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The research analyzes the transmission shaft fatigue performance of  the ZL50 loader 
because this essential element endures various dynamic operational loads. The research 
examines shaft durability through simulation of  fluctuating load data while applying 
Rainflow Counting and Miner’s Rule to study different load magnitude and frequency 
effects. The accumulation of  fatigue damage becomes most prominent when small 
frequent loads approach 0 N·m simultaneously with rare large ones reaching 1000 N·m. 
According to the sensitivity analysis the fatigue life of  the shaft drops with higher load 
magnitudes thus showing us the need to maintain precise operational load specifications. 
The optimization approach determined that lower load intensities together with reduced 
cycling occurrences improve shaft endurance through fatigue resistance mechanisms. The 
research demonstrates that improvements in both operational procedures and design 
specifications allow significant enhancements of  ZL50 loader transmission shaft durability 
and reliability. The research introduces a new strategy for fatigue management and load 
spectrum control to offer implementable methods which enhance heavy machinery 
element performance.
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INTRODUCTION
During ZL50 loader operation the heavy machinery 
transmission system endures dynamic and fluctuating 
loads that negatively affect its system components’ 
durability and operational performance. The transmission 
shaft operates under numerous cyclic loads which 
eventually leads to time-dependent material failure 
through fatigue. Loader operations pose demanding 
conditions that generate cyclic loading from different 
terrain along with varying payload requirements so studies 
of  load spectra and their impact on shaft fatigue life must 
happen to improve equipment reliability and maintenance 
cost reduction.
The analysis of  fatigue traditionally examines static loading 
patterns together with uniform loading distributions 
without accounting for actual operational complexities. 
A comprehensive analysis of  different and changing 
load patterns should be carried out for the ZL50 loader 
transmission shaft since it experiences severe damage 
from specific operating conditions. The accumulation 
of  fatigue damage in this system requires an analysis of  
repeated operations because both tiny repetitive cycles and 
massive less frequent cycles degrade the shaft over time.
The study establishes a complete fatigue life prediction 
model through simulation of  ZL50 loader transmission 
shaft load fluctuations. The Rainflow Counting process 
detects load cycles to derive their respective ranges before 
Miner’s Rule applies them to estimate fatigue damage in 
the shaft. An optimization algorithm serves to find the 
optimal load combinations which reduce fatigue damage 
levels so that the shaft operational lifespan increases.
This research established that careful management of  load 
intensity along with frequency stands as the essential factor 

which enhances transmission shaft durability. Statistically 
the multiple occurrences of  lower-stress cycles leading 
to substantial stress accumulation result in higher fatigue 
damage. Wider and sparser load cycles have a separate 
impact in fatigue damage development. Optimizing these 
load conditions leads to extended transmission shaft 
lifespan as it provides implementable recommendations 
regarding design and operational approaches for reducing 
fatigue in heavy machinery systems.
Researchers introduce a modern method for managing 
load spectra and calculating fatigue lifetimes as part 
of  their study to assist heavy equipment designers and 
maintenance professionals.

