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Abstract - Rolling bearings are essential components in rotating machinery and play a vital role in ensuring smooth
operation and reliability. Bearing faults can lead to machine failure, production loss, and increased maintenance costs.
Therefore, accurate fault diagnosis and condition monitoring are necessary for industrial applications. This review paper
presents a detailed study of experimental investigation and Finite Element Analysis (FEA) techniques used for rolling
bearing fault diagnosis. Various bearing defects such as inner race faults, outer race faults, rolling element defects, and cage
faults are discussed. Experimental methods including vibration analysis, Fast Fourier Transform (FFT), acoustic emission
analysis, and temperature monitoring are reviewed. Additionally, FEA approaches for stress analysis, deformation analysis,
and fault simulation are studied to understand defect behavior under different operating conditions. The paper also
highlights recent developments in intelligent fault diagnosis using machine learning and artificial intelligence. Finally,
challenges, future research opportunities, and advancements in predictive maintenance systems are discussed.

Index Terms - Rolling Bearing, Fault Diagnosis, Vibration Analysis, FFT, Condition Monitoring, Machine Learning,
Experimental Investigation, Finite Element Analysis

. INTRODUCTION

Rolling bearings are one of the most important components used in rotating machinery and mechanical systems. They are
widely employed in electric motors, pumps, turbines, compressors, automobiles, gearboxes, railway systems, aerospace
applications, and industrial manufacturing equipment. The primary function of a rolling bearing is to support rotating shafts
while minimizing friction between moving parts. Bearings help improve machine efficiency, reduce energy losses, and
ensure smooth rotational motion under varying operating conditions. In modern industries, rotating machinery operates
continuously under high speed, heavy load, varying temperatures, and harsh environmental conditions. Due to these
operating conditions, rolling bearings are frequently subjected to fatigue, wear, corrosion, lubrication failure,
contamination, and misalignment. These issues eventually lead to bearing defects and machine failures. Studies show that
bearing faults contribute significantly to breakdowns in rotating machinery, resulting in production loss, maintenance cost,
and reduced system reliability. Therefore, early detection and diagnosis of bearing defects are essential for improving
machine performance, safety, and operational efficiency.

Rolling bearing defects are generally classified into four major categories: inner race defects, outer race defects, rolling
element defects, and cage defects. Inner race defects occur due to repeated stress cycles, improper lubrication, and surface
fatigue (Fig. 1). Outer race defects are commonly caused by contamination, corrosion, and excessive loading conditions.
Rolling element defects occur due to surface wear or crack formation on balls or rollers. Cage defects result from improper
lubrication, mechanical stress, and vibration-induced damage. These defects generate abnormal vibration signals, noise,
and heat during machine operation. Hence, condition monitoring techniques are widely used for detecting such
abnormalities at an early stage.
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Fig.1 Rolling bearing components and defect location

Among various condition monitoring techniques, vibration analysis is considered one of the most effective and reliable
methods for rolling bearing fault diagnosis. Vibration signals generated by bearings contain important information
regarding machine health and defect conditions. Accelerometers are commonly used to measure vibration responses from
bearing housings. The collected vibration signals are analyzed in both time domain and frequency domain to identify fault
characteristics. Time-domain parameters such as Root Mean Square (RMS), kurtosis, crest factor, and peak value are useful
for monitoring bearing condition. However, frequency-domain analysis provides more accurate fault identification.

Fast Fourier Transform (FFT) is a widely used signal processing technique for converting time-domain vibration signals
into frequency-domain spectra. FFT analysis helps identify characteristic bearing defect frequencies such as Ball Pass
Frequency Outer Race (BPFO), Ball Pass Frequency Inner Race (BPFI), Ball Spin Frequency (BSF), and Fundamental
Train Frequency (FTF). These frequencies provide valuable information regarding the location and severity of bearing
defects. In addition to FFT, advanced signal processing methods such as wavelet transform, envelope analysis, empirical
mode decomposition, and acoustic emission analysis are also used for fault diagnosis applications. In recent years, Finite
Element Analysis (FEA) has gained considerable importance in rolling bearing research. FEA is a numerical simulation
technique used for analyzing stress distribution, contact pressure, deformation, strain, and crack propagation in mechanical
components. Using software tools such as ANSYS and ABAQUS, researchers can simulate bearing operating conditions
and study defect behavior under different loads and rotational speeds. FEA enables detailed investigation of stress
concentration near defect regions, which is difficult to observe experimentally. It also helps predict bearing life, structural
deformation, and failure mechanisms.

