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Abstract 

Acoustic emission (AE) is a condition monitoring technique used for rotating 

machinery components that is gaining ground in the industrial field, due to its 

sensitivity to high frequency range, which makes it advantageous compared 

with traditional vibration techniques in the detection of incipient damage at 

the early stages of failure. This thesis presents an investigation using three 

types of similarly-sized cylindrical roller bearings, yet with different 

characteristics and qualities on a high speed test rig, with maximum rotational 

speed set at 5980rpm. The bearings under investigation are normal clearance 

SKF Types NU202ECP and NU202EM budget bearing, NU202ECP/C3 with 

higher radial clearance. This work aims to investigate the healthy bearings 

characterisation tests to deliver a well-defined foundation of the AE signal 

results, as well their operational lubrication regimes. Secondly, to investigate 

the underlying early stages and presence of naturally propagated damage 

within a rolling element bearing under heavily loaded operational conditions. 

Lastly, to compare the results from the 3 types of bearings.  The healthy 

bearing characterisation tests identified that load and speed influenced the 

generated AE signal, with speed having a greater impact on the AE signal. It 

has also shown that the higher radial clearance bearing generated lower 

levels of energy excitation. The experiments principally operated within the 

hydrodynamic lubrication regime for both SKF bearings, while within the 

mixed lubrication regime for the budget bearing. The Run to Failure tests were 

then conducted to replicate natural failures in an accelerated yet controlled 

manner, by reducing the life expectancy of a roller bearing through exceeding 

the specified operational limits. It was shown that as the damage propagates, 

the AE signal levels increase. Based upon the 3 types of bearings adopted for 

the test, maximum AE activities indicating failure emerged into the life span 

of 66 hours for SKF NU202ECP, 88 hours for SKF NU202ECP/C3 and 22 hours 

for NU202EM. It is concluded that the data analysis process characteristically 

showed that the AE RMS signal is a robust technique and capable of perceiving 

present damage within the rolling element bearing. 
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Symbol Description SI Unit 

a Acceleration m/s2 

a1 Life Modification factor for Reliabilty - 

askf SKF Life Modification Factor - 

A0 Asymmetric Mode - 

C Basic Dynamic Load Rating N 

E' Relative Modulus of Elasticity N/m2 

F Force N 
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L10 L10 Life of a bearing Million Revs 
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n Life Equation Exponent - 
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R Relative Radius of Curvature m 
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Rq RMS Surface Roughness m 

S0 Symmetric mode  

SF Shaft Frequency  

 ˃ coefficient of friction - 

ǹ Mean Speed m/s 

w' Load Per Unit Length N/m 

 h pressure viscosity coefficient  

 ́ Oil viscosity under pressure cSt 

0́ Oil viscosity at atmospheric pressure cSt 
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1 Introduction 

Condition monitoring has developed into a key tool within a range of industry sectors, 

where underproductivity due to unplanned maintenance or machinery breakdown 

would cause loss of revenue and in some cases worse, as human lives are 

endangered. Many dominant sectors in the industry have implemented online 

Condition-Based Maintenance (CBM) for critical components within a system as 

standardised practice. Rolling element bearings are a key component in the industrial 

machinery field, where it is imperative that they operate in an efficient and reliable 

manner. As a result, the manufacturing industries continue to adopt prognostics and 

health management (PHM) strategies to avoid undertaking costly unplanned 

maintenances (Jardine et al. 2006; Rastegari 2014; Cahill 2018).   

Over the years, vibration monitoring techniques have been widely developed and 

form the backbone of monitoring the conditions of machinery. In recent years, 

acoustic emission has been introduced in the monitoring field and has gained 

significant attention from researchers (Elforjani and Mba 2010; Cockerill 2015; 

Naumman 2016; Alsadoon et al. 2019; Patil et al. 2020). Acoustic emissions are 

transient high frequency waves that are spontaneously released in solid materials 

instigated by rapid release of strain energy, ensuing irreversible changes as the 

deformation propagates through a surface. The early applications of the acoustic 

emission approach were primarily for non-destructive testing of materials. 

Subsequently, its application was expanded in the field of condition monitoring for a 

broad assortment of rotating machinery such as bearings, gearboxes, pumps, etc.  

Researchers have established that acoustic emission is generated by contacting 

surfaces in relative motion, however the frequency and amplitude levels differ 

depending on the surfaces in contact. For rolling element bearings, where rotational 

speed and loads can be excessive, subject to the operational conditions proper 

lubrication is deemed crucial, as tragic damage threatens the bearing components. 

Elastohydrodynamic Lubrication is a particular regime of lubrication mechanism that 

appears in concentrated contacts that are heavily loaded. The crucial element of 
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Elastohydrodynamic regime is that the relative motion and geometry of the 

contacting bodies entrains a thin film of highly pressurised oil into the contact zone 

generated by means of elastic deformation of the surfaces. In normal operational 

conditions, this film thickness could significantly change as it hinges on several 

variable parameters, such as temperature, load and speed, but is typically of the 

order of a few microns at best. Whilst much research has been performed to 

corroborate the advantages of acoustic emission over vibration, substantial efforts 

were conducted with emphasis on artificially seeded defects.  

 

 Aims of the study  

This work aims to perform healthy bearing signal characterisation tests under normal 

operational conditions and investigate the AE signals, as well as the consequential 

impact of lubrication regimes. As the majority of previous research focused on 

artificial defects as opposed to natural damage propagation, the second aim of this 

work was to investigate the underlying early stages and presence of naturally 

propagated damage within a rolling element bearing under heavily loaded 

operational conditions carrying out life tests. This thesis also aims to demonstrate the 

benefits of using AE as a condition monitoring technique on a variety of test bearings, 

each incorporating unique qualities. In addition, to determine if the support bearing 

AE signals would aid in the perceiving naturally failed bearings from the test bearing.  

 

 Objectives 

This thesis aims to expand on the research topic of condition monitoring of roller 

bearings through:  

- Investigating the generation and characteristics of AE by performing healthy bearing 

characterisation test on three different types of bearings on a modified high speed 

test rig, each bearing incorporating different qualities yet similar size. 
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- Demonstrate the AE sensitivity as a technique, determining the effect of operational 

condition such as speed, load, lubrication regimes, reliability and repeatability on the 

high speed test rig  set up procedure, as well as the response of AE to a variety of 

natural defects.  

- Create a meaningful data base from which further analysis work can be performed 

in future analysis.  

 

 Novelty Statement 

This research presents novelty in the following areas:  

- Contributes to the discussion of how speed, load and Lambda ratio contribute to 

the generation of AE, as well as increases the knowledge surrounding these variables 

through extensive tests on the characterisation of a healthy bearing.  