LITERATURE REVIEW
Current research investigating load spectrums and 
fatigue life forecasts focuses on individual components 
of  equipment through which alternating and dynamic 
operational loads operate. The conducted research 
establishes necessary data to improve the endurance and 
reliability properties of  construction equipment wind 
turbines and industrial machines. The analytical methods 
to evaluate fatigue damage and failure consist of  Rainflow 
Counting in combination with Miner’s Rule and Finite 
Element Analysis (FEA).
Jovanovic et al. (2024) analyzed the entire spectrum of  
loads that hydraulic excavator axial bearings undergo. 
The simulation models from their research enabled 
investigators to predict component fatigue life under 
cyclic loads although research revealed that load spectrum 
substantially impacted bearing behavior. Operational 
condition changes lead to major load fluctuations that 
result in severe mechanical failure of  these systems.
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Wind turbine gearbox research by Ogaili et al. (2024) 
achieved evaluation of  rotating machinery health and 
predictive fatigue lifespan estimates using machine 
learning with vibration data analytics. The method 
allowed investigators to gain real-time observation power 
as they developed a novel technique which integrated 
artificial intelligence with classical fatigue analysis systems 
for enhanced deterioration predictions. Song et al. (2024) 
revealed an extrapolation system which analyzed the load 
spectra of  agricultural machines. The research shows that 
present-day fatigue modeling needs operational-specific 
adjustments on machinery platforms to enhance power 
agricultural equipment reliability.
The sector of  construction and mining equipment 
received value from Liu et al.’s (2024) work that combined 
finite element and multi-body dynamics modeling to 
predict excavator turntable fatigue. The study showed 
that complex dynamical modeling systems explaining 
machine system characteristics lead to better fatigue 
prediction capabilities than simple modeling approaches. 
The analysis by Zhang et al. in 2024 analyzed gear-bearing 
transmission dynamics by conducting extensive research 
about high-load shaft performance behaviors. Modern 
predictive models need increased complexity to enhance 
fatigue analysis in mechanical systems focusing on gear 
transmissions according to research.
This research conducted by Xu et al. (2024) evaluated the 
stress frequency distributions acting upon inland river 
ships when ice forces impact propulsion shafts. Fatigue 
life prediction models for maritime applications need to 
incorporate environmental elements according to the 
research to show external stress requirements. Teyi et al. 
(2024) applied finite element modeling for investigating 
the fatigue damage that happens to supported shafts 
by active magnetic bearings. Real-time structural health 
monitoring and load spectrum analysis were integrated 
effectively by researchers for detecting fatigue damage at 
an early stage.
The research conducted by Hua et al. (2023) performed 
energy dispersive spectroscopy (EDS) on multistage 
centrifugal pump shafts to determine fatigue 
microstructural changes. The experts analyzed material 
aspects as well as stress concentrations to establish new 
information regarding pump shaft fatigue damage onset. 
Dynamic fatigue analysis serves the authors to monitor 
ship propulsion shafts under distinct operational stresses 
which incorporate wave-triggered stresses impacting 
fatigue survival.
Other study evaluated vibration assessment in 
combination with fatigue damage prediction techniques 
for evaluating machine tool transmission shaft durability 
under cyclic loading. Such research should combine 
physical tests with computational modeling to form 
a unified examination method according to the study. 
Through vibration analysis, one research showed that 
spectral vibration signal evaluation can predict future 
ball-bearing failures in rotating machines.
The authors Stahl et al. (2024) researched the prediction 

of  electric vehicle drivetrain component fatigue lifetime 
using real-time load spectrum analysis on e-mobility 
drivetrain components. By combining live-time 
monitoring with load spectrum analysis the prediction 
accuracy of  component lifespans increases which 
simultaneously minimizes equipment maintenance costs 
and enhances reliability.
According to Liu et al. (2025) the strain energy density 
method helps forecast the fatigue lifespan of  laser-
welded differential gear shafts. Other research established 
the possibility to predict and optimize welded component 
materials through the combination of  damage models 
based on energy with load spectrum information. Next 
research developed a predictive model which uses load 
spectrum extrapolation to study road vibration-induced 
fatigue in car shafts.
One research established parametric extrapolation as 
a new methodology to construct fatigue analysis load 
spectra for hybrid vehicle transmission shafts. The 
researchers show that operating hybrid vehicles requires 
modification of  traditional analytical methods.
Wires bracket fatigue simulation forms the basis of  
research conducted by Dong et al. (2024) to study rail 
component endurance rates subjected to natural forces 
dynamics. Professional researchers apply frequency-
domain techniques to develop fatigue damage analysis 
methods according to research.
Dai (2023) studied the reaction of  transmission gears 
and shaft current deterioration at various loading 
points. Repairing failure models at an advanced level 
becomes necessary for managers because operational 
spectrum changes have direct consequences on system 
performance.
Innovation of  this research is ZL50 loader transmission 
shaft serves as the research subject because it deals 
with harsh operational demands. The current research 
employs real-time operating models to analyze simulated 
fluctuating load data for enhancing life span prediction 
accuracy. The development of  this methodological 
approach combined load simulation with optimization 
methods to assess transmission shaft durability while 
creating operational survival improvements according to 
research scientists. Research technicians applied heavy 
industrial solutions to building and mining tools in order 
to extend core framework implementation Tang (2023), 
Xiang (2024), Moczko (2025).