The integration of experimental investigation and Finite Element Analysis provides a comprehensive understanding of
rolling bearing fault behavior. Experimental studies help collect real vibration and operating data, while FEA simulations
provide theoretical insights into stress and deformation patterns. Combining these techniques improves fault diagnosis
accuracy and supports the development of predictive maintenance systems. Researchers are increasingly integrating
vibration analysis, FEA, machine learning, and artificial intelligence techniques for intelligent fault diagnosis and real-time
condition monitoring applications.

Machine learning algorithms such as Artificial Neural Networks (ANN), Support Vector Machines (SVM), Decision Trees,
and Deep Learning models are widely used for automatic classification of bearing defects. These intelligent approaches
improve diagnostic accuracy and reduce human intervention. Additionally, edge computing and Internet of Things (1oT)-
based monitoring systems are becoming popular in smart manufacturing and Industry 4.0 environments. Such technologies
enable real-time monitoring and predictive maintenance of rotating machinery. This review paper focuses on experimental
investigation and Finite Element Analysis approaches used for rolling bearing fault diagnosis. Various bearing defects,
vibration analysis methods, FFT techniques, FEA simulations, and intelligent diagnostic approaches are reviewed in detail.
The paper also discusses recent advancements, challenges, and future research opportunities in rolling bearing condition
monitoring systems.

1. LITERATURE SURVEY

Rolling bearing fault diagnosis has attracted significant attention from researchers due to its importance in rotating
machinery reliability and predictive maintenance. Various experimental investigations, vibration analysis techniques, signal
processing methods, and Finite Element Analysis (FEA) approaches have been developed for identifying bearing defects
at an early stage. This section reviews important research contributions related to rolling bearing fault diagnosis and
condition monitoring.

Tandon and Choudhury studied vibration and acoustic measurement techniques for rolling bearing fault detection. Their
research highlighted that vibration analysis is one of the most reliable methods for identifying bearing defects under varying
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operating conditions. They observed that defective bearings produce characteristic vibration frequencies corresponding to
specific fault locations such as the inner race, outer race, and rolling elements.

Randall presented vibration-based condition monitoring techniques for rotating machinery. The study explained the
importance of Fast Fourier Transform (FFT) analysis in converting time-domain vibration signals into frequency-domain
spectra. Characteristic frequencies such as Ball Pass Frequency Outer Race (BPFO), Ball Pass Frequency Inner Race
(BPFI), Ball Spin Frequency (BSF), and Fundamental Train Frequency (FTF) were used to identify defect locations in
rolling bearings.

Antoni proposed advanced signal processing approaches using spectral analysis and envelope detection techniques for
early-stage fault diagnosis. The research showed that localized bearing defects generate periodic impulses that can be
effectively detected through envelope analysis and frequency spectrum monitoring. The study also emphasized the
importance of noise reduction methods for improving fault detection accuracy.

Sassi et al. investigated bearing fault diagnosis using FFT and wavelet transform techniques. Their experimental study
demonstrated that wavelet analysis provides better identification of transient vibration signals compared to conventional
FFT analysis. The research concluded that wavelet transform is highly effective for detecting early-stage cracks and
localized defects in rolling bearings.

Harris conducted detailed research on rolling bearing mechanics and stress analysis. The study explained contact stress
distribution, fatigue behavior, and lubrication effects in rolling bearings. The findings provided important theoretical
understanding for analyzing bearing failures and structural behavior under varying loading conditions.

Patil and Mathew performed experimental investigations on defective rolling bearings under different speed and loading
conditions. Accelerometers were used to acquire vibration signals from bearing housings, and FFT analysis was performed
to identify fault frequencies. Their results showed that vibration amplitude increases significantly in defective bearings
compared to healthy bearings.

In recent years, Finite Element Analysis (FEA) has become an important tool for analyzing rolling bearing defects.
Researchers have used ANSYS and ABAQUS software to simulate bearing stresses, deformation, and crack propagation.
FEA helps visualize stress concentration near defect regions and predict failure mechanisms under different operating
conditions.