- Draws comparisons between the AE signals between the test bearing and the 

support bearing, as the majority of previous investigations focused solely on the test 

bearing results.  

- Demonstrates how the frequency analysis of AE can be used in the analysis of roller 

bearing in the detection of damage growth, as the majority of previous investigations 

focused on artificially seeded defects. 

- Demonstrates the sensitivity off AE in detecting changes caused by natural and 

progressive damage in  naturally failed bearings. 

- Demonstrates that the increasing complexity of test rigs introduces a number of 

challenges and obstacles that may affect the application of AE to wider industries.  
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 Thesis Structure 

The thesis is structured as follows. Chapter 2 discusses the surrounding literature of 

the aforementioned topics in more detail. Chapter 3 focusses on the relevant 

experimental equipment used for the research, as well as the derivation of applied 

equations to define the tribological conditions of the mechanical components 

investigated. Chapter 4 describes the test rig set up and the experimental procedure 

for the healthy bearing characterisation experiments. Chapter 5 presents the healthy 

characterisation experiments, results and discussion distinct to each type of bearing. 

Chapter 6 presents the Run to Failure Tests, setbacks, further modifications to the 

test rig, further specific results for each bearing. Chapter 7 concludes with a summary 

of the critical findings, the novelty of the research as well as offering proposals for 

future work within the subject. 
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2 Literature Review 

 Chapter Overview 

This Chapter reviews the literature surrounding this thesis. It begins with the history 

of tribology and how it evolved. Then, the reader will be introduced to the 

fundamental components of rolling element bearings, including a brief explanation 

of their development along with common applications where knowledge vis-à-vis 

their condition is considered as critical. Following this, discussion on the various 

methods of condition monitoring and how essential they are in modern industry are 

reviewed with the focus on AE. The chapter will carry on discussing the current 

progressive techniques of condition monitoring used to detect damage within such 

bearings and a brief history of AE techniques and applications. 

  Unfolding Tribology  

The word Ψ¢ǊƛōƻƭƻƎȅΩ ƻǊƛƎƛƴŀǘŜŘ ŦǊƻƳ ŀ DǊŜŜƪ ǿƻǊŘ Ψ¢ǊƛōƻǎΩΣ ǿƘƛŎƘ ƳŜŀƴǎ ǊǳōōƛƴƎ 

(Bhushan 2013). Jost (1992) stated that tribology, as a term and concept, was initially 

enunciated in a British Government report as early as 1966 published in the journal 

of Industrial lubrication and tribology, where the department of education and 

science reported that tribology is well-ŘŜŦƛƴŜŘ ŀǎΣ άThe science and technology of 

ƛƴǘŜǊŦŀŎƛƴƎ ǎǳǊŦŀŎŜǎ ƛƴ ǊŜƭŀǘƛǾŜ Ƴƻǘƛƻƴ ŀƴŘ ǇǊŀŎǘƛŎŜǎ ǊŜƭŀǘŜŘ ǘƘŜǊŜǘƻέΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ 

the simplified scientific interpretation would be the science of rubbing. In modern 

days, it is acknowledged as the study and science of friction, lubrication, and wear. 

Bhushan (2013) also described tribology as the art of employing operational analysis 

to matters related to economic consequences, maintenance, reliability, and 

principally wear of technical equipment; the scope of tribology is tremendously vast 

right from domestic equipment to the highest end of modern machineries. To 

comprehend tribology and its remarkably complex surface interaction entails 

knowledge of diverse disciplines including materials science, heat transfer, rheology, 

thermodynamics, solid and fluid mechanics, applied mathematics, physics, chemistry, 

machine design, lubrication, consistency and performance.  
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Dowson (1998) reported that the term tribology is quite novel, nevertheless the study 

or practices of tribology is of an earlier time than the records suggest. Throughout 

the Palaeolithic age which dates from over 2 million years ago, tools made for drilling 

holes were fixed with bearings, typically these bearings were made from either 

ŀƴǘƭŜǊǎ ƻǊ ōƻƴŜǎΦ {ƛƳƛƭŀǊƭȅ ǘƘŜ ǳǎŜ ƻŦ ǎǘƻƴŜǎ ǘƻ ƎǊƛƴŘ ŎŜǊŜŀƭǎ ŀƭƻƴƎ ǿƛǘƘ ǇƻǘǘŜǊǎΩ 

wheels necessitated some type of bearing arrangement (Davidson 1957). In addition, 

a ball thrust bearing was discovered in Rome near Lake Nemi, which approximately 

dates to 40 AD. Apparently, our predecessors used wheels since 3500 BC and that the 

reduction of friction throughout translationary motion was a concern since then. 

Ancient awareness of friction and lubrication was confirmed by devices such as sleds 

lubricated with water utilised to transport large blocks of stones intended for 

substantial structures. Figure 2-1 shows a sledge operated circa 1880 BC, to transport 

a massive statue by prehistoric Egyptians. In addition, Dowson (1998) made a 

remarkable calculation: the painting from El-Bersheh which illustrates 172 men who 

he assumed could exert the average force of 800 N, giving a total dragging force of 

172 x 800 N, or 137.6 kN. Assuming the weight of the colossus is 600 kN, he calculated 

ǘƘŜ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŦǊƛŎǘƛƻƴ ŀǎ ˃ Ґ 137.6 / 600 = 0.23 and compared it with that of wet 

wood-on-ǿƻƻŘ ό˃ Ґ лΦнύΣ ŎƻƴŎƭǳŘƛƴƎ ǘƘŀǘ άǘƘŜ ǎƭŜŘƎŜ ǿŀǎ ƛƴŘŜŜŘ ǎƭƛŘƛƴƎ ƻǾŜǊ 

ƭǳōǊƛŎŀǘŜŘ Ǉƭŀƴƪǎ ƻŦ ǿƻƻŘέΦ ! ǿƻǊƪŜǊ ŀƭǎƻ ǎǘŀƴŘƛƴƎ ƛƴ ŦǊƻƴǘ ƻƴ ǘƘŜ ǎƭŜŘ ƛǎ ǎǳǇǇƻǊǘƛƴƎ 

or guiding the monument, who could have been one of the most primitive lubricant 

employers, as another seems to pour some kind of liquid lubricant in front of the sled. 

The confirmation of lubricant usage ages ago was found in an Egyptian Tomb, as 

animal fat substances were used as lubricant in a chŀǊƛƻǘΩǎ ǿƘŜŜƭ ōŜŀǊƛƴƎ. 

 
Figure 2-1: Egyptians moving colossus by using Lubrication, El- Bersheh, circa 1880 BC (Bhushan, 2013). 
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Tribological principles were also used by military engineers to design war machinery 

along with methods of reinforcements during and after The Roman Empire. A 

systematic approach towards friction was primarily proposed by Leonardo da Vinci 

(1452-1519). Leonardo da Vinci deduced the guidelines governing the motion of a 

rectangular block sliding over flat surface. He also introduced the ratio of friction 

force to normal load which is the core concept of the friction coefficient. 

