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Abstract

Agricultural machinery is constantly exposed to repeated loads under diverse operating
conditions, making fatigue life evaluation essential for ensuring structural durability. This
review provides a systematic review of the literature from the last decade (2015-2025),
focusing key methodologies and recent advanced in fatigue life evaluation for agricultural
machinery. Relevant literature was analyzed with a focus on stress and strain data acquisition,
signal preprocessing techniques, repeated load classification, mean stress correction, damage
accumulation models, and FEA-MBD and DEM-MBD integrated simulation approaches. This
review highlights the accuracy of in-field stress and strain measurements, the appropriateness
of fatigue evaluation methods under variable mean stress, the quality of load characterization,
and the feasibility of simulation-coupled fatigue analysis. Furthermore, the review presents a
comparison of the applicability and effectiveness of each method based on case studies. Several
limitations in current research are also identified, such as inconsistency in evaluation standards,
discrepancies between experimental and simulation results, and challenges in reproducing
complex operating conditions. Ultimately, this comprehensive review establishes a systematic
foundation for improving structural durability evaluation, early-stage design safety, and

maintenance planning for agricultural machinery.
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Introduction

Agricultural machinery plays a crucial role in enhancing productivity and addressing labor
shortages in rural areas, and the scope and frequency of its use have constantly increased (Ma
et al., 2023). Accordingly, the performance and durability standards required of agricultural
machinery have also increased, and in particular, ensuring durability against repeated
mechanical loads and impacts over long periods has become a critical design and maintenance
challenge (Wang et al., 2023). Various types of agricultural machinery are employed for
diverse purposes, and each type is exposed to irregular loads in a variety of working
environments and conditions. These environmental characteristics lead to a higher risk of
fatigue failure in machine parts, resulting in reduced work efficiency, economic losses, and
employee safety issues (Fajri ef al., 2021). Furthermore, work delays and interruptions from
agricultural machinery breakdowns and damage add to the economic burden on farmers and
have direct and indirect impacts on national food security (Jena and Tanti, 2023). In particular,
the economic consequences of such failures are significant. Research indicates that repair and
maintenance costs can account for up to 15% of the total lifetime operating costs of agricultural
machinery, while unexpected downtime during critical farming seasons can lead to substantial
lost opportunity costs (ASAE EP496, 2006, Hunt, 2008). The recent shrinking labor force and
aging rural population have increased the dependence on agricultural machinery, and the
agricultural environment has become harsher due to global climate change (Singh and Jitendra,
2022, Nelson et al., 2024). Accordingly, ensuring the reliability and durability of agricultural
machinery has become crucial in its design and development.

Fatigue failure is a physical phenomenon in which cyclic loading causes micro-cracks to
develop and progressively grow inside a material, leading to structural failure when a critical
limit is exceeded (Boardman, 1990). In particular, agricultural machinery is continuously
exposed to complex loads such as shock and vibration in poor working environments and
during operation. These loads are not simple repetitive cycles but have non-linear traits with
irregular variations in magnitude and direction, interacting with environmental factors to cause

compound fatigue damage (Yuan et al., 2015, Chen et al., 2023a). Therefore, simple static



load-based design or conventional fatigue life evaluation techniques are insufficient to reliably
ensure the durability of agricultural machinery (Zhunisbekov, 1987). Furthermore, diverse
factors affect fatigue failure, including material properties, micro-defects during the
manufacturing process, and wear and corrosion during usage, which lower the accuracy of
fatigue life evaluation (Popovych et al., 2020).

Recent studies on the fatigue life evaluation of agricultural machinery have focused on
enhancing the durability of these machines through the optimization of structural design,
improvement of material properties, and refinement of manufacturing processes (Kanayev et
al., 2024). Advances in sensor technology have enabled the measurement of loads during
agricultural operations in real time, allowing for improved data processing and statistical
analysis techniques that enhance the accuracy of fatigue life evaluation (Chen ef al., 2023b).
Furthermore, there are studies that evaluated fatigue life by using finite element analysis (FEA)
and multibody dynamics simulation (MBD) techniques, and reflecting the complex structure
and dynamic loading conditions of agricultural machinery. However, it is still difficult to fully
reflect the various loading conditions encountered in actual agricultural operation
environments, and there is a lack of standardized evaluation criteria and methods (Song et al.,
2024). Most studies rely on limited laboratory environments and simplified simulation
conditions, which limit the consistency of results and their applicability in the field. In
particular, discrepancies between field and laboratory data, uncertainty and signal noise in load
data, and simplification of material and structural 3D modeling have been indicated as the main
contributors to the lower accuracy of fatigue life evaluation (Franco et al., 2018, Zhu et al.,
2024). Therefore, it is required to create a systematic fatigue life evaluation system that
effectively integrates experimental and field data and combines advanced simulation and data
analysis techniques. While previous studies have often addressed specific stages of durability
assessment, this study provides a unique contribution by presenting the first comprehensive
review that synthesize the entire process of fatigue life evaluation for agricultural machinery.
This includes full process from in-field load acquisition and signal processing and simulation
methodologies such as FEA-MBD and DEM-MBD.

In this study, we analyzed recent major studies related to fatigue life evaluation of agricultural
machinery from the perspectives of load measurement, data processing, life prediction

techniques, and simulation analysis, and discussed the characteristics and limitations of each



elementary technique. Based on the analysis and discussion, this study aims to suggest future

research directions for improving the durability of agricultural machinery.

Methods

In this study, we utilized major academic databases such as Web of Science, Scopus, and
ScienceDirect to systematically analyze recent research trends in fatigue life evaluation of
agricultural machinery. Based on such search keywords as “agricultural machinery”, “fatigue
life”, “fatigue analysis”, “fatigue damage”, and “fatigue simulation” in combination, we found
related research papers. The research period was set to the last decade (2015-2025) to reflect
the latest technology trends and research performance. To ensure the academic rigor and
reliability of the review, specific inclusion and exclusion criteria were applied during the
selection process. We exclusively included peer-reviewed original research articles indexed in
SCI/SCIE-indexed journals. Consequently, non-peer-reviewed materials, such as conference
proceedings, gray literature, theses, and technical reports, were excluded from the final analysis.
While no specific citation threshold was applied in order to ensure a comprehensive
representation of recent technical developments, priority was given to studies that provided
clear experimental validation or advanced simulation methodologies. The selected papers were
systematically categorized and compared based on various key aspects, including load data
acquisition and processing, fatigue life evaluation methods, simulation techniques, and result
validation. In the analysis process, we comprehensively reviewed the purpose, methodology,

data processing techniques, main results, and limitations of each study.

Recent research trend in fatigue life evaluation of agricultural machinery

Fatigue life evaluation of agricultural machinery is a complex field that involves various factors
such as load data acquisition and processing, fatigue life evaluation method, and simulation
method. This section analyzed recent research trends in each of these key elements, reviewed
the current status and direction of research. Figure 1 illustrates the entire structure of the fatigue

life evaluation process.

Load data acquisition and processing method

The reliability of a fatigue life evaluation of agricultural machinery depends on how accurately



it can reflect the cyclic loading applied to the structure in a real working environment (Tyutrin,
2020). Therefore, the crucial first step is to accurately measure the stresses encountered during
agricultural machinery operation and driving. In agricultural work, the stresses generated vary
irregularly depending on the ground conditions, the working method, and the type of machinery
equipped, and the cumulative fatigue damage to the structure is highly complex (Ceylan et al.,

2015).

Load measurement method

A highly reliable load measurement method is essential to accurately analyze the load
characteristics applied to agricultural machinery. Strain gauges, accelerometers, displacement
sensors, and torque meters are currently employed as the main means of measuring loads in the
agricultural machinery field. Among them, the strain gauge is the most common method
because it can be directly attached to the area where stress concentration is expected and
measure the strain in the structure in real time.

