration, showing the critical areas
that experience the highest stress levels.
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Figure 21. Von Mises stress distribution in the Motorcycle Transport Device under random vibration.

The fatigue life predictions for the Motorcycle Transport Device, based on the Dirlik
and Rayleigh amplitude distribution models, are shown in Table 5. The results demonstrate
that both models provide similar fatigue life predictions, with less than a 5% difference
between them.

Table 5. Effect of PSD simplification methods on fatigue life predictions for the Motorcycle Transport Device.

Method Model Life (days)
Downsampling Rayleigh 5.61
Downsampling Dirlik 5.68

Min/Max Rayleigh 5.61
Min/Max Dirlik 5.67
Interpolation Rayleigh 5.61
Interpolation Dirlik 6.24

3. Discussion

This study provided valuable insights into the use of finite element modelling (FEM)
and power spectral density (PSD) simplifications to predict fatigue life in two distinct
mechanical systems under random vibration conditions. The key contribution of this
research lies in the demonstration that PSD simplifications can significantly streamline
fatigue life predictions without sacrificing accuracy, as well as in the validation of FEM
models for complex dynamic systems.

3.1. Compressor Suspension System

The FEM model developed for the compressor suspension system was effective in
replicating the system’s dynamic response, particularly in identifying critical stress areas.
This model presents a reliable method for engineers to predict failure points and optimize
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the design of suspension systems. The successful correlation between the model’s predic-
tions and experimental data reinforces the model’s applicability for future use under varied
load conditions.

Beyond the validation of the model, an important takeaway is that this approach
allows for fatigue life estimation in complex systems without resorting to overly resource-
intensive simulations. This is crucial for real-world applications where rapid iteration and
adjustments to design parameters are required.

3.2. Motorcycle Transport Device Analysis

The analysis of the Motorcycle Transport Device highlights the benefits of applying
simplified PSD functions to fatigue life predictions. The small deviations in fatigue life
predictions observed between full and simplified PSDs suggest that the trade-offs between
computational efficiency and prediction accuracy are minimal. This means that engi-
neers can confidently employ simplified PSDs in large-scale fatigue assessments without
compromising the reliability of their results.

The FEM simulations for the Motorcycle Transport Device also demonstrated that
critical stress zones could be identified effectively, enabling targeted design improvements.
This is particularly useful for ensuring the structural integrity of Motorcycle Transport Devices
under varying load conditions, where frequent or sudden dynamic forces are common.

3.3. Practical Significance of PSD Simplifications

A major contribution of this research is the demonstration that simplifying PSDs—whether
through normalization, reduction of characteristic points, or interpolating envelopes—does not
substantially affect the precision of fatigue life predictions. This is particularly significant for
industries where time and computational resources are at a premium. The simplifications
allow for faster simulations and data analysis, making it feasible to analyse a broader range
of design scenarios in less time.

Thus, this approach is likely to be especially useful in fields like automotive and
aerospace engineering, where large-scale simulations are often required to ensure the
durability and safety of components subjected to complex vibration loads.

3.4. Implications for Engineering Design

The practical implications of this research are clear: validated FEM models, combined
with PSD simplifications, provide a powerful toolset for predicting the fatigue life of
mechanical systems under random vibration. This study’s results encourage a more
widespread use of PSD simplifications in fatigue analysis, particularly in scenarios where
extensive computational resources are unavailable. Engineers can use these methods to
improve design efficiency, optimize materials, and increase the longevity of mechanical
components without sacrificing analysis accuracy.

3.5. Future Research Directions

While this study confirmed the effectiveness of PSD simplifications and FEM models
for predicting fatigue life, several avenues for future research remain. There is a need to
explore non-linear behavior in mechanical systems under random vibrations, particularly
for components like dampers, which may experience significant non-linearity under higher
loads. Additionally, developing more adaptive PSD simplification techniques that can
dynamically adjust to different loading conditions would further enhance the precision
and applicability of these methods.

Expanding the scope of this research to other mechanical systems and varying types
of dynamic loads could also provide broader insights and help generalize the findings to a
wider range of industries.



Appl. Sci. 2024, 14, 10051

17 of 19

4. Conclusions

Fatigue characteristics of materials in the form of SN curves are only the basis for fa-
tigue calculations. Equally important here are all elements of the fatigue life determination
algorithm, in particular stress determination and consideration of factors influencing fa-
tigue, such as scale factor, stress concentration effect, average stress, amplitude distribution
and sequence, and environmental factors. At the forefront of factors influencing fatigue life
is the correct determination of stresses, on the basis of which the analysis is carried out. In
real elements subjected to operating loads, it is difficult to assess the actual state of the load.
Therefore, this element is burdened with the greatest uncertainty.

For fatigue calculations in real conditions, the most suitable method is the spectral
method, which statistically reflects the load. This is a well-known method and is often
referred to as vibration fatigue method.

The influence of the notch on fatigue life is usually expressed by an increase in the
stress value. In the spectral method, if the notches are not sharp, their influence is taken
into account in the FEM calculation, also by increasing the stress near the notch. Of course,
the scale factor for the volume of loaded material should not be neglected.

This study demonstrated the effectiveness of finite element modelling (FEM) and
power spectral density (PSD) simplifications in predicting fatigue life for two different
mechanical systems under random vibration conditions. Based on the results and analysis,
the following key conclusions can be drawn:

e Both investigated cases, the compressor suspension system and the Motorcycle Trans-
port Device, show that not only fatigue properties, but also clear understanding of the
system loading are crucial for proper fatigue assessment.

e  Experimental testing is crucial for calibrating FEM models. Combining testing with sim-
ulations ensures that models reflect real-world conditions more precisely and improves
the accuracy of fatigue life predictions and the reliability of engineering designs.

e  Results obtained by proposed equivalent effective acceleration method follows the
stress trend observed in real measurements, indicating that the FEM model captured
the general behaviour and stress distribution in the system. This makes the method
suitable for finding critical regions and for preliminary vibration fatigue calculations
for new structures.

e  The study showed that simplifying the PSD function using methods such as normal-
ization, reduction of characteristic points, and applying an interpolated envelope had
minimal impact on the accuracy of fatigue life predictions. The deviations in predicted
fatigue life across different PSD simplifications were less than 5%, indicating that these
simplifications significantly reduce computational time without compromising accuracy.

e  Both the Dirlik and Rayleigh models used in fatigue life estimation produced consistent
results, confirming their applicability in random vibration analysis. The compressor
suspension system and Motorcycle Transport Device both demonstrated predictable
fatigue life outcomes when subjected to realistic operational loads.

e  The application of PSD simplifications in fatigue life predictions provides significant
benefits for engineering design, particularly in industries where time and computa-
tional resources are limited. The findings suggest that engineers can confidently apply
these simplifications to accelerate the design process while maintaining accuracy in
performance evaluations.

e While the PSD simplification methods used in this study were effective, future research
should explore adaptive simplification techniques that can dynamically adjust based
on the system’s complexity. Additionally, incorporating non-linear behaviour in FEM
models, especially for components like dampers, will provide a more comprehensive
understanding of fatigue life in real-world conditions.

In conclusion, this study highlights the potential of using FEM and PSD simplifications
as efficient and accurate tools for fatigue life prediction in complex mechanical systems.
In the case of non-linear effects during vibrations, such as collisions, the equivalent effective
acceleration method proposed in this study allows for the consideration of non-linearity in
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stress response at a satisfactory level within linear FEM solvers. These methods offer a practical
solution for enhancing the durability and reliability of systems subjected to random vibrations,
with broad applications in fields such as automotive and aerospace engineering.
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