Paradoxically, there is no existing significant indication of influence from his theory 

to tribologists until halfway through the twentieth century, the reason could be that 

the work of da Vinci was unpublished for many years (Hutchings 2016). In 1699, 

French physicist Guillaume Amontons revived the laws of friction through the analysis 

of sliding two flat dry surfaces (Amontons 1699). He inferred that frictional force is 

directly proportional to the normal load and displays resistance at a sliding interface. 

He correspondingly proposed that the summation of friction force does not rely on 

the apparent or visible contact area. Charles Augustine Coulomb, also a French 

physicist, likewise confirmed the observation noted by Guillaume Amontons. 

Coulomb also contributed to the third law of friction, which claims that when motion 

starts then the force of friction is independent of velocity. Coulomb henceforth 

differentiated between static and kinetic friction (Coulomb 1785). 

 Lubrication and its essence 

According to Schey (1984), friction as well as wear concerning two or more moving 

contact surfaces that are relative to each other could be reduced by means of 

appropriate lubrication with the correct properties, otherwise resulting in defects or 

damage. There is a significant difference between friction and wear, as friction is an 

acting force opposite to the direction of relative motion. The friction force is the force 

required to break the adhesive bonds between surface micro-asperities and the 

deformation (or ploughing) force required to make possible grooves when solid 

bodies of different hardness move against each other. Frictional force is related to 

heat production and energy consumption. In contrast, the process of ongoing loss of 

surface material caused by motion of the two surfaces is well known as wear. This is 

due to numerous reasons, such as adhesion, abrasion, tearing of asperities, fatigue, 
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poor lubrications, and corrosion etc. These may influence or cause the surface 

structure, dimensions, alignment and mass of the body to be reluctantly modified.  

Friction and wear are not advised to be reduced in all conditions, occasionally 

reducing wear alone may be beneficial for instance in oil bath clutches or perhaps 

friction requires reduction and not wear in such circumstances like polishing and 

grinding operations. The desire to reduce both friction and wear in numerous 

applications can be realised by means of lubrication. Appropriate lubrication benefits 

equipment, machinery and mechanisms to function suitably with enhanced 

performances, optimized energy utilisation and decreased wear. On the other hand, 

consequences of poor lubrication will effectively lead to deterioration of the 

interacting surfaces and eventually components, leading to premature breakdown of 

parts, equipment or the entire system. These damages would reduce the running 

hours of factories, military machinery, railway systems, wind turbines and so on. 

Financial benefits can be grasped when the lubricants are correctly applied which 

results in preservation of materials, energy saving, lesser maintenance in addition to 

a positive effect on the environment (Wilson 1998). 

Original practices of the lubrication process have been recognised since ancient times 

also found during archaeological studies. Modern lubrication arose since the second 

half of the 19th century due to rapid industrialisation, as the first governing equations 

of hydrodynamic lubrication were defined during this period.  Since then, extensive 

investigative efforts and research have been carried out endlessly to comprehend 

and develop the knowledge on lubrication. During modern analysis it was found that 

different areas are yet to be studied with capable probable applications. It is obvious 

that the field of lubrication requests an ongoing research due to its vast scope 

(Reeves and Menezes 2016). 

 Rotating Machinery 

Rotating machinery is an extensive phrase covering a wide range of mechanical 

systems utilised within numeral industrial sectors. Although machines differ 

individually in their overall design in this case bearings and gears, the common 
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presence of fundamental components exists to facilitate transmission of power and 

energy during relative motion. 

  Rolling Element Bearings 

Rolling element bearings are among the most frequently encountered and principal 

components in the vast majority of rotating machinery, their reliability and load 

capacity being important for the overall machine performance (Tandon and 

Choudhury 1999). Bearings are manufactured in a wide range of sizes and shapes, as 

their fundamental design is tailored to their specific applications. In general, bearings 

are categorised into two categories, plain bearings and rolling element bearings. The 

former, also known as sliding bearing, is the simplest type of bearing - as the name 

suggests plain. It is formed when two conformal contact areas are used to move 

relatively to one another, habitually with a liner or sacrificial bush between them. 

These bearings are often used in locations such as oscillating roles e.g. door hinges or 

more complex usage such as suspension rod ends, where it is difficult to provide 

lubrication. Either hydrostatically-generated or hydrodynamically-generated 

lubricant films are used for some forms of plain bearings to separate the two 

conformal bodies (Lin 1996). In addition, layers of dry lubricants such as PTFE are 

often applied to one of the contacting surfaces where liquid lubrication is difficult. 

Rolling element bearings, on the other hand, are composed of an inner and outer 

raceway, separated by a number of rolling elements e.g. balls or rollers that are in 

most cases constrained within a cage Figure 2-2. In the absence of a cage, generally 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŦǳƭƭ ŎƻƳǇƭŜƳŜƴǘΩ bearings, the additional space tolerates further balls 

or rollers to be added, hence the load capacity of the bearing increases. The rolling 

elements within the bearing are various in shape, such as balls or cylindrical, tapered, 

or spherical rollers. The arrangement of the rolling elements can be in a single or 

double row, whether they are caged or not to accommodate higher radial loads, as 

well as being angled or tapered to be able to sustain and adapt to axial force or 

displacement.  

Typical SKF bearings are manufactured to the specification of ISO 683-17 (2014) from 

through-hardened carbon chromium steel (100Cr6), containing approximately 1% 
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carbon and 1,5% chromium. For some of the applications, the surface can be coated 

with Diamond Like Carbon (DLC) coatings that may improve the friction and wear 

properties of the bearing, or ceramic materials could be used where high 

temperatures or speeds are potentially encountered. 

 
Figure 2-2: Single Row Cylindrical Bearing (SKF, 2018). 

 

 Gears 

The Antikythera mechanism is an ancient mechanical Greek device which calculates 

the lunar and solar calendars, and is one of the oldest known uses of gears (Freeth et 

al. 2006). Despite the 2000 year old device, and the innovations made through all 

fields of modern engineering, gears are still a key mechanism used to control and 

transfer mechanical power in modern machinery. Over and over again gears are 

found within rotating machinery as well as roller bearings. The common use of gears 

is to enable the transmission of power and rotation between shafts, convert a form 

of energy or paired together in ratios to increase or decrease torque and speed 

governed by its application. Comparably to bearings, gears also come in a variety of 

designs and are capable to transmit power between both perpendicular and parallel 
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shafts. Typical gear types, as shown in Figure 2-3, include spur gears, helical gears, 

bevel gears and worm gears.  