For example, Kim et al. (2024) attached strain gauges to 34 stress concentration sites of an
agricultural front-end loader derived through multibody dynamics analysis, and utilized a CAN
communication-based DAQ system to collect strain data and convert it into stress, which was
used for fatigue life evaluation. Furthermore, Hwang et al. (2024) attached a rosette-type 3-
axial strain gauge to the structural joints of an electric multi-purpose tractor to measure strain
under various working conditions and converted it into von Mises stress for fatigue life
evaluation. As such, strain gauge-based strain measurement techniques have been applied in
numerous studies and are used as a key technology for analyzing stresses in agricultural
machinery (Koyuncu et al., 2012, Cardei et al., 2023, Kim et al., 2022).

On the other hand, when torsional loads applied to rotating members or dynamic
characterization is required, torque meters or rotational speed sensors are used. Kim et al. (2021)
measured the torque and speed generated during operation in real time through a torque meter
and a rotational speed sensor equipped with the rear drive system of a 78 kW tractor. This was
used to derive the load acting on the spiral bevel gear by considering the gear ratio and gear
efficiency, and used to set the accelerated life test conditions. There are also a number of studies
that applied a measurement system that combined multiple sensors to analyze load variations

under different operating conditions. Paraforos et al. (2014) combined a total of 28 strain



gauges, two IMUs, and an RTK-GNSS receiver on a 4-rotor swather, to collect real-time strain
and load data in various driving situations, including road driving, machine operation, and
turning. In this study, the IMUs were used to measure dynamic loads in the vertical direction
and the load distribution was analyzed according to the position information collected by RTK-
GNSS. Zhang et al. (2024) developed a measurement system consisting of various sensors such
as strain gauge, accelerometer, tension sensor, angle sensor, hydraulic pressure sensor, and
GNSS receiver on the tractor and mounted plow structure, in order to collect load data under
plowing working conditions. The developed measurement system can collect data such as
working depth, driving speed, draft, and stress, and especially analyze load distribution using
an NI-based DAQ module and remote monitoring function using LabView.

In recent years, CAN-Bus-based real-time measurement systems have been commercialized,
and they simultaneously collect various operating status data such as engine speed, hydraulic
operation status, and steering angle from the electronic control unit (ECU) inside the tractor
and machine. These measurement systems can analyze the correlation between different
working conditions and the loads applied to the structure and can identify load variations as
operating conditions change. Matteti ef al. (2017) integrated CAN-Bus operation status data,
and Wheel Force Transducer (WFT), measured the vertical load of four wheels of a tractor in
real time, and suggested a fatigue life evaluation method that can more accurately reflect the
fatigue behavior of the structure under actual operating conditions. These various measurement
systems have been employed to accurately measure loads on agricultural machinery, as shown

in various studies.

Data preprocessing method

The measured load data is typically stored as a continuous time series signal in the form of a
load time history, which contains various signal distortion factors such as disturbances, high-
frequency vibrations, and sensor noise (Moon et al., 2011, Khan et al., 2025). In particular, as
vibration, shock, and external interference occur frequently in the operating environment of
agricultural machinery, the reliability of fatigue life evaluation can be deteriorated if the raw
data is used without refinement. Therefore, the measured load data must be preprocessed before
analysis.

The most commonly used preprocessing technique is a low-pass filter, of which the



Butterworth filter is effective in maintaining the quality of the measured signal due to its stable
phase and constant frequency response (Piskorowski, 2006). He ef al. (2024) attached a strain
gauge to a tractor PTO gearbox to measure strain, which was then converted to stress. A
Butterworth filter was then applied to the converted stress time history data to remove high-
frequency components, and a combination of detrending and outlier removal techniques was
applied to improve the data quality for fatigue life evaluation. Wen ef al. (2021) measured
strain in real time by attaching a strain gauge to the housing structure of the tractor power
transmission system. The measured strains were converted to stresses, and a Butterworth filter
was applied to remove high frequencies. This approach minimized the distortion of the stress
time history signal and ensured stable data quality suitable for fatigue life evaluation. In other
fields, various techniques such as resampling, interpolation, and moving average are applied
for data preprocessing, but these techniques are rarely applied in agricultural machinery (Zhou
et al., 2020, Minda et al., 2020, Marshall et al., 2016). The limited application of these
techniques in agricultural machinery may be attributed to concern that smoothing and
resampling could inadvertently suppress transient impact loads and high-frequency peaks that
are often critical for fatigue damage in harsh off-road environments. However, the selective
application of these methods offers significant potential for enhancing data reliability. For
example, interpolation can be effectively used to reconstruct missing data points caused by
sensor dropouts during rigorous field operations (Lepot et al., 2017). Similarly, moving
averages can assist in trend analysis by isolating low-frequency global load variations from
localized stochastic noise (Carbone and Kiyono, 2016). Implementing these data processing
methods would allow for a more nuanced analysis of the complex, non-linear load time
histories typical of agricultural machinery, ultimately leading to more robust fatigue life

evaluation.

Load cycle counting method

The noise of the preprocessed load data is removed, the signal quality is secured, and the data
is refined into a time series history for fatigue life evaluation. Stress time history is then derived
from a comprehensive consideration of the structure geometry, material properties, and load
data. The stress time history is categorized into repeated stress cycles by applying the cycle

counting method, and for each cycle, the stress amplitude, mean stress, and iteration number



are derived (Amzallag ef al., 1994). Stress cycles directly affect the reliability of fatigue life
evaluation results, and accurate cycle counting is pivotal for the fatigue analysis process.

The rainflow counting method is applied in most studies on fatigue life evaluation of
agricultural machinery for cycle counting (Figure 3). The rainflow counting method involves
a sequential extraction of local peaks and valleys from a time series of stress time histories and
then analysis of the correlations between the extreme points to identify repeated stress cycles
(Glinka and Kam, 1987). The entire stress time history is decomposed into repetitive cycles,
and each identified cycle is organized based on its mean stress and amplitude. Since this process
can be reliably applied in environments with complex and irregularly changing loading
conditions, such as agricultural operations, it is utilized in fatigue analysis, such as cumulative
damage rate calculations and life prediction. On the other hand, the rainflow counting method
has the advantage of accurately classifying repetitive cycles, but it has the limitation that it does
not reflect the temporal sequence of the load time history or the overall time series structure
(Dowling, 1971). Auxiliary cycle counting methods, such as level crossing counting, peak
counting, and simple range counting, are often employed to analyze the characteristics of loads
that are compensated for these limitations. These methods are useful for analyzing the
periodicity, amplitude distribution, and frequency of occurrence of loads, but they have
limitations compared to rainflow counting methods for fatigue life evaluation, such as load
sequence and cumulative damage (Rychlik, 1987). Therefore, the rainflow counting method is
still the dominant method for fatigue life evaluation of agricultural machinery.

Paraforos et al. (2014), which was mentioned earlier in this study, measured the loads acting
on a 4-rotor swather, converted them into stresses, and applied rainflow counting methods to
analyze the amplitude distribution of repetitive cycles per operation condition. Paraforos et al.
(2016), which is the follow-up study, further extended the measurement points compared to
the previous study and performed rainflow counting based on stress-time history collected
under different operation conditions, in order to classify the repetitive cycles and utilize them
for damage calculations. In this process, low-amplitude cycle removal and matrix extrapolation
techniques were simultaneously applied, and the predictability of life under accelerated
durability test conditions was presented. Lee et al. (2015) applied the rainflow counting method
to the measured PTO load time history during rotary and baler operation of a tractor, classified

the amplitude and mean stress of the cyclic loading, and analyzed the load distribution



according to the working conditions. In the process, the characteristics of the repetitive cycles
were compared and analyzed in line with a PTO rotation velocity and travel speed, effectively
presenting the differences in load time history under different operation conditions.