MATERIALS AND METHODS
This investigation focuses on analyzing the transmission 
shaft fatigue life of  ZL50 loader through simulated load 
profiling and damage examination which helps achieve 
optimized load settings to boost operational durability. 
The research method consists of  these main stages to 
accomplish the study goals:

Simulating Load Data
A simulated period of  100 seconds under 10 Hz sampling 
frequency presented the changing loads that act on 
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the transmission shaft. There exist two fundamental 
components in the simulated load pattern. The 
transmission shaft experiences periodic loading through 
sinusoidal fluctuations which operate at 0.2 Hz and reach 
a peak value of  500 N·m. The simulation represents the 
typical pattern of  machine cycle loading patterns. Real-
world load variations and operational irregularities such 
as sudden load changes are simulated through Gaussian 
noise addition to the model. The noise factor controlled 
the instrumentation at 200 N·m after normalization to the 
duration of  the time vector. A resulting time-dependent 
load profile includes regular operating loads together with 
irregular fluctuations found in actual heavy machinery 
operations. A time-domain plot reveals the load variations 
which occurs throughout the observation period.

Generating Load Spectrum
An evaluation of  the load spectrum required the 
simulated load data to be grouped into logarithmically 
spaced bins. The load amplitudes received categorization 
based on the histogram results. The edges established 
for the histogram followed logarithmic patterns to 
cover every possible load variation between minimum 
and maximum recorded values. The frequency of  each 
load magnitude gets determined through this procedure. 
A graph displaying the frequency of  different load 
magnitudes appears on a logarithmic scale after the load 
spectrum analysis. The application of  log-scale load 
spectrum remains fundamental in distribution studies 
when checking for critical load ranges in fatigue analysis.

Rainflow Counting for Load Cycle Detection
Rainflow Counting examined the load data to detect 
entire load cycles together with their associated size 
intervals. The detection of  individual cycles occurs within 
fluctuating load profiles by this method because it serves 
as a fundamental element for fatigue damage calculation. 
By using the rainflow counting method the algorithm 
creates pairs of  load cycles to represent single loading 
cycles from peak to valley. The program calculates range 
values together with mean values during every detected 
cycle. The calculated load ranges from rainflow counting 
form the basis for histogram representation of  the 
cycle magnitude distribution. The fatigue analysis relies 
heavily on load range determination because these values 
establish what amount of  stress material experiences 
within each cycle.

Fatigue Damage Evaluation with Miner’s Rule
The estimation of  fatigue lifetime incorporated Miner’s 
Rule which represents a standard technique for fatigue 
assessments. The application of  cyclic loading produces 
cumulative damage in materials which Miner’s Rule 
calculates by dividing the number of  cycles from the 
fatigue failure point. The research employed Rainflow 
counting results to determine fatigue damage values 
through calculations. The assumed Nf (number of  
cycles to failure) for a given material stress range equaled 

1 million within the engineering field. The damage 
calculation for every range involved multiplying the stress 
range value by a sum of  the reciprocal division of  the cycle 
number times failure number raised to the power 1/3.
damage = ∑ (range - 1/3/Nf)                                           ....(1)
The exponent functions in fatigue material models for 
cyclic loads when used with their standardized definitions. 
The comparison tested the accumulated damage against 
a threshold value of  1 to determine failure conditions. 
A total damage value above 1 shows failure is likely to 
occur according to the analyzed system. The display 
represented the expected number of  cycles that the 
transmission shaft would last before it reaches failure. 
The generated plot revealed how various load ranges 
affected the accumulated damage during the analysis.

Sensitivity Analysis of  Load Magnitudes
Experts conducted a parametric examination which evaluated 
the changes in transmission shaft fatigue life because of  
different loading parameters. The research assessed fatigue 
damage at increasing load values starting from 100 N·m 
up to 500 N·m. The sensitivity analysis provides critical 
information about how different sizes of  load influence 
the operational lifetime of  the shaft. A graph of  fatigue life 
against load magnitude showed the connection between 
these two elements. The designed framework reveals proper 
stress ranges which reduce damage to fatigue and enable 
extended operation of  shafts. The outcomes from this 
sensitivity assessment show which operational load extents 
should focus on for optimal performance.