 
Figure 2-3: Types of gears a) Spur Gear, b) Helical Gear, c) Worm Gear and d) bevel gear. 

 

 Tribology of Rolling Elements Bearings 

The study and science of friction, lubrication and wear known as tribology, reveals 

that metallic surfaces are certainly not perfectly smooth and that they possess 

numerous peaks (asperities) and valleys. Rolling element bearings depend on the 

relative sliding and or rolling of two interacting bodies and when these bodies sustain 

an applied force, consideration of the contact mechanics shows that asperities create 

the initial contact leading to plastic deformation due to the degree of stresses 

involved resulting in impending fractures or failures. The actual surfaces tend to have 

a varied topography across a wide range of scales. Therefore, the surface features 

are characterised in three lengths scales: form, waviness and roughness. The basic 

shape is expressed by the form, in some cases spherical or cylindrical, the waviness 

depicts ǘƘŜ ŘŜǾƛŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ŦƻǊƳ ŦǊƻƳ ƛǘǎ ƛŘŜŀƭ ǎƘŀǇŜ ƛƴ ƻǘƘŜǊ ǘŜǊƳǎ ΨtoleranceΩ 

and the fine texture or surface finish is defined by the roughness. Figure 2-4 illustrates 

the form, waviness and roughness of a simulated surface. In terms of wavelengths, 

the form is the wavelengths which are of a similar scale to the dimensions of the 

component being measured.  The roughness is usually separated from the 

measurement using a filter with a cut-off length chosen based on the likely surface 

finish.  For the surfaces seen in these bearings, this would typically be 0.8 or 0.25 mm 

ς meaning that the roughness is all wavelengths shorter than these lengths. 
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Figure 2-4: Simulated surface roughness sample representing form, waviness and roughness.  

 

 Elastohydrodynamic Lubrication (EHL) 

To defy excessive wear, a form of oil lubricant is required, forming a thin film to aid 

the separation of the two bodies in contact with relative motion against one another. 

As the oil is driven into the converging gap amidst the bodies it comes to be 

pressurised, establishing a thin film (a few microns in thickness) to separate the two 

bodies. According to Zhu and Wang (2011) various lubricated machine parts, where 

the contacting surfaces do not conformally fit to one another have small but very 

highly-pressurised lubricated areas carrying the entire load through the formed oil 

film. Some settings of non-conformal surfaces are cam and followers, gear teeth 

transmitting load and rolling elements bearings. The concentrated loads lead to great 

contact pressures typically 1-2 GPa, resulting in an elastic deformation of the two 

surfaces which is noteworthy as it promotes the generation of a suitable oil film. This 

lubrication phenomena is known as elastohydrodynamic lubrication (EHL). Dowson 

and Higginson (1959) achieved the first numerical elastohydrodynamic solution for a 

line contact. They then fitted a regression equation to their numerical results to 

enable the rapid calculation of minimum film thickness without recourse to 



Literature Review 13 

 

 
 

computers which were, at the time, of low power and scarce. Henceforth, the 

minimum thickness of this oil film between a smooth idealised raceway and a 

cylindrical roller is calculated by the Dowson and Higginson formula, Equation (2.1), 

Ὤ
‌Ȣ –ı Ȣ ὉᴂȢὙȢ

ύ Ȣ
 (2.1) 

where Ὤ  ƛǎ ǘƘŜ ƳƛƴƛƳǳƳ ŦƭǳƛŘ ŦƛƭƳ ǘƘƛŎƪƴŜǎǎΣ ʰ ƛǎ ǘƘŜ luōǊƛŎŀƴǘΩǎ pressure viscosity 

coefficient (PVC), 0́ ƛǎ ǘƘŜ ƭǳōǊƛŎŀƴǘΩǎ ǾƛǎŎƻǎƛǘȅ ŀǘ ŀƳōƛŜƴǘ ǇǊŜǎǎǳǊŜΣ ǹ is the mean 

speed within the contact of the two bodies, 9Ω is the relative modulus of elasticity, ύ  

is the load per unit length and R is the relative radii of the contacting bodies. The 

formula includes the pressure-dependence of ,́ the oil viscosity, which escalates 

exponentially with pressure pΣ ǿƘŜǊŜ ʰ ƛǎ ǘƘŜ ƭǳōǊƛŎŀƴǘΩs PVC and ́0 is the viscosity at 

atmospheric pressure and is calculated by the Barus law as follows in Equation (2.2),  

– – Ὡ  (2.2) 

¢ƘŜ ¢ŀƭƭƛŀƴ ǇŀǊŀƳŜǘŜǊ [ŀƳōŘŀ ˂ (Tallian 1967), is a commonly used to determine the 

lubrication regime, and represents the relationship between the minimum film 

ǘƘƛŎƪƴŜǎǎ ŀƴŘ ǘƘŜ ōƻŘƛŜǎΩ composite surface roughness where Rq1 and Rq2, are the 

root mean squared roughness of the two surfaces, is calculated in Equation (2.3), 

‗
Ὤ

Ὑ Ὑ

 
(2.3) 

As the value of Ὤ  escalates, the two surfaces are forced away from one other, 

resulting in reduced asperity contact. Figure 2-5 clarifies the different categories of 

lubrication regimes for contacting bodies along with the related change in friction, 

demonstrated by the Stribeck curve. Lambda is usually used to define the lubrication 

regimes present that describe the amount of friction and the capability of contacting 

bodies to be separated, which influences directly the wear behaviour of any specific 

lubricated system.  

Characteristically, the lubrication regimes, by use of the ˂ parameter, are constructed 

as follows (Bowden and Tabor 1950; Lord and Larsson 2001; Spikes and Olver 2003; 
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Hamrock et al. 2004; Stachowiak and Batchelor 2006; Halme and Andersson 2010 and 

Balan et al. 2016)Υ ŦƻǊ ōƻǳƴŘŀǊȅ ǊŜƎƛƳŜ ˂ ғ мΣ ǿƘŜǊŜ  ˂ratio is very low and there is a 

large amount of asperities in contact and very high friction rate, as there is not 

enough lubricant film to effectively separate the two surfaces. The load is entirely 

carried by direct asperity contact. The second regime is known as the mixed 

lubrication regime, where the enlargement of fluid film thickness develops to be 

ōŜǘǿŜŜƴ м ғ ˂ ғ оΣ ǿƘŜǊŜ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŀǎǇŜǊƛǘƛŜǎ in contact and therefore friction 

are reduced significantly. The load in the mixed regime is carried by both a partial 

lubricant film and direct asperity contact. The third regime is known as EHL regime 

ŀƴŘ ƻŎŎǳǊǎ ǿƘŜƴ о ғ ˂ ғ рΣ ƛǘ ƛǎ ǘƘŜƴ ŎƻƴǎƛŘŜǊŜŘ within this regime that the fluid film 

thickness is sufficient to force and separate the two surfaces apart ensuring no 

asperity contact. However, the friction level rises due to the shearing of the fluid 

within the contact area. Finally, during the hydrodynamic lubrication regime the 

surfaces are separated completely by the full fluid film, as the film is thick in contrast 

ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ ŀƴŘ ƛǎ ǘƘƛŎƪŜǊ ǘƘŀƴ ǘƘŜ 9I[ ŎƻƴŘƛǘƛƻƴǎΦ Lǘ ƻŎŎǳǊǎ ǿƘŜƴ ˂ Ҕ р 

during rolling bearings contact within the caged rolling elements and between roller 

ends. The oil film thickness in hydrodynamically lubricated regime provides 

tribosystems with a significant amount of damping for dynamically loaded machinery. 