Kim et al. (2019) applied the rainflow counting method based on the PTO torque time history
generated during the rotary tiller operation of a multi-purpose cultivator, and decomposed the
irregularly fluctuating loads into repetitive cycles. They organized the distribution of amplitude
and iteration number per working condition and identified the changes in load characteristics.
Markumningsih et al. (2022a, 2022b) derived stresses based on measured load data to analyze
the load applied to the hopper structure of a semiautomatic transplanter, and applied the
rainflow counting method to the stress time history. From the stress time history derived for 4-
bar link and cam-type transplanters, respectively, the amplitude and mean stress of the
repetitive cycles were categorized, and the load characteristics of each structure type were
compared. In Markumningsih et al. (2023), the follow-up study, the drive structures of the two
transplanters (4-bar link and cam type) were directly compared, and the same technique was
applied to analyze the differences in cyclic loading characteristics based on the drive method.
By comparing the distribution of the cyclic loading acting on the different transplanter
structures, they derived the differences in load distribution according to the machine types. The
wavelet transform method has been recently applied to fatigue life evaluation, which can
simultaneously consider the temporal and frequency features of the signal. This method can
only extract the main load components, and it has been proposed to apply the rainflow counting
method simultaneously. Sun ef al. (2023) applied the wavelet transform method to the vibration
load acting on the mounting bracket of a hybrid tractor exhaust system to subdivide the load
signal, and applied the rainflow counting method to the separated significant load components

to improve the accuracy of cyclic loading classification.

Fatigue life evaluation method

After the measurement and preprocessing of load data, it is necessary to evaluate the fatigue
life under the actual conditions of use, where the structure is subjected to repeated loads. Since
the magnitude and frequency of cyclic loading vary depending on the working conditions and
operating environment of agricultural machinery, it is difficult to accurately evaluate the actual

fatigue life based on the static load design method alone. Therefore, it is essential to apply



fatigue life evaluation techniques to evaluate the degree of damage accumulated by cyclic

loading based on actual measured load time history and to predict the time of structural damage.

Stress-life curve

The stress-life curve (S-N curve) is the most utilized fatigue life evaluation technique under
high-cycle fatigue conditions and represents the correlation between the iteration numbers until
a material reaches failure under a constant repetitive stress amplitude (o,) (Murakami et al.,
2021, Kun et al., 2008). It is usually expressed in the form of a straight line on a log-log scale
and is effective in evaluating the fatigue properties of materials (Burhan and Kim ef a/., 2019).
S-N curves are mainly constructed under completely reserved stress conditions, where the
mean stress (a,,) is zero, and are constructed by converting repeated life tests or field load data
into stresses (Kumbhar and Tayade, 2014, Tridello ef al., 2021). In the agricultural machinery
field, it is commonly used to estimate fatigue damage by categorizing load data obtained under
actual working conditions into load cycles through the rainflow counting method, converting
them into stress amplitudes, and accumulating the iteration numbers corresponding to each
stress level. However, in actual agricultural machinery structures, it is necessary to convert the
actual loading condition with mean stress to a condition with zero mean stress. The equivalent
completely reserved stress (o,4) is the calculated value. The equivalent completely reserved
stress refers to the repetitive stress amplitude corrected for the effect of the mean stress, which
enables more accurate fatigue life predictions under real-world conditions (Zhu et al., 2017,
Papuga et al., 2018, Bohm et al., 2020). The mean stress is corrected through the equations of
Goodman, Gerber, and Soderberg; the application of the calibrated equivalent completely
reserved stress to the existing S-N curve makes it possible to predict fatigue life under real-
world conditions (Figure 4).

The Goodman equation linearly corrects for the stress-life relationship and is the most
frequently used. The Gerber equation reflects the effect of mean stress in a parabolic form,
which provides a high degree of accuracy in life prediction, but can be complicated to analyze.
The Soderberg equation provides the most conservative lifetime prediction by limiting the
upper bound of the mean stress to the yield strength (Sendeckyj, 2001, Bohm and Glowacka,

2020, Henriques et al., 2021). The respective correction equations can be found in Eq. 1 - 3.



Su'0a

Goodman: 0,4 = Su—or (Eq. 1)
2,
Gerber: 0,4 = Siu“_(;‘:n (Eq. 2)
Sy'0q
Soderberg: 0.4 = Sy=om (Eq. 3)

where:

0.q= Equivalent completely reserved stress (MPa)
o,= Stress amplitude (MPa)

om= Mean stress (MPa)

S,.= Ultimate tensile strength (MPa)

S,= Yield Strength (MPa)

These correction equations have been practically applied in fatigue life analysis of agricultural
machinery, and various studies have reported their applications. Kim et al. (2023) targeted the
fastening device, which is a vulnerable part of an agricultural by-product collector, and
measured the stresses on the device under various driving and working conditions. Based on
the measured stress data, the mean stress was calculated and the Goodman equation was applied
to derive an equivalent completely reserved stress reflecting the mean stress. The calibrated
stress was then applied to the S-N curve to predict the fatigue life. Hwang et al. (2025)
measured the stresses applied to the structure under actual operating conditions for a machine
that simultaneously performs mulching and covering. Based on this, the mean stress was
calculated, and the equivalent completely reserved stress reflecting the mean stress was derived
by applying the Goodman equation. This was applied to the calibrated S-N curve and utilized
for life prediction. Abraham et al. (2022) evaluated the fatigue life of the tractor wheel spike
segment and applied the Gerber equation for the mean stress correction. The calibrated
equivalent completely reserved stress was applied to the S-N curve to predict the life, and the
structural safety was analyzed for different design variables. Bankapur et al. (2015) applied
Goodman, Gerber, and Soderberg equations to a tractor-trailer chassis to analyze and compare

fatigue life under cyclic loading conditions. In particular, the Soderberg equation acted as a



conservative evaluation criterion and predicted the shortest life, and it was confirmed that the
choice of equation significantly changed the life prediction results. Zhao et al. (2022) compared
the Goodman, Gerber, and FKM equations to correct for the effect of mean stress in the fatigue
life evaluation of a forage crusher rotor. As a result of comparing the life predicted by each
equation with the actual cracking patterns, it was found that the Gerber equation showed the
highest accuracy and could accurately reflect the nonlinear relationship between mean stress
and life.

A number of studies have also been conducted using the Smith-Watson-Topper (SWT)
equation as a mean stress correction technique. SWT equation is originally strain-life (¢-N)
based, but in experimental settings where strain measurements are difficult or impossible, it is
modified to a stress-based approximate expression utilizing peak stress and stress amplitude

(Dowling, 2009, Lagoda ef al., 2022). The form of the SWT equation can be found in Eq. 4.

Smith-Watson-Topper: 0., = \/ (o +0y) -0, (Eq. 4)

There have been studies that applied the SWT equation to evaluate fatigue life. Lee ef al. (2015)
measured torque data under actual working conditions for the PTO drive gear of a 75 kW
agricultural tractor. The measured loads were converted to equivalent completely repeated
torque calibrated for mean torque by applying the SWT equation, which was then applied to
the S-N curve to predict the cycling life. Kim et al. (2020) measured the torque acting on a
spiral bevel gear of a tractor and analyzed the fatigue life according to the operating conditions.
Based on the measured data, the SWT equation was applied to calculate the equivalent
completely repeated torque reflecting the mean torque, which was applied to the S-N curve to
evaluate the fatigue life. In addition, fatigue analysis considering the effect of mean stress was
performed to compare durability differences per operating condition, and evaluate factors that
reduce the life of the gear structure. As such, mean stress correction is pivotal for improving
the accuracy of S-N-based fatigue life analysis, and various equations have been selectively
applied according to the actual measurement conditions and characteristics of the mechanical
structure. The selection of a mean stress correction equation primarily depends on the material

properties and the required reliability level. For general agricultural machinery structures, such



as frames and implements made of steel alloys, the Goodman equation is the most widely
adopted because it provides a balanced compromise between predictive accuracy and design
efficiency (Shigley et al., 1985). The Soderberg equation is preferred for safety-critical
components where even minor deformation must be avoided, as it offers the most conservative
life estimates and ensures a high safety margin (Badr and Ishak, 2021). The Gerber equation
can provide higher prediction accuracy under tensile mean stress conditions. However, caution
is required under compressive loads, as it may overpredict fatigue life (Joun et al., 2022). For
components subjected to complex loading conditions and severe torque variations, such as
transmission gears, the SWT equation is often applied to capture nonlinear fatigue
characteristics more effectively (Lagoda et al., 2022). Ultimately, although the final selection
depends on specific component and loading characteristics, the Goodman equation is
commonly used as a general guideline for structural fatigue evaluation in agricultural

machinery.