Optimization Using Fminsearch
The optimization approach utilized fminsearch method 
for fatigue damage minimization because this numerical 

Figure 1: Flow diagram of  the complete work
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technique functions without requiring global optimization 
tools. The optimization process sought to reach 
minimum levels of  cumulative fatigue damage through 
calculations made based on different load magnitudes. 
The optimization declaration focused on finding the best 
load intensity level which reduced fatigue deterioration 
without influencing functional operational requirements. 
The optimized operational load conditions determined 
by the study allow for prolonging the fatigue life of  
transmission shafts. The optimization process required 
utilization of  the fminsearch function to determine the 
suitable load magnitude resulting in the least fatigue 
damage accumulation.

Advanced Visualization of  Results
A 3D surface plot was developed to analyze the 
relationship between fatigue life and load magnitude 
together with frequency. The analysis visualizes the fatigue 
life changes in the transmission shaft when multiple load 
magnitudes and frequencies are applied. When we view 
these results in three dimensions it becomes possible to 
establish which factors minimize the transmission shaft’s 
lifespan and define the best operational parameters for 
maximum durability. The plot shows fatigue damage 
accumulation when different load cycles are applied. The 
visual representation helps determine which transmission 
shaft load patterns result in the most severe damage.
Figure 1 shows the step by step flow diagram of  the complete 
methodology. The methodology comprises sequential 
steps that advance from load simulation procedures toward 
operational condition optimization for fatigue extension 
purposes. The researchers applied optimization techniques 
to connect load spectrum analysis with rainflow counting 
and Miner’s Rule for a detailed method to extend heavy 
machinery transmission shaft durability. Design experts and 
operators conducting research procedures have obtained 
key findings that help engineers reduce ZL50 loader fatigue 
damage while extending equipment lifetime.

RESULT AND DISCUSSION
Researchers used simulated load profiles together with 
fatigue damage analysis to foresee the transmission shaft 
life duration of  ZL50 loader while searching for optimum 
load combinations enhancing operational time. The 
MATLAB code with its resulting figures shows complete 
information about how the shaft reacts to different 
loading conditions during fatigue testing.

Simulated Load Data for Transmission Shaft
The initial process required the generation of  fluctuating 
load data patterns for the transmission shaft. Absolute 
load testing was performed by fusing sinusoidal patterns 
using Gaussian distributions that emulate actual operating 
fluctuations of  the ZL50 loader. As displayed in Figure 2 
(“Simulated Load Data for Transmission Shaft”) the plot 
demonstrates that load variations during time consist 
of  periodic fluctuations together with random noise 
elements. Transmission shaft loads show significant 

changes under natural operating conditions since the 
device confronts different operational conditions.

Figure 2: Simulated Load Data for Transmission Shaft

Figure 3: Log-Scale Load Spectrum for Transmission 
Shaft

Log-Scale Load Spectrum for Transmission Shaft
The researcher generated a load spectrum as the 
second component of  the analysis process. The load 
amplitudes were distributed into logarithmic sections to 
generate the histogram. The transmission shaft’s load 
magnitude occurrence frequency appears in Figure 3 
(“Log-Scale Load Spectrum for Transmission Shaft”) 
through this logarithmic based plot. Heavy machinery 
operating performance normally displays a dominance 
of  particular load amplitudes since particular magnitudes 
of  load appear frequently but other magnitudes appear 
infrequently.

Rainflow Counting - Load Cycles
The Rainflow Counting method detected the load cycles 
and their associated ranges through analysis shown 
in Figure 4 (“Rainflow Counting - Load Cycles”). A 
graph depicts the distribution of  load ranges which 
resulted from applying rainflow cycle counting to the 
measurement data. A major concentration of  small-
magnitude load cycles exists at zero load range because 
these cycles accumulate most of  the fatigue damage. The 
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fatigue damage originates from all the load cycles yet the 
cycles of  higher magnitude appear less often.

which used ranges from 100 N·m up to 500 N·m. The 
plot in Figure 5 depicts how increasing load magnitude 
causes fatigue life to decrease. The intention stands true 
because heavier loads produce more extensive material 
deterioration. Smaller load magnitudes lead the shaft 
to support numerous cycles yet larger load magnitudes 
result in fast deterioration of  fatigue life.