 
Figure 2-5: Stribeck Curve illustrating the lubrication regimes present within lubricated contacts  (Jane Wang 

and Chung 2013). 
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 Rolling Contact Fatigue Failure 

άCŀƛƭǳǊŜǎ ƻǘƘŜǊ ǘƘŀƴ ǘƘŀǘ caused by classical rolling-element fatigue are considered 

avoidable if the component is properly designed, handled, installed, and not 

ƻǾŜǊƭƻŀŘŜŘέ 

- (Zaretsky et al. 1996) 

Principal aspects that determine a bearingΩs fatigue life (Liu et al. 1975): spalling is 

the result of subsurface or surface fatigue, where the material is physically detached 

following crack initiation below the contact area. Spalling is caused by surface 

irregularities and due to distress produced by inadequate lubrication or surface 

roughness. Spalling is predominantly a plastic deformation process. When these 

fractures are formed in the running surfaces, the rolling elements travel over these 

cracks, and pieces, or flakes, of material break away. Spalling is also known as 

άǇŜŜƭƛƴƎέ , άŦƭŀƪƛƴƎέ, ƻǊ άǇƛǘǘƛƴƎέΦ ¢Ƙƛǎ ǘȅǇŜ ƻŦ ŦŀƛƭǳǊŜ Ŏŀƴ ƻŎŎǳǊ ƻƴ ǘƘŜ ǊƻƭƭŜǊǎΣ ƻǳǘŜǊ, 

inner raceways and is progressive and once initiated, it will spread as an outcome of 

further operational conditions (Ding 1997). 

Rolling contact fatigue (RCF) is responsible for the failure of rolling element bearings, 

camshafts, gears and identified as cracking or pitting limited to the near-surface layer 

of bodies in rolling/sliding contact. There is an increased demand for improved life, 

reliability and load bearing capacity of bearing materials and future applications call 

for their use in more hostile environments (Stewart 2002). RCF may also be defined 

as damage process of contact surface or subsurface of rotating components, bearing 

long term alternating stress (Li 2013). RCF is a classical failure mode in rolling element 

bearings, set off by the cyclic loading and plastic deformation beneath the material 

surface as the rollers roll over a raceway within the loaded area (Neale 1995). The 

plastic deformation materialises at a typical depth equal to the position of the 

maximum shear stress in a Hertzian contact, which is roughly 0.7 times the contact 

dimension below the surface. RCF is regarded as a balanced diffusion of flaking across 

the loaded area of the race with a ripple or conchoidal pattern as can be seen in 

Figure 2-6. Throughout repeated loads and boundary dislocations, subsurface cracks 

start to form and as the cracks stretch to the surface, material comes to be dislodged. 
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The dislodged material may well over-roll, growing the stress concentrations on the 

raceway and hence producing an accelerated wear process, if not swiftly flushed out 

by lubrication. 

 
Figure 2-6 Progression of Fatigue Flake Damage of Rolling Bearings (MORALES-ESPEJEL and GABELLI 2015). 

 

Lundberg & Palmgren (1947) had completed an abundant amount of statistical 

analysis on large data sets of natural failures of rolling element bearings, and these 

studies were used to produce ISO 281 (1990), a recognised standard to calculate the 

dynamic load ratings and rating life of a roller bearing. The most direct method to 

calculate bearing life is the ὒ  life, which solely depends on load and speed, where 

the ὒ  is the number of cycles of bearing rotation in millions of revolutions and 

assuming 90% reliability, and also where 10% of the roller bearings would 

theoretically fail. Of note, the ὒ  Life calculation does not consider lubrication, 

temperature and other key factors which can substantially affect bearing life. Proper 

handling, maintenance, treatment and installation are all simply assumed. That is 

why it is exceptionally difficult to foresee bearing fatigue and why less than 10% of 

roller bearings ever meet or surpass their calculated fatigue life (Rynearson 2022). 

Yet, both practical experience and laboratory tests demonstrate considerable 

variations in the fatigue life of identical bearings operating under similar conditions 

(SKF 2012), in some cases even when having identical roller bearings operating in the 

same operational conditions i.e., temperature, speed and load. It is possible to get 

different results of failures. The ὒ  Life Calculation is essentially obtained through 
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an extensive and repetitive tests on a large number of bearings to reach such 

assumption. The ὒ  basic rating life is assessed through Equation (2.4),  

ὒ
ὅ

ὖ
 (2.4) 

where the basic dynamic load rating is C, the equivalent bearing load is P i.e. the load 

applied to the bearing during the investigation and ὲ is an exponent of the life 

equation with two different values, for roller bearings ὲ = 10/3 and for ball bearings 

ὲ = 3, which was determined when the original rule was fitted and introduced (SKF 

2012; Cockerill 2017). The basic dynamic load rating, C, is determined through  

ŜȄǘŜƴǎƛǾŜ ōŜŀǊƛƴƎ ǘŜǎǘƛƴƎ ŀƴŘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻŘǳŎǘ Řŀǘŀ ǎƘŜŜǘǎΦ 

Ever since 1947, continuous research and investigation into the effects of material 

properties, lubrication purity and stresses have established better bases for the now 

improved life modification factor a1 and is implemented in ISO 281 (2007). SKF, a 

leader in bearing manufacturing and is the world's largest bearing manufacturer (SKF 

2017). As well as being the largest industrial distributor network in the industry with 

various locations encompassing 130 countries (SKF 2022). In addition, SKF is one of 

the top 5 vendors in the Wind Turbine Bearing Market from 2016 to 2020 (Technavio 

Research 2016). Respectively, SKF has the certainty in their bearing products to 

likewise provide their own modification factor known as ὥ , which similarly to ISO 

281 (2007) takes account of the lubrication conditions but applies a superior safety 

factor founded on their manufactured bearing properties (SKF 2012). Accordingly, 

the latest life calculation for an SKF bearing is Equation (2.5), 

ὒ ὥ ὥ
ὅ

ὖ
 (2.5) 

 Other Failure Modes 

According to Fitch (2003) in Silent Assumptions of Bearing Reliability, there is an old 

ǎŀȅƛƴƎ ǘƘŀǘ άōŜŀǊƛƴƎǎ ŘƻƴΩǘ Ƨǳǎǘ ŘƛŜΣ ǘƘŜȅΩǊŜ ƳǳǊŘŜǊŜŘέΦ This is essentially due to the 

bearingΩs operational conditions and includes the following, as well as their failure 

conditions illustrated in Figure 2-7: 
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¶ Excessive vibration, mechanical overloads on the bearing due to the 

misalignment. 