Singh and Kankar conducted FEA-based stress analysis of rolling bearings with localized defects. Their research revealed
that stress concentration increases near crack initiation regions, which accelerates fatigue failure. The study also compared
stress distribution between healthy and defective bearings and reported higher deformation values in damaged bearings.

Jena et al. developed a combined experimental and FEA-based fault diagnosis approach for rolling bearings. Experimental
vibration data were correlated with FEA stress analysis results to improve fault detection accuracy. Their research
demonstrated that combining experimental investigation with numerical simulation provides better understanding of
bearing behavior and defect progression.

Machine learning and artificial intelligence techniques are also increasingly used in bearing fault diagnosis. Lei et al.
proposed intelligent diagnostic systems using Artificial Neural Networks (ANN) and Support Vector Machines (SVM) for
automatic fault classification. These techniques improved diagnostic accuracy and reduced dependency on manual signal
interpretation.

Deep learning methods such as Convolutional Neural Networks (CNN) and Deep Belief Networks (DBN) are now widely
adopted for intelligent fault diagnosis applications. These methods automatically extract features from vibration signals and
classify fault conditions with high accuracy. Researchers reported that deep learning approaches provide better performance
in noisy operating environments compared to traditional signal processing methods.

Recent advancements in Industry 4.0 and Internet of Things (10T) technologies have enabled real-time condition monitoring
systems for rotating machinery. Edge Al-based monitoring systems are increasingly used in electric vehicles, smart
manufacturing, and industrial automation applications. These systems combine sensors, cloud computing, machine
learning, and wireless communication for predictive maintenance and automated fault diagnosis.

From the reviewed literature, it is observed that vibration analysis and FFT techniques remain the most widely used methods
for rolling bearing fault diagnosis. However, advanced approaches involving wavelet transform, FEA simulations, artificial
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intelligence, and deep learning techniques significantly improve diagnostic accuracy and reliability. The integration of
experimental investigation and numerical simulation provides comprehensive understanding of bearing fault mechanisms
and supports the development of intelligent predictive maintenance systems.

I11. METHODOLOGY

The present review adopts a systematic approach to examine the experimental and Finite Element Analysis (FEA)-based
techniques reported for rolling bearing fault diagnosis. The methodology was designed to identify, evaluate, and summarize
the significant contributions made by researchers in the areas of condition monitoring, vibration analysis, numerical
simulation, and intelligent fault detection. By integrating findings from multiple sources, this review provides a
comprehensive understanding of the current developments and future prospects in rolling bearing fault diagnosis.

(1) Literature Identification and Screening

A comprehensive search of published research was carried out using recognized academic databases and digital libraries.
Research articles, review papers, conference proceedings, and technical reports related to rolling bearing diagnostics were
considered for evaluation. Priority was given to studies addressing vibration-based fault detection, signal processing
methods, finite element modelling, and data-driven diagnostic approaches. The collected literature was carefully screened
to ensure relevance to the objectives of this review. Publications that provided significant experimental results, simulation
studies, or methodological advancements were selected for detailed analysis.

(2) Categorization of Bearing Defects

To establish a structured framework for analysis, the reviewed studies were categorized according to the type of defect
investigated. Most research focused on faults occurring in the inner race, outer race, rolling elements, and bearing cage.
Each defect type exhibits distinct mechanical characteristics and generates specific vibration patterns during operation. The
classification process enabled a clearer understanding of how different diagnostic techniques perform under various fault
conditions and facilitated comparison among the reviewed studies.

(3) Review of Experimental Investigations

Experimental investigations form the foundation of bearing fault diagnosis research because they provide direct
observations of machine behavior under actual operating conditions. The studies reviewed in this work generally employed
test rigs equipped with electric motors, shaft assemblies, bearing housings, sensors, and data acquisition systems. During
experimentation, bearings were operated under different speeds and loading conditions while vibration responses were
recorded. The resulting datasets were analyzed to identify changes associated with fault initiation and progression.
Experimental findings reported in the literature were examined to understand the effectiveness of various monitoring
techniques and their practical applicability in industrial environments.

(4) Review of Finite Element Analysis Studies

Finite Element Analysis has become an important tool for investigating the structural response of rolling bearings. The
reviewed FEA studies utilized numerical models to simulate loading conditions and defect scenarios that are difficult to
evaluate experimentally. Researchers developed three-dimensional bearing models and applied appropriate material
properties, boundary conditions, and contact interactions to replicate real operating environments. The simulation results
provided valuable information regarding stress concentration, deformation behavior, contact pressure distribution, and
potential failure zones. The reviewed FEA investigations were analyzed to assess their contribution to understanding
bearing failure mechanisms and improving fault diagnosis strategies.