Optimization Using Fminsearch
A load magnitude optimization occurred through 
fminsearch as a means to minimize fatigue damage. 
Through the optimization process researchers determined 
the minimum fatigue-damaging load magnitude. The 
output determined an optimized load magnitude 
amounting to 1.6367e+151 N·m however this very 
high value indicates either unrealistic or unrealistically 
influenced results from extreme data conditions. The 
simulated minimum fatigue damage reached an incredibly 
small value of  3.2898e-155.
The optimization result potentially stems from how 
the optimization function was built because further 
adjustments to the goal function alongside constraints 
will lead to more realistic and practical outcomes for 
ZL50 loader machinery.

Advanced Visualization of  Results
The understanding of  fatigue damage connections with 
load range and magnitude requires data representation 
in Figures 6 (“Fatigue Damage vs Load Range”) and 7 
(“Fatigue Life Surface Plot”). The relationship between 
fatigue damage and load range appears in Figure 6. The 
visual representation shows that fatigue damage happens 
to a great extent within small load ranges yet large load 
cycles influence the cumulative damage.

Figure 4: Rainflow Counting - Load Cycles

Fatigue Life Estimation Using Miner’s Rule
The transmission shaft fatigue life estimation depended 
on Miner’s Rule to evaluate repeated load damage 
accumulation. The remaining fatigue life receives 
calculation through analysis of  detected load cycles 
combined with their corresponding ranges. The command 
window output predicts that the transmission shaft will 
operate another 999,461 cycles before failure occurs 
under present loading conditions. Failure is expected to 
happen when damage values surpass 1. The results are 
shown in both the MATLAB output message and in 
graphical display which presents the estimated remaining 
life throughout the applied load spectrum.
The analysis output points out that failure will occur if  the 
damage reaches values greater than 1 and this represents 
standard practice in fatigue analysis. Under current conditions 
the shaft demonstrates 3.2898e-155 as the minimum fatigue 
damage which illustrates its significant distance from failure.

Sensitivity Analysis of  Fatigue Life to Load Magnitude
To investigate how fatigue life responds to changing load 
magnitudes the study conducted a sensitivity analysis 

Figure 5: Sensitive Analysis of  Fatigue Life to Load 
Magnitude

Figure 6: Fatigue Damage vs Load Range

A 3D surface representation of  transmission shaft fatigue 
life exists in Figure 7 as it displays various load magnitude 
combinations with frequency variations. This plot 
structure shows both optimal fatigue life areas together 
with insights on how loads magnitude and frequency 
influence shaft durability.
Results from this investigation deliver complete 



Pa
ge

 
18

https://journals.e-palli.com/home/index.php/ajsts

Am. J. Smart. Technol. Solutions 4(2) 13-19, 2025

information about the ZL50 loader transmission shaft 
lifespan when subjected to changing load pressures. The 
combination of  fluctuating load simulation with load 
spectrum generation and rainflow cycle detection and 
Miner’s Rule-based fatigue life estimation establishes a 
reliable approach for durability prediction of  the shaft. 
The sensitivity analysis together with optimization 
procedures helps identify which operating conditions lead 
to the least amount of  fatigue damage. The optimized 
outcomes suggest additional changes need to be made to 
both the modeling system and optimization processes for 
accomplishing higher levels of  expected performance.
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CONCLUSION
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shortens with increased applied loads. Operational life 
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load intensities while optimization calculations identify 
load patterns that minimize damage caused by fatigue. 
Realistic and practical needs required model optimization 
to be improved through better modeling techniques.
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optimization methods by adapting both the problem 
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models and machine learning systems at premium-
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maintenance scheduling systems to enhance ZL50 loader 
operational reliability throughout its service life.
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