¶ Exceeding the bearings dynamic load rating, known as overload. 

¶ Overheating, oil starvation, moisture, incompatible lubricants, 

contamination due to debris ς essentially changes in fluid properties. 

¶ Inappropriate interferences, loose or tight fits regarding raceways, shaft and 

housing tolerances. 

 

 
Figure 2-7: Bearing Failure Modes a) Tight Fit b) Loose Fit c) Contamination d) Lubricant Failure e) Overheating f) 
Normal Fatigue g) Misalignment h) Excessive Load i) Cage Failure and j) axial crack of roller - (Wysoclci and 
Feest 1997; NSK 2009). 
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Figure 2-7 demonstrates a range of bearing failures that are frequently found in the 

industry such as spalling or flaking of metal from surface, indentation or discoloration 

of raceway, roller cracking, cage failure and smearing of the raceway. Inadequate 

lubrication results in severe spalling on the raceway, in addition to an axial cracking 

of the roller which might be a result of overloading the bearing or inclusions within 

the steel itself. Some bearings, such as spherical roller bearings, are capable of 

operating effectively with misalignment due to the conformity between the raceway 

and its rollers. On the other hand, if the bearing is a cylindrical roller bearing and it is 

exposed to unnecessary misalignment, the radial load capacity is acutely reduced as 

the load becomes further concentrated near the end of the cylindrical roller. As this 

lessens the area of contact, the pressure (and therefore subsurface stresses) at the 

contact intensifies significantly. 

One of the widespread failures in bearing raceways is white structure flaking (WSF) 

due to the formation of white etching cracks (WECs), typically ~ 1 mm below the 

contact surface. WECs are networks of microcracks associated with microstructural 

transformations or alteration called white etching areas (WEA) (Evans 2012). WECs 

are simply found recurrently in slow operating, heavily loaded bearings 

corresponding to those in wind turbine roller bearings (SKF 2018). Previous research 

proposed that the initiation and propagation mechanisms for WSF and WECs are due 

to: Surface instigation through two opposing mechanisms, subsurface initiation by 

non-metallic inclusions, adiabatic shear banding independent or including defects 

through impact events, cracks forming after microstructural changes occur, a 

multistage initiation of WECs as an effect of movement of carbon under shear stress 

and high localised energy (Gegner 2011; Evans 2013; Luyckx 2012; Bruce 2015; Gould 

2016). This occurs typically at 1ςнл҈ ƻŦ ǘƘŜ ōŜŀǊƛƴƎΩǎ ὒ  life, where the wind turbine 

lifetime is reduced from the anticipated 20 years to < 2 years (Richardson 2018). 

Figure 2-8 demonstrates 5 sections and how WEA spreads across the component, 

where the middle section is the origin of the WEA failure.  
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Figure 2-8: Illustration demonstrating the methodology of WEA volume measurements (Richardson 2018). 

 

WECs has been exposed as one of the core cause of failure in numerous wind turbines 

roller bearings, and can be considered to be one of the most expensive technical 

failure modes for a wind turbine (Keller 2021). WECs is also a common cause of 

bearing failure in the gearboxes of wind turbines: around 60% of the industry's high 

speed bearing premature failures are caused by the phenomenon (Mobil 2020). 

Nevertheless, WECs have proven challenging to recreate at a benchtop scale; to date, 

no benchtop test has stated to recreate WECs using commercially available field 

lubricants (Gould 2019). This phenomenon has been investigated for years without 

yet reaching a justified cause of its occurrence (López-Uruñuela 2021). 

Owing to tribological knowledge of friction and wear the following section will 

emphasise the motivation for undertaking condition monitoring and the essence of 

it. 

 Condition Monitoring and its Necessity 

All products or systems are subject to failure or deterioration throughout their life 

cycle. A scheduled maintenance objective is to replace or overhaul components after 

their failure and keep a system or equipment in a condition in which it can accomplish 

its necessary functions by carrying out routine actions. For that reason, implementing 

a proficient maintenance strategy could allow industries to achieve their 
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requirements such as maximum availability, enhance safety, high reliability and 

minimise the assetΩs life cycle costs as maintenance is a key factor of a systems 

lifetime. In order to achieve this, an adaptive strategy for these requirements in the 

form of CBM can be implemented. In fact, CBM is a maintenance platform based on 

the use of real time primary data collected to prioritise and optimise the upkeep of 

resources, in which tasks are arranged apropos to the assetΩs health status (Jardine 

et al. 2006).  

With the dawn of the Digital Revolution, the world has reached unprecedented 

advanced leaps in terms of both existing technology and enhanced understanding of 

the sciences surrounding it. As further research and development is conducted, the 

present mechanical machinery continues to increase in complexity. Inevitably with 

advanced complexity pushing towards component longevity leads to greater costs, in 

both the required starting capital as well as operational and maintenance costs. In 

light of ever increasing requirements for system performance, condition monitoring 

emerged into a subject of extreme importance in recent decades, as industries 

attempt to improve reliability and reduce maintenance and downtime. Nowadays, 

engineers are able to hand-pick and tailor precisely what is needed in terms of a 

materialΩs properties and characteristics, in ways such as exploiting surface coatings 

and toughness treatments and thus leading to sturdier and advanced capabilities of 

the surfaces and materials. With the aim of further improving the components 

design, use is made of Computer Aided Engineering (CAE) to simulate how a 

component could react to variable operating conditions. As well as empowering 

ŜƴƎƛƴŜŜǊǎ ǘƻ ƻǇǘƛƳƛǎŜ ǘƘŜ ŎƻƳǇƻƴŜƴǘΩǎ ŘŜǎƛƎƴ ǘƻ ōƻƻǎǘ ǘƘŜƛǊ ǊŜǎƛǎǘŀƴŎŜ failure, CAE 

simplifies the process of calculating ŀ ŎƻƳǇƻƴŜƴǘΩǎ ǘƘŜƻǊŜǘƛŎŀƭ ƭƛŦŜǎǇŀƴΣ ǊŜŘǳŎƛƴƎ ǘƘŜ 

prospect of premature failure to the component. Nonetheless, as it is only a 

simulation through the use of CAE, the results are only accurate if the modelled 

parameters correspond to real life, even then a failure during the process is still 

possible from inherent randomness, mostly due to manufacturing variability and 

human error. 