Cumulative damage method

Fatigue life is a concept that predicts the cumulative damage of a structure under cyclic loading,
and the cumulative damage method is utilized to evaluate the effect of various magnitudes of
cyclic loading on fatigue life (Miner, 1945, Fatemi and Yang, 1998). In particular, for
agricultural machinery, where irregular stress fluctuations occur under various working
methods and environmental conditions, fatigue life evaluation based on a single stress
condition cannot accurately predict the actual time to failure. Therefore, cumulative damage
methods that can analyze repetitive stress cycles and evaluate fatigue life are important for
fatigue life evaluation of agricultural machinery. The most commonly used cumulative damage
method is the Palmgren-Miner rule (Hectors and Waele, 2021). The Palmgren-Miner rule
calculates the overall cumulative damage by independently summing the damage caused to the
material by repetitive stress cycles at different stress levels to calculate the overall cumulative

damage, which is expressed as in Eq. 5.

Palmgrn-Miner: D = ¥k (Eq. 5)

=17,

where:



D= Total damage sum
n,;= Number of acyally applied cycles for i stress
N,;= Life cycles for i stress

k= Total number of stress level

The Palmgren-Miner rule is one of the most widely utilized fatigue life evaluation techniques
in industry fields due to its simplicity of calculation and ease of connection with S-N curves
(Sun et al., 2014). In particular, because the iteration number per stress level is accumulated
and converted into a damage ratio, it can be applied not only to a single stress condition, but
also to environments with repetitive stresses of varying amplitudes (Zuo et al., 2014). In the
field of agricultural machinery, the Palmgren-Miner rule is also employed as a standard
analysis technique to predict the fatigue life of structures and has become an effective means
to evaluate the cumulative damage caused by stress cycles under various operating conditions.
Tyutrin (2020) evaluated the fatigue life of a spring strut, a part of a cultivator, by measuring
the load applied to it and applying the Palmgren-Miner rule to the derived stress time history.
After categorizing the derived stress data based on stress levels, the cumulative damage was
calculated by comparing the iteration number and allowable life for each level, and the
equivalent completely reserved stress was calculated to evaluate the durability of the structure.
Islam et al. (2021) applied the load duration distribution (LDD) technique to construct the
cyclic loading distribution based on the experimentally measured torque data of the picking
device gear of the automatic paprika transplanter, and evaluated the fatigue life through the
Palmgren-Minor rule. As a result, the maximum fatigue life of 4635.97 hours was estimated
for SCM 420H steel materials and 5 mm face width, which is more than 18 times longer than
the existing fatigue life (255 hours). Siddique et al. (2022) measured the hydraulic pressure
applied to a hydraulic pump of 78 kW tractor and applied the Palmgren-Miner rule to derive
the cumulative damage and evaluate the fatigue life based on it. The measured pressure data
were categorized by pressure level, and the damage accumulation was calculated by comparing
the iteration number and the allowable life to analyze the durability and fatigue life of the

hydraulic pump.



In the field of agricultural machinery, nonlinear cumulative damage methods have also been
reported in some cases. Unlike linear methods, nonlinear cumulative damage models do not
assumed linear damage accumulation. Instead, these models account for the sequence of cyclic
loading, amplitude variations, and load interactions, enabling a more accurate representation
of fatigue failure behavior (Huang et al., 2019). However, a clear trade-off exists in their
practical application. While nonlinear cumulative damage models offer superior predictive
accuracy, they require more complex material parameter identification and greater
computational effort. In contrast, the Palmgren-Miner rule is widely used for durability
assessment because it requires minimal parameter identification and offers high computational
efficiency and ease of implementation. Nevertheless, nonlinear models are often preferred for
critical components where higher prediction accuracy is required. For example, Yan et al.
(2025) proposed a fatigue life prediction technique that reflects load sequence effects by
applying the Lemaitre model, a nonlinear cumulative damage technique, and the block-jumping
technique together to analyze the repeated torque load on a PTO shaft of the tractor. The
Lemaitre model defines the damage variable based on the energy dissipation inside the material
and is based on the theory of Continuum Damage Mechanics (CDM) (Lemaitre, 1985). The
block-jumping technique is utilized by dividing the irregular load time history into operating
sections, and accumulating the damage in each section to calculate the overall damage (Sun
and Xu, 2021). These examples exhibit that, considering the characteristics of agricultural
machinery structures with complex and fluctuating cyclic loading conditions, nonlinear

damage accumulation models can be an alternative for more accurate life prediction.

Simulation-based fatigue life evaluation

The fatigue life of agricultural machinery has been generally evaluated with field/survey data.
In cycling life testing or in-situ measurements, cyclic loading acts on the components, the time
of damage occurrence is identified, and their life is predicted. However, these physical tests are
time-consuming and costly, and have the limitation that it is difficult to fully reproduce the
working conditions (Nakhaei et al., 2023). Furthermore, they require the construction of
separate test environments each time for repeated testing under different conditions or for
comparing life under different design settings (Okenyi et al., 2024, Solazzi and Mazzoni, 2023).

Recent studies have utilized simulation-based fatigue life evaluation techniques to overcome



these limitations. Simulation can numerically implement various operating conditions and load
time history, which can be reflected in the analysis model to predict stress generation and
damage accumulation under cyclic loading (Huang et al., 2021, Hao et al., 2023). 1t is also
advantageous for design optimization and structural improvement because it can freely apply
extreme conditions or complex operating conditions that are difficult to implement via tests,
and it can perform repeated analysis on the same model (Xian ef al., 2024). In recent research,
simulation-based fatigue life evaluation methods have been utilized not only for life prediction
in the early stages of design, but also as a reliable life prediction method based on surveyed
data.

Among simulation-based fatigue life evaluation methods, FEA is the most widely applied
because it can analyze the stress distribution and fatigue damage under cyclic loading of
agricultural machinery structures. Based on a case of cyclic loading failure in a bell crank
assembly of a tractor hydraulic system, Dhangar et al. (2017) utilized measured load data from
actual working conditions to construct a cyclic loading specification (RWUP) and performed
simulations based on FEA. The simulation results indicated that the stress concentration area
was consistent with the actual failure location, and the maximum stress at that location was
reduced by about 67% through design changes. The correlation coefficient between the
simulation analysis results and the test results was 0.975, showing a high degree of agreement.
Jahanbakhshi and Heidarbeigi (2019) performed static analysis, vibration characterization, and
fatigue analysis simulation by using FEA on the lower link arm of a tractor. The highest
probability of fatigue failure was found at the chain fixing device, where cyclic loading was
concentrated, and a fatigue safety factor had a minimum value of 1.51 at high-stress regions.
Rezaei et al. (2023) performed static and dynamic simulations using FEA on the rear axle of
combine harvester based on measured actual loads under paved and unpaved roads, and
agricultural driving conditions, and evaluated fatigue life and fatigue safety factor. The lowest
fatigue safety factor was found under the maximum load condition measured during driving on
unpaved roads; structural optimization improved the stress concentration distribution and led
to an eightfold safety factor increase.