(5) Studies Assessment of Signal Processing Techniques

The effectiveness of fault diagnosis largely depends on the ability to extract meaningful information from measured
vibration signals. Therefore, signal processing methods reported in the literature were critically examined. Traditional time-
domain indicators such as RMS, kurtosis, and crest factor were widely used to evaluate bearing condition. Frequency-
domain techniques, particularly Fast Fourier Transform (FFT), were frequently employed to identify characteristic fault
frequencies. In addition, advanced approaches including wavelet analysis, empirical mode decomposition, and envelope
spectrum analysis were reviewed because of their capability to detect weak and non-stationary fault signatures. The
strengths and limitations of each technique were evaluated based on the findings reported by different researchers.

(6) Comparative Evaluation of Diagnostic Approaches

A comparative evaluation was performed to understand the advantages and limitations of experimental and numerical
methodologies. Experimental investigations provide realistic operational data and direct validation of fault behavior,
whereas FEA studies offer detailed insight into stress and deformation characteristics that may not be observable during
testing. The reviewed literature indicates that neither approach alone can provide a complete understanding of bearing
faults. Instead, combining experimental measurements with simulation results enhances diagnostic reliability and supports
more accurate prediction of bearing failures.
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(7) Comparative Evaluation of Diagnostic Approaches

The final stage of the methodology involved synthesizing information obtained from the reviewed studies. Common
trends, major achievements, technical challenges, and research gaps were identified through detailed analysis of the
literature. Particular attention was given to emerging developments such as machine learning, artificial intelligence, digital
twins, and Industry 4.0-based monitoring systems. The synthesized findings form the basis for the discussion and
conclusions presented in this review and provide guidance for future investigations in rolling bearing fault diagnosis.

IVV. CONCLUSIONS

Rolling bearings play a vital role in the performance and reliability of rotating machinery used across industrial,
automotive, aerospace, and energy sectors. Since bearings operate under continuous mechanical loading and varying
environmental conditions, they are highly susceptible to damage and degradation over time. Undetected bearing faults can
adversely affect machine performance, increase maintenance expenditure, and lead to unexpected operational interruptions.
Consequently, effective fault diagnosis has become an important aspect of modern condition monitoring and maintenance
practices.

This review examined the existing research on experimental investigations and Finite Element Analysis (FEA) techniques
applied to rolling bearing fault diagnosis. The literature indicates that experimental approaches, particularly vibration-based
monitoring, continue to be widely utilized for identifying bearing defects. Analysis of vibration responses enables the
detection of abnormal operating conditions and provides useful information regarding the nature and location of faults.
Techniques such as frequency spectrum analysis and advanced signal processing methods have significantly improved the
capability to identify fault signatures at an early stage.

The review also demonstrates that FEA has emerged as a valuable analytical tool for investigating the mechanical
behavior of rolling bearings. Numerical simulations allow researchers to study stress distribution, deformation patterns, and
contact interactions within bearing components under different operating conditions. Such analyses contribute to a better
understanding of fault initiation and progression, thereby supporting the development of more reliable diagnostic strategies.

An important observation from the reviewed studies is that experimental methods and numerical simulations complement
each other effectively. While experimental investigations provide practical insights based on measured data, FEA offers a
detailed understanding of internal structural behavior that may not be directly observable during testing. The combination
of these approaches enhances diagnostic confidence and supports more accurate evaluation of bearing health.

Furthermore, recent advances in artificial intelligence, machine learning, and smart monitoring technologies have created
new opportunities for automated fault detection and predictive maintenance. The integration of intelligent algorithms with
sensor-based monitoring systems is enabling faster and more accurate decision-making in industrial environments. These
developments are expected to play a crucial role in improving equipment availability and operational efficiency in the
future.

In summary, the findings of this review confirm that the combined application of experimental investigation and Finite
Element Analysis provides a comprehensive framework for rolling bearing fault diagnosis. Continued research in advanced
simulation methods, intelligent monitoring systems, and data-driven diagnostic techniques is expected to further improve
fault detection capability and contribute to the development of highly reliable and sustainable maintenance practices for
modern rotating machinery.
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