Condition monitoring as a whole is fundamental to energy generation industries, 

where not only is the demand growing but extraordinary pressure for the move to 
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renewable and sustainable energy sources with the attempt to curb climate change 

with respect to global regulatory issues. The Compound Annual Growth Rate for 

onshore wind turbines in the next five years is 12%. Expected average annual 

installations are 110 GW, with a total of 550 GW likely to be built in 2023ς2027. 

Growth in China, Europe and the US will be the backbone of global onshore wind 

development in the next five years (GWEC 2023). As the amount and size of the wind 

turbines escalates, the significance of reducing inspection and maintenance expenses 

has become extremely critical (García Márquez et al. 2012) and because of the access 

challenges and tough operating environments present for offshore wind turbines, 

greater reliability is a must when comparing them to their onshore counterparts 

(Yang et al. 2011). 

A mechanical componentΩs failure in a wind turbine is never small nor inexpensive to 

restore. Not only would it influence the overall kilowatt-hour expenses but it calls for 

transporting engineers and technicians to the offshore site and dealing with repairs 

while offshore or, in worst cases, requiring to take out several tons from the massive 

wind turbine from the highly elevated stanchion (Hau and von Renouard 2006). To 

diminish the likelihood of unexpected failures, many high-value assets utilise a 

maintenance strategy set out with focus on maximising the assets life 

(Wiggelinkhuizen et al. 2008). Advanced methods of CBM gradually led to the 

emergence of PHM, with a broader framework and the use of new techniques, to 

extend remaining useful life (RUL) of a system, increase safety and maximise 

operations. 

Principally, with compliance to (ISO/TR 13881:2000 2000), prognostics in the field of 

ƛƴŘǳǎǘǊȅ ǊŜŦŜǊǎ ǘƻ άǘƘŜ ǘƛƳŜ ŜǎǘƛƳŀǘŜ ŦƻǊ Ǌƛǎƪ ŀƴŘ ŦŀƛƭǳǊŜ ƻŦ ƻƴŜ ƻǊ ŀƴȅ ŜȄƛǎǘƛƴƎ ŀƴŘ 

ŦǳǘǳǊŜ ŦŀƛƭǳǊŜ ŜǾŜƴǘǎέΦ !ǎ ŦƻǊ IŜŀƭǘƘ aŀƴŀƎŜƳŜƴǘ, it discusses the decision making 

competency to intelligently carry out logistics activities and maintenance based on 

diagnostics and prognostics records (Javed et al. 2015). Furthermore, it can be looked 

upon as an engineering discipline encompassing methods and technologies to 

evaluate the reliability of a componentΩs real life cycle conditions to determine the 

materialisation of a failure and alleviate system risk (Mathew et al. 2012). Concerning 

these definitions, PHM can be deemed as an empowering discipline for the CBM and 
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it is commonly described with (OSA-CBM) architecture, the Open System 

Architecture for Condition-Based Maintenance (Lebold et al. 2002), which is set up of 

seven stages, as illustrated in the Figure 2-9:  

 
Figure 2-9: PHM architecture adapted from the ISO 13374 - Extracted from (Brahimi and Leouatni 2016). 

 

Implementation of PHM has been made in a many industrial cases targeting a 

maintenance revolution. In the Military and Aerospace systems, for instance, PHM 

has been practiced for over 20 years with systems applications. During this past 

decade, the railway industry concentrated on maintenance matters and expressed a 

distinct interest in PHM systems. Similarly to wind turbines, railway maintenance, 

aerospace and military systems  requires a large budget and extensive resources 

(Brahimi and Leouatni 2016).   

Using the measures of RUL of a system or component acquired by the PHM, it is 

promising to change the maintenance plan away from corrective and towards a 

preventative plan. Originally the majority of industries utilised a corrective strategy, 

if unplanned then this strategy unfortunately is identified as run-to-break or failure-

based maintenance. The details of different strategies can be found in Table 2-1. 
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Table 2-1 Distinct types of maintenance strategies adopted from (Cockerill 2017; Cahill 2018). 

 

Inaccessible assets such as offshore wind turbines are one of the gravest, also other 

forms of critical conditions during a failure in helicopter would potentially endanger  

human life (Bashir et al. 1999). As a result, a vast majority of industrial sectors 

implement a planned maintenance routine consisting of two preventative 

maintenance strategies, condition and calendar based. Executing these inspections 

on a routine basis allows the inspector to capture any damage or irregularities in 

advance, permitting planned maintenance to be taken care of in due course (García 

Márquez et al. 2012). Nearly all sectors, where planned maintenance is an 

indispensable process to reduce unforeseen potential expenses, are keen on the 

progression of condition monitoring techniques as their capability to determine the 

componentΩs conditions accurately, the odds of sudden or catastrophic failure 

jeopardising the industry or worse human lives occurring before awareness is 

doubtful and seriously reduced. Moreover, accumulative information of the 

component or machinery conditions can be analysed and used to inform the precise 

timings on the calendar-based maintenances, further decreasing overheads. 
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 Condition Monitoring Techniques 

Present-day machinery is often equipped with an important number of gauges and 

sensors, to constantly monitor and measure their conditions against their 

predetermined thresholds. Using wind turbines as an example, the environmental 

data and operating systems acquired data often contains, and is by no means limited 

to, oil temperature, ambient air, individual componentsΩ rotational speed, torque, 

wind speed, power consumption and generation and so on. These gathered statistics 

are usually represented as Supervisory Control and Data Acquisition (SCADA) data, as 

ƛǘ ƛǎ ƭƻƎƎŜŘ ƛƴ ǇŜǊƛƻŘƛŎŀƭƭȅ ŦƻǊ ŀƴŀƭȅǎǘǎ ǘƻ ƛƴǎǇŜŎǘ ǘƘŜ ƻǇŜǊŀǘƛƴƎ ǎȅǎǘŜƳΩǎ ƘƛǎǘƻǊȅ ƛŦ ŀ 

fault occurs. 

As an exceptional holistic procedure of monitoring a system, alarms triggered by 

ǎǳǊǇŀǎǎƛƴƎ ŀ ǇŀǊŀƳŜǘŜǊΩǎ ǘƘǊŜǎƘƻƭŘ ǿƘƛŎƘ ǎƛƳǇƭƛŦƛŜǎ ǘƘŜ ƛƴŘƛŎŀǘƛƻƴ ƻŦ ŀƴ ŜǎǘƛƳŀǘŜŘ 

source of damage, however, fails to distinguish which component is at fault for the 

alarm besides indicating the fault severity. In order to rectify and adjust this issue, 

further condition monitoring techniques are available, such as: vibration and AE as 

these renowned techniques record waveforms over an arranged time period, where 

the acquired data are subjected to further analysis and processing to provide the 

identification and the potential source of a defect. 