Although FEA is effective in analyzing static and dynamic stresses at the structural level, it has
limitations in reflecting the kinematic characteristics of the entire mechanical system (Vlase et

al., 2022). On the other hand, since agricultural machinery has complex mechanical



characteristics such as rotation, repetitive motion, nonlinear contact, and multi-joint connection,
Multi-Body Dynamics (MBD)-based analysis techniques are utilized to implement cyclic
loading and analyze structural response. MBD has strengths in simulating temporal changes in
kinematic conditions and contact loads, but it is limited in analyzing local stresses. Therefore,
it is typically used in conjunction with FEA or Discrete Element Method (DEM). FEM-MBD
coupled simulation is utilized to evaluate stress distributions and fatigue life in a part unit under
repetitive conditions. Furthermore, DEM-MBD coupled simulation can numerically show the
interaction between the nonlinear reaction of soil particles and mechanical motion, which is
effectively applied to soil-mechanical system analysis. As a representative example of FEM-
MBD coupled simulation, Yin ef al. (2024) performed MBD simulation on the rope clamping
drive mechanism of a D-type knotter in a square baler, and modeled the worm shaft as a flexible
body to analyze the loads generated during repeated operation. The fatigue life was then
evaluated by coupling FEA with fatigue analysis, and the results were found to be consistent
with the repeated test results of the prototype. An example of DEM-MBD coupling can be
found in Xie et al. (2025), which targeted a rotary tiller blade with a vibration mechanism. In
this study, soil reaction was calculated from the DEM and coupled with the MBD model to
analyze the torque and stresses under vibration conditions. The fatigue vulnerable areas were
then predicted through finite element-based structural analysis, and the optimal design was
applied; the results showed that the maximum strain and equivalent stress were reduced by
52.6% and 46.8%, respectively, and the mean torque was reduced by 12.9% compared to the
previous design. As such, the fatigue life evaluation of agricultural machinery requires co-
simulation that can integrate the dynamic behavior of the machine and external environmental
conditions than a single analysis method, and the combined analysis method based on FEA-
MBD and DEM-MBD is expected to play an important role in establishing a consistent analysis

system from the early design stage to life prediction in the future.

Limitations and future work

Recent research on fatigue life evaluation of agricultural machinery has made technological
advances through the application of load measurement techniques and simulation-based
analysis methods. In particular, the introduction of strain gauge-based sensor systems,

application of mean stress correction formulas, and FEA-MBD coupled analysis play a pivotal



role in predicting the life of agricultural machinery structures exposed to cyclic loading.
However, these techniques still have limitations in being fully reflected in the real-world
agricultural operation environment. The cyclic loading applied to structures during real-world
agricultural operation is irregularly varied due to various factors such as working methods and
ground/terrain conditions. However, most existing studies have collected load data under
limited operating conditions or only a single working method, and have not fully reflected the
characteristics of the actual working environment, such as the load occurrence sequence,
complex working conditions, and amplitude variations. This can lead to inconsistencies
between test and analytical results and reduce the reliability of fatigue life evaluation. In
addition, the mean stress correction equation and the Palmgren-Miner rule have the advantages
of simple calculation and clear applicability, but they have limitations in accurately reflecting
the complex and irregular load time history applied to agricultural machinery. For instance, the
Goodman, Gerber, and Soderberg correction equations are valid under constant stress
conditions, but can be inaccurate under conditions where the stress amplitude frequently varies.
Since the Palmgren-Miner rule also simplifies the actual damage behavior, and linearly
aggregates the damage accumulation, it cannot fully describe the fatigue failure mechanism of
real materials.

Future research should apply non-linear cumulative damage methods that can fully reflect the
load time history to enable reliable life predictions under different operating conditions. In
addition, since simulation-based analysis techniques are applicable to the prediction of the
stress distribution and fatigue life of structures under cyclic loading conditions, there should
be more studies on fatigue life evaluation utilizing FEA-MBD and DEM-MBD coupled
analysis techniques. In this case, the practical applicability should be increased by applying
actual measured loads as analysis inputs and comparing and verifying the analysis results with
experimental values. Furthermore, consistent application of analysis methods and evaluation
criteria is necessary to increase the reliability and utilization of fatigue life evaluation analysis.
There should be research that can standardize key elements such as the definition of cyclic
loading, mean stress correction, and damage accumulation calculation method, and expand
them into a universal evaluation technique applicable to various agricultural machinery

structures.



Conclusions

The fatigue life evaluation of agricultural machinery has evolved from a simple durability
analysis to a key field for ensuring the safety and reliability of structures. Therefore, this review
summarizes recent research trends and analyzes the current research state and major limitations,
by focusing on the main technical elements utilized in fatigue analysis of agricultural
machinery (e.g., load measurement, data processing, life prediction techniques, and simulation-
based analysis). Real-time sensor-based load measurement systems provide the foundation for
the analysis of cyclic loading characteristics, while the mean stress correction equations and
the linear cumulative damage method are mainly employed for life prediction under high-cycle
fatigue conditions. Simulation-based analysis techniques with FEA-MBD and DEM-MBD
coupled analysis are also utilized to analyze the behavior under cyclic loading at the system
level beyond the component level. However, challenges remain to accurately reflect the
irregular load characteristics of actual agricultural operation conditions and to ensure the
reliability of the analysis results. In particular, the comparison of results between analysis
methods, validation of analysis based on actual measurement data, and standardization of
evaluation criteria have not yet been sufficiently established. In future research, the following
are suggested as main challenges: the application of the nonlinear cumulative damage method,
establishment of a simulation verification system based on actual measured loads, advancement
of mean stress and load time history reflection techniques, and standardization of evaluation
procedures. Furthermore, the integration of emerging technologies such as machine learning-
based predictive maintenance and digital twin frameworks is expected to significantly advance
fatigue life evaluation. These technologies can enable real-time structural monitoring and more
accurate life-cycle simulation by continuously incorporating field operation data. This review
attempted to summarize the current technical state in fatigue life evaluation of agricultural
machinery, and suggest research directions to ensure structural reliability, and increase the
effectiveness of life prediction. Ultimately, This review is expected to make practical
contributions to optimizing the design of agricultural machinery, improving maintenance
efficiency, equipment life cycle management, and creating a sustainable agricultural

technology system.



Acknowledgement: This work was supported by Korea Institute of Planning and Evaluation
for Technology in Food, Agriculture and Forestry(IPET) through Machinery Mechanization
Technology Development Program for Field Farming Program, funded by Ministry of
Agriculture, Food and Rural AffairscMAFRA)(RS-2023-00235957, RS-2023-00236724)

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

Abrahdm R, Majdan R, Kollarova K, Tkac Z, Hajdu S, Kubik L, et al., 2022. Fatigue analysis
of spike segment of special tractor wheels in terms of design improvement for Chernozem
soil. Agriculture 12:471.

Amzallag C, Gerey JP, Robert JL, Bahuaud J, 1994. Standardization of the rainflow counting
method for fatigue analysis. Int J Fatigue 16:287-293.

ASAE EP496, 2006. Agricultural machinery management. St. Joseph, American Society of
Agricultural and Biological Engineers.

Badr EA, Ishak J, 2021. High-cycle fatigue behavior of type 4340 steel pressurized blocks
including mean stress effect. Int J Press Vessels Pip 194:104535.

Bankapur VR, Janawade SA, 2015. Fatigue analysis of tractor trailer chassis. Int Res Technol
2:1583-1584.

Boardman B, 1990. Fatigue resistance of steels. In: ASM Handbook Committee (ed.),
Properties and selection: irons, steels, and high-performance alloys. Materials Park, ASM
International; pp. 673-688.

Bohm M, Glowacka K, 2020. Fatigue life estimation with mean stress effect compensation for
lightweight structures - The case of GLARE 2 composite. Polymers 12:251.

Bohm M, Kluger K, Pochwata S, Kupina M, 2020. Application of the S-N curve mean stress
correction model in terms of fatigue life estimation for random torsional loading for
selected aluminum alloys. Materials 13:2985.

Burhan I, Kim HS, 2018. S-N curve models for composite materials characterisation: An
evaluative review. J] Compos Sci 2:38.

Carbone A, Kiyono K, 2016. Detrending moving average algorithm: Frequency response and
scaling performances. Phys Rev E 93:063309.

Cardei P, Constantin N, Muraru V, Persu C, Sfiru R, Vladut NV, et al., 2023. The random
vibrations of the active body of the cultivators. Agriculture 13:1565.

Ceylan H, Wang S, Kim S, Gopalakrishnan K, Khazanovich L, Dai S, 2015. Impact of farm
equipment loading on low-volume concrete road structural response and performance. Balt
J Road Bridge Eng 10:277-283.

Chen H, Yang F, Wu Z, Yang B, Huo J, 2023a. A nonlinear fatigue damage accumulation
model under variable amplitude loading considering the loading sequence effect. Int J
Fatigue 177:107945.

Chen J, Jin Y, Mao Q, Xiao Y, Wu H, Chen G, 2014. Fourier hull fatigue assessment method’s
proposing and software development. Sens Transducers 171:78-85.



Chen W, Cao G, Yuan D, Ding Y, Zhu J, Chen X, 2023b. Study on agricultural machinery-
load-testing technology and equipment based on six-dimensional force sensor. Agriculture
13:1649.

Dhangar V, Perumal S, Kumar A, Redkar D, Mahajan A, Chakraborty A, et al., 2017.
Durability analysis methodology of tractor hydraulic bell crank assembly for various
agricultural operations. SAE Technical Paper 2017-26-0235.

Dowling NE, 1971. Fatigue failure predictions for complicated stress strain histories. Urbana,
Department of Theoretical and Applied Mechanics, University of Illinois.

Dowling NE, 2009. Mean stress effects in strain-life fatigue. Fatigue Fract Eng Mater Struct
32:1004-1019.

Fajri A, Prabowo AR, Muhayat N, Smaradhana DF, Bahatmaka A, 2021. Fatigue analysis of
engineering structures: State of development and achievement. Proc Struct Integr 33:19-
26.

Fatemi A, Yang L, 1998. Cumulative fatigue damage and life prediction theories: A survey of
the state of the art for homogeneous materials. Int J Fatigue 20:9-34.

Franco RR, de Souza GFM, da Silva CH, 2018. Experimental uncertainty analysis of gear
fatigue life theoretical prediction. Proc. Annual Reliability and Maintainability
Symposium (RAMS), Reno; pp. 1-7.

Glinka G, Kam JCP, 1987. Rainflow counting algorithm for very long stress histories. Int J
Fatigue 9:223-228.

Hao R, Wen Z, Xin H, Lin W, 2023. Fatigue life prediction of notched details using SWT
model and LEFM-based approach. Materials 16:1942.

HeJ, Wang Z, Gao B, Yu D, Ma 'Y, Zhong W, et al., 2024. Fatigue analysis of PTO gearboxes
in paddy power chassis using measured loads. Agriculture 14:1436.

Hectors K, De Waele W, 2021. Cumulative damage and life prediction models for high-cycle
fatigue of metals: A review. Metals 11:204.

Henriques B, Carvalho M, Tavares SMO, de Castro PMST, 2021. A comparison of safety
factor values for Soderberg and DIN 743 fatigue analyses. U Porto J Eng 7:11-21.

Huang B, Wang S, Geng S, Liu X, 2021. Improved numerical model for fatigue cumulative
damage of mechanical structure considering load sequence and interaction. Adv Mech Eng
13:1-9.

Huang T, Ding RC, Li YF, Zhou J, Huang HZ, 2019. A modified model for nonlinear fatigue
damage accumulation of turbine disc considering the load interaction effect. Metals 9:919.

Hunt D, 2008. Farm power and machinery management. Long Grove, Waveland Press.

Hwang IS, Ji SM, Im WT, Shin CS, 2025. Safety analysis of agricultural implement for
mulching and soil covering. Agriculture 15:632.

Hwang IS, Kim JH, Im WT, Jeung HH, Nam JS, Shin CS, 2024. Analyzing safety factors and
predicting fatigue life of weak points in an electrically driven, multi-purpose cultivation
tractor. Agriculture 14:416.

Islam MN, Igbal MZ, Chowdhury M, Ali M, Shafik K, Kabir MSN, et al., 2021. Stress and
fatigue analysis of picking device gears for a 2.6 kW automatic pepper transplanter. Appl
Sci 11:2241.

Jahanbakhshi A, Heidarbeigi K, 2019. Simulation and mechanical stress analysis of the lower
link arm of a tractor using finite element method. J Fail Anal Preven 19:1666-1672.



Jena PR, Tanti PC, 2023. Effect of farm machinery adoption on household income and food
security: Evidence from a nationwide household survey in India. Front Sustain Food Syst
7:922038.

Joun MS, Ji SM, Chung WJ, Cho GS, Lee KH, 2022. A new general fatigue limit diagram and
its application of predicting die fatigue life during cold forging. Materials 15: 2351.

Kanayev AA, Kosanova IM, Sarsembayeva TE, Kanayev AT, Ayazbayeva AB, 2024.
Assessing the durability of heavy-duty parts of soil-cutting machines with the size
optimization and structure modification. Steel Transl 54:733-741.

Khan AM, Khalil MS, Azad MM, 2025. Estimation of vibration-induced fatigue damage in a
tracked vehicle suspension arm at critical locations under real-time random excitations.
Machines 13:257.

Kim JH, Gim DH, Nam JS, 2024. Experimental structural safety analysis of front-end loader
of agricultural tractor. Agriculture 14:947.

Kim JH, Markumningsih S, Hwang SJ, Jang MK, Kim SJ, Yang YJ, etal., 2023. Safety analysis
of fastening device of agricultural by-product collector in various ground conditions.
Agriculture 13:2064.

Kim JH, Markumningsih S, Nam JS, 2022. Safety evaluation on a fastening device of an
agricultural by-product collector for hard flat ground driving. Agriculture 12:1071.

Kim WS, Kim YJ, Baeck SM, Moon SP, Lee NG, Kim YS, et al., 2020. Fatigue life simulation
of tractor spiral bevel gear according to major agricultural operations. Appl Sci 10:8898.

Kim WS, Kim YJ, Kim YS, Park SU, Lee KH, Hong DH, et al., 2021. Evaluation of the fatigue
life of a tractor's transmission spiral bevel gear. J Terramech 94:13-22.

Kim YS, Lee PU, Kim WS, Kwon OW, Kim CW, Lee KH, et al., 2019. Strength analysis of a
PTO (Power Take-Off) gear-train of a multi-purpose cultivator during a rotary ditching
operation. Energies 12:1100.

Koyuncu A, Gokler Mi, Balkan T, 2012. Development of a design verification methodology
including strength and fatigue life prediction for agricultural tractors. Int J Adv Manuf
Technol 60:777-785.

Kumbhar SV, Tayade RM, 2014. A case study on effect of mean stress on fatigue life. Int J
Eng Dev Res 2:304-306.

Kun F, Carmona HA, Andrade JS, Herrmann HJ, 2008. Universality behind Basquin's law of
fatigue. Phys Rev Lett 100:094301.

Lagoda T, Vantadori S, Glowacka K, Kurek M, Kluger K, 2022. Using the Smith-Watson-—
Topper parameter and its modifications to calculate the fatigue life of metals: The state-of-
the-art. Materials 15:3481.

Lee DH, Kim YJ, Chung SO, Choi CH, Lee KH, Shin BS, 2015. Analysis of the PTO load of
a 75 kW agricultural tractor during rotary tillage and baler operation in Korean upland
fields. J Terramech 60:75-83.

Lemaitre J, 1985. A continuous damage mechanics model for ductile fracture. J] Eng Mater
Technol 107:83.89.

Lepot M, Aubin JB, Clemens FH, 2017. Interpolation in time series: an introductive overview
of existing methods, their performance criteria and uncertainty assessment. Water 9:796.

Ma W, Liu T, Li W, Yang H, 2023. The role of agricultural machinery in improving green
grain productivity in China: Towards trans-regional operation and low-carbon practices.
Heliyon 9:€20279.



Markumningsih S, Hwang SJ, Nam JS, 2022a. Experimental safety analysis for transplanting
device of the 4-bar link type semi-automatic vegetable transplanter. Agronomy 12:1890.

Markumningsih S, Hwang SJ, Nam JS, 2022b. Experimental safety analysis of transplanting
device of the cam-type semi-automatic vegetable transplanter. J Terramech 103:19-32.

Markumningsih S, Hwang SJ, Kim JH, Jang MK, Shin CS, Nam JS, 2023. Comparison of
consumed power and safety of two types of semi-automatic vegetable transplanter: Cam
and four-bar link. Agriculture 13:588.

Marshall S, Cooper JB, 2016. Quantitative Raman spectroscopy when the signal-to-noise is
below the limit of quantitation due to fluorescence interference: Advantages of a moving
window sequentially shifted excitation approach. Appl Spectrosc 70:1489-1501.

Mattetti M, Molari G, Sereni E, 2017. Damage evaluation of driving events for agricultural
tractors. Comput Electron Agric 135:328-337.

Minda AA, Barbinta CI, Gillich GR, 2020. A review of interpolation methods used for
frequency estimation. Rom J Acoust Vib 17:21-28.

Miner MA, 1945. Cumulative damage in fatigue. J Appl Mech 12:A159-A164.

Moon SI, Cho 1J, Yoon D, 2011. Fatigue life evaluation of mechanical components using
vibration fatigue analysis technique. J Mech Sci Technol 25:631-637.

Murakami Y, Takagi T, Wada K, Matsunaga H, 2021. Essential structure of S-N curve:
Prediction of fatigue life and fatigue limit of defective materials and nature of scatter. Int
J Fatigue 146:106138.

Nakhaei M, Sterba M, Foletti JM, Badih L, Behr M, 2023. Experimental analysis and numerical
fatigue life prediction of 3D-printed osteosynthesis plates. Front Bioeng Biotechnol
11:1133869.

Nelson GC, Vanos J, Havenith G, Jay O, Ebi KL, Hijmans RJ, 2024. Global reductions in
manual agricultural work capacity due to climate change. Glob Chang Biol 30:e17142.
Okenyi V, Afazov S, Mansfield N, Siegkas P, Serjouei A, Bodaghi M, 2024. Fatigue testing
approach utilising machining cutting forces and fixture design. Exp Mech 64:963-968.
Papuga J, Vizkova I, Nesladek M, Trubelova S, 2018. Validation data set for testing the criteria

for multiaxial fatigue strength estimation. Fatigue Fract Eng Mater Struct 41:2259-2271.

Paraforos DS, Griepentrog HW, Vougioukas SG, Kortenbruck D, 2014. Fatigue life assessment
of a four-rotor swather based on rainflow cycle counting. Biosyst Eng 127:1-10.

Paraforos DS, Griepentrog HW, Vougioukas SG, 2016. Methodology for designing accelerated
structural durability tests on agricultural machinery. Biosyst Eng 149:24-37.

Piskorowski J, 2006. Phase-compensated time-varying Butterworth filters. Analog Integr
Circuits Signal Process 47:233-241.

Popovych P, Poberezhny L, Shevchuk O, Murovanyi I, Poberezhna L, Hrytsanchuk A, et al.,
2020. Corrosion-fatigue failure of tractor trailers metal materials in aggressive
environments. Koroze a Ochrana Materidlu 64:45-51.

Rezaei A, Masoudi H, Zaki Dizaji H, Khorasani Ferdavani ME, 2023. Modelling, analysis, and
optimisation of the rear axle of cereal combine harvester under real loads using finite
elements method. J Agric Eng 54:1448.

Rychlik I, 1987. A new definition of the rainflow cycle counting method. Int J Fatigue 9:119—
121.

Sendeckyj GP, 2001. Constant life diagrams — a historical review. Int J Fatigue 23:347-353.

Shigley JE, Mitchell LD, Saunders H, 1985. Mechanical engineering design.



Siddique MAA, Kim YJ, Back SM, Baek SY, Han TH, Kim WS, et al., 2022. Development of
the reliability assessment process of the hydraulic pump for a 78 kW tractor during major
agricultural operations. Agriculture 12:1609.

Singh P, Jitendra D, 2022. A review paper on adapting agriculture to climate change. Int J
Innov Res Eng Manag 9:257-260.

Solazzi L, Mazzoni A, 2023. Experimental study of the fatigue life of off-highway steel wheels
using the rim section test approach. Appl Sci 13:9119.

Song D, Wang T, Zhu S, Liu Z, 2024. Extrapolation framework and characteristic analysis of
load spectrum for agriculture general power machinery. Processes 12:2078.

Sun B, Xu Z, 2021. An efficient numerical method for meso-scopic fatigue damage analysis of
heterogeneous concrete. Constr Build Mater 278:122395.

Sun L, Liu M, Wang Z, Wang C, Luo F, 2023. Research on load spectrum reconstruction
method of exhaust system mounting bracket of a hybrid tractor based on MOPSO-wavelet
decomposition technique. Agriculture 13:1919.

Sun Q, Dui HN, Fan XL, 2014. A statistically consistent fatigue damage model based on
Miner's rule. Int J Fatigue 54:1-8.

Tridello A, Boursier Niutta C, Rossetto M, Berto F, Paolino DS, 2021. Statistical models for
estimating the fatigue life, the stress—life relation, and the P-S-N curves of metallic
materials in Very High Cycle Fatigue: A review. Fatigue Fract Eng Mater Struct 45:332—
370.

Tyutrin S, 2020. Investigation of applicability of tin fatigue gauges for monitoring operational
load of cultivator spring strut. Engineering for Rural Development 19:218-223.

Vlase S, Marin M, Iuliu N, 2022. Finite element method-based elastic analysis of multibody
systems: A review. Mathematics 10:257.

Wang Y, Li D, Nie C, Gong P, Yang J, Hu Z, et al., 2023. Research progress on the wear
resistance of key components in agricultural machinery. Materials 16:7646.

Wen C, Xie B, Song Z, Yang Z, Dong N, Han J, et al., 2021. Methodology for designing tractor
accelerated structure tests for an indoor drum-type test bench. Biosyst Eng 205:1-26.
Xian C, Zhang H, Kim YC, Zhang H, Liu Y, 2024. Programmed system for fatigue life
prediction of excavator turntables based on multi-body dynamics and finite element

analysis. Heliyon 10:e33126.

Xie C, Wei W, Zhu Y, Xiao M, Chen T, 2025. Wear reduction damage mitigation and
operational reliability analysis of rotary tiller knives based on the self-excited vibration
theory. Comput Electr Agric 231:109991.

Yan X, Zhang J, Zhang J, Wu 'Y, Zhang J, Xu L, 2025. Methodology for compiling torque load
spectra of tractor power take-off shafts based on nonlinear damage accumulation. Eng
Fract Mech 314:110685.

YinJ, Chen Z, Lv S, Wu H, Gao Y, Wu L, 2024. Design and fatigue life analysis of the rope-
clamping drive mechanism in a knotter. Agriculture 14:1254.

Yuan R, Li H, Huang HZ, Zhu SP, Gao H, 2015. A nonlinear fatigue damage accumulation
model considering strength degradation and its applications to fatigue reliability analysis.
Int J Damage Mech 24:646—662.

Zhang B, Bai T, Wu G, Wang H, Zhu Q, Zhang G, et al., 2024. Fatigue analysis of shovel body
based on tractor subsoiling operation measured data. Agriculture 14:1604.

Zhao H, Zhai Z, Mou Y, Liu L, Lan Y, Cui H, 2022. Fatigue life prediction and reliability
analysis of the forage crusher rotor. J Mech Sci Tech 36:1771-1781.



Zhou H, Yi S, Liu Y, Hu Y, Xiang Y, 2020. A fatigue life prediction method for the drive
system of wind turbine using Internet of Things. Adv Mater Sci Eng 2020:9048508.

Zhu L, Xing B, Li X, Chen M, Jia M, 2024. Investigation study of structure real load spectra
acquisition and fatigue life prediction based on the optimized efficient hinging hyperplane
neural network model. Chinese J Mech Eng 37:153.

Zhu SP, Lei Q, Huang HZ, Yang YJ, Peng W, 2017. Mean stress effect correction in strain
energy-based fatigue life prediction of metals. Int J Damage Mech 26:1219-1241.

Zhunisbekov S, 1987. Experience with calculating the life of components of agricultural
machines. Strength Mater 19:491-495. Zuo FJ, Huang HZ, Zhu SP, Lv Z, Gao H, 2014.
Fatigue life prediction under variable amplitude loading using a non-linear damage
accumulation model. Int J] Damage Mech 24:767-784.



N\
Fatigue life evaluation of
agricultural machinery
J

o _Load data ) Fatlgue life Simulation
acquisition and processing evaluation method

- Load measurement - - FEA simulation

- Data preprocessing '_ %tl:‘:::l-:tlif:ec:;:a(sé?nz:; Z) - FEA-MBD simulation

- Load cycle counting g - DEM-MBD simulation
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Figure 3. Operation of rainflow counting method. Retrieved from: Chen et al. Sens
Transducers 2014;171:78-85; with permission.
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Figure 5. Example of simulation techniques applied to agricultural machinery. a) Retrieved
from: Rezaei ef al. J Agric Eng 2023;54:1448; with permission. b) Retrieved from: Yin ef al.
Agriculture 2024;14:947; with permission. c¢) Retrieved from: Xian et al. Heliyon
2024;10:e33126; with permission.



Table 1. Recent application of sensor-based load measurement in agricultural machinery
fatigue life evaluation.

Reference

Target

Sensor used

Measured variable

Kim et al. (2024)

Koyuncu et al.
(2012)

Paraforos et al.
(2014)

Zhang et al. (2024)

Front-end loader
structure

Structural joints of
an electric multi-
purpose tractor

Front axle support of
agricultural tractor

Modular cultivator
with linear supports

Fastening device of
an agricultural by-
product collector

Rear drive system of
78 kW tractor

Tractor and mounted
plow

All four tractor
wheels

Strain gauge

Rosette-type 3-axial
strain gauge

Rosette-type 3-axial
strain gauge

Torque meter, RPM
sensor

Strain gauges, IMU,
RTK-GNSS

Strain gauge,
accelerometer,
tension sensor,

angle sensor,

hydraulic pressure
sensor, GNSS

CAN-Bus, WFT

Critical stress points identified via
MBD; strain measured and converted
to stress using CAN-based DAQ
system.

Multi-condition strain measurements
converted to von Mises stress for
fatigue evaluation.

Principal strain measured under
dynamic loading equivalent to three
times gravitational acceleration;
converted to stress for structural
analysis.

Forces on supports of working bodies,
processed as random vibration data
sequences.

Strain at the point of maximum stress
(17.5 cm from frame); converted to
stress using elastic modulus.
Real-time acquisition of torque and
rotational speed; used for spiral bevel
gear load estimation and accelerated
life testing.

Real-time acquisition under transport,
operation, and turning modes;
combined strain, acceleration, and
position tracking.

Sensor-integrated DAQ system with
LabView-based remote monitoring;
analyzed working depth, speed, draft,
and stress.

Combined CAN-based operating data
and wheel force signals; vertical load
measured in real time for fatigue
behavior analysis.




Table 2. Recent application of rainflow counting in agricultural machinery fatigue life

research.
Reference Target Load type Cycle counting Application summa
g RL method PP Y
Analyzed stress amplitude
Paraforos et al. Rainflow distribution by operating
4-rot th t .
(2014) rotor swathet Stress counting mode based on field-
measured data.
Extended measurement
. i ; appli tri
Paraforos et al A-rotor swather Stress Ramﬂow range; app ied matrix
(2016) counting extrapolation for accelerated
durability testing.
Evaluated changes in torque
Rainfl les d di PTO
Lee et al. (2015) Tractor PTO Torque am .OW eyees epen. l.n gon
counting speed and driving
conditions.
Decomposed variable torque
) Rainfl loads int tabl les;
Kim et al. (2019) Rotary tiller Torque amtiow 0acs o Tepeatable eyeies
counting evaluated cycle frequency
and amplitude per task.
Extracted cycle
Markumningsih et Transplanter (4- Stress Rainflow characteristics from
al. (2022a) bar link type) counting structural stress; focused on
4-bar link mechanism.
Extracted cycle
Markumningsih ez  Transplanter (cam Stress Rainflow characteristics from
al. (2022b) type) counting structural stress; focused on
cam mechanism.
Conducted comparative
. Transplanter 4-bar . fatigue analysis across
Markumningsih et . Rainflow . .
link type and cam Stress . different mechanical
al. (2023) counting ) )
type) configurations(4-bar link
and cam type).
. Enhanced cycle extraction
. . . Rainflow o
Hybrid tractor Vibration } accuracy by combining the
Sun et al. (2023) counting + .
bracket load Wavelet wavelet transform with the

rainflow method.




Table 3. Recent application of mean stress correction equations in agricultural machinery
fatigue life evaluation.

C ti S
Reference Target e:zz:i;in Application summary
Fastening device of an Mean stress was corrected using the
Kim ef al. (2023)  agricultural by-product Goodman Goodman equation, and fatigue life
collector was evaluated via S—N curve.
. ti lied t
Hwang et al. Mulching and covering Goodman correction was app © 9
) Goodman field-measured stress to predict fatigue
(2025) machine . . .
life under working conditions.
: Th b ti dt
Abraham et al. Tractor wheel spike e Gerber equation was }1se 0.
Gerber correct mean stress, enabling fatigue
(2022) segment . . .
life evaluation under varying loads.
Bankapur ef al. - . Goodman / Fatigu§ life was compared using three
(2015) Tractor trailer chassis Gerber / correction models; Soderberg gave the
Soderberg most conservative prediction.
Fatigue life was evaluated under each
Goodman / . .
Zhao et al. (2022) forage crusher rotor correction model; Gerber provided the
Gerber / FKM
closest match to observed cracks.
PTO gear (75 kW SWT equation was applied to '
Lee et al. (2015) SWT corrected torque amplitude for fatigue
tractor) .
analysis via S—N curve.
Tractor Spiral Bevel SWT-based correction was used to
Kim et al. (2020) cHor >p SWT account for mean torque effects under

Gear

variable load cycles.




Table 4. Recent application of cumulative damage models in agricultural machinery fatigue

life evaluation.

Damage model

Reference Target applied Application summary
Spring strut of Palmgren—Miner Damage summed across
Tyutrin (2020) pring £ stress levels; equivalent

cultivator

(linear)

stress used for durability.

Islam et al. (2021)

Gear of automatic
paprika transplanter

Palmgren—Miner
(linear) + LDD

Estimated fatigue life of
4635.97 hours, which is
approximately 18 times

longer than the existing

fatigue life.

Pressure cycles analyzed,

Hydraulic pump of Palmgren—Miner . .
Siddique et al. (2022) ydraulic pump of 78 g. © © durability evaluated using
kW tractor (linear) )
damage accumulation.
Load sequence effects
PTO shaft of the Lemaitre (nonlinear) + © 4 )
Yan et al. (2025) . . modeled; damage evolution
tractor block-jumping

predicted more accurately.




Table 5. Recent simulation-based fatigue life evaluation studies on agricultural machinery.

Reference

Target component

Simulation method

Application summary

Dhangar et al. (2017)

Bell crank of
hydraulic system

FEA

Critical fatigue location identified;
redesign reduced maximum stress by
approximately 67%.

Jahanbakhshi and
Heidarbeigi (2019)

Lower link arm of
tractor

FEA

Fatigue safety factor quantitatively
evaluated; minimum value calculated
as 1.51 at high-stress regions.

Rezaei et al. (2023)

Rear axle of
combine harvester

FEA

Fatigue life and safety factor evaluated
under various terrains; optimization led
to an eightfold safety factor increase.

Yin et al. (2024)

Knotter drive in
square baler

MBD + FEA

Dynamic loads derived via MBD;
FEA-based fatigue results validated
through repeated experimental trials.

Xie et al. (2025)

Rotary tiller blade
with vibration
mechanism

DEM + MBD +
FEA

Coupled soil-machine dynamics
modeled; structural improvements
reduced strain by 52.6% and torque by
12.9%.