 

 Vibration Monitoring 

Vibration exists in all machinery due to the moving elements, which will inherently 

produce an undesired motion caused by insignificant faults or inadequate balancing. 

Despite the fact that the extent of vibration can be offset through dynamic 

counterbalancing and accurate designs, engineers need to anticipate that vibrations 

will persist within any machinery. As variations of vibration are potentially heard or 

noticed by experienced machine operators through either sound or touch, the next 

reasonable step is using sensors to imitate this ability. These sensors are generally 

known as accelerometers, which measure the acceleration of a surface or body. 

Acceleration is generally measured in dv/dt (delta velocity over delta time) or by 
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Newton's 2nd law of motion. Most accelerometers use quartz or ceramic crystals to 

generate a piezoelectric effect that is converted into an electrical output.  

In order to convert mechanical motion into an electrical energy the majority of 

present accelerometer sensors enclose a small mass, m, positioned on top of a 

piezoelectric microscopic crystal structure which, when stressed by inertial forces, F, 

generates a small electrical charge. This electrical charge is generated as the location 

of both negative and positive ions are altered, building a spike in charge, illustrated 

further in Figure 2-10. A signal conditioner converts the high impedance charge 

output into a usable voltage signal (Jeevagan et al. 2014). If ŜȄŎƛǘŜŘ ǿƛǘƘƛƴ ŀ ǎŜƴǎƻǊΩǎ 

ƻǇŜǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ǊŀƴƎŜΣ ǘƘŜ ƻǳǘǇǳǘǎ ŎƻƳǇƭȅ ǿƛǘƘ bŜǿǘƻƴΩǎ нnd law of motion in 

Equation (2.6), where the applied force F is proportional to the acceleration a and a 

constant mass m. 

Ὂ άὥ (2.6) 

Their application is broad and varied, stretching from monitoring seismic activity to 

imbalance detection in motors and fans.  

 
Figure 2-10: Basic accelerometer construction, enhanced from (Jeevagan et al. 2014). 

 

 Acoustic Emission Monitoring 

!9Ωǎ ǇƘŜƴƻƳŜƴŀ ƘŀǾŜ ōŜŜƴ ƎǊŀsped since the 1960s, where it was first developed for 

detecting cracks in pressure vessels. AE is a transient elastic waves generated by a 

rapid release of strain energy prompted by damage or deformation from localised 

ǎƻǳǊŎŜǎ ƻƴ ƻǊ ǿƛǘƘƛƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǳǊŦŀŎŜ (Mathews 1983; Scruby 1987; Pollock 
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1989; ASTM E1316-13a 2004; Miller et al. 2005). The generation of AE can be related 

to numerous sources, including impacts, crack growth, turbulence, the movement of 

dislocations, cyclic fatigue, leakage and cavitation (Heiple, C. R and Carpenter 1987; 

Mba and Rao 2006).  

¢ƘŜǎŜ ŜƭŀǎǘƛŎ ǿŀǾŜǎ ǇǊƻǇŀƎŀǘŜ ŀŎǊƻǎǎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǳǊŦŀŎŜ ŎŀǳǎƛƴƎ ƎŜƴŜǊŀǘŜŘ 

displacement which is then measured by the AE sensor, not dissimilar in functionality 

to the vibration sensors. AE sensors also employ the properties of a piezoelectric 

crystal to transfer mechanical motion into electrical energy. Yet, unlike an 

accelerometer, AE sensors do not enclose a sprung mass, thus their sensitivity is able 

to reach higher frequency ranges, ranging between 20kHz and 1MHz. A classic AE 

arrangement illustrated in Figure 2-11, where an AE sensor is mounted on the 

investigated structure to detect any displacement of the surface, thus converting any 

tiny movement to an electric signal by the piezoelectric crystal. The measured signal 

is pre-amplified and then transmitted to the main instrument, where it is filtered, 

amplified and digitised.  

 
Figure 2-11: Typical AE setup  (Huang et al. 1998). 

 

For many years AE has been considered to be a primary candidate for non-destructive 

testing (NDT), examination or monitoring of structural failure or material faults and 

has established extensive applications in these fields, as AE has the potential to 



Literature Review 28 

 

 
 

ōŜŎƻƳŜ ŀ άƎƭƻōŀƭέ ƳƻƴƛǘƻǊƛƴƎ ƛƴǎǘǊǳƳŜƴǘ (Dornfeld 1992; Holford and Carter 1999; 

Qi 2000; Nair and Cai 2010). Advanced AE applications in modern days include 

monitoring the structural health of bridges, vessels, aircrafts, microseismic activity 

and other static structures where an intensification of AE activity is attributed to the 

plastic deformation of materials, crack initiation and propagation along with other 

possible sources determined by their application (Hase et al. 2012; Crivelli and Bland 

2016). 

A typical technique to simulate an AE source in a research facility or a laboratory 

environment is by pencil lead break, which emits a transient wave from the source 

usually referred to as the Hsu-Nielson Source. When the lead is broken on an infinitely 

large elastic body, propagation of  elastic waves are formed in one of two 

ŎƻƳǇƻƴŜƴǘǎ ǘƘŀǘ ǘǊŀǾŜƭ ŀƭƻƴƎ ŜƛǘƘŜǊ ŀǎ ŀ ƭƻƴƎƛǘǳŘƛƴŀƭ άŎƻƳǇǊŜǎǎƛƻƴέ ǿŀǾŜ or a 

ǘǊŀƴǎǾŜǊǎŜ άǎƘŜŀǊέ ǿŀǾŜ Figure 2-12, as compression waves reaches the surface of a 

solid media, a further wave form may occur and is referred to as a surface wave or 

Rayleigh wave as shown in Figure 2-13. In some defect cases such as scratches and 

ŎǊŀŎƪǎ ŀǘǘŜƴǳŀǘŜ ǘƘŜ wŀȅƭŜƛƎƘ ǿŀǾŜǎΣ ōŜǎƛŘŜǎ ǘƘŜ ƳŀǘŜǊƛŀƭǎΩ ǎǳǊŦŀŎŜ ŦƛƴƛǎƘ ǿƛƭƭ ŀŦŦŜŎǘ 

the attenuation speed (Viktorov 1967). 

 
Figure 2-12: Forms of wave propagation in solid bodies (Rindorf 1981). 
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Figure 2-13: Passage of Rayleigh wave  (Rindorf 1981). 

 

For AE sources investigated on a thin plate test specimen (Holland and Sachse 2006; 

Aggelis et al. 2011), the propagated waves in this form of structure are called Plate 

or Lamb waves and they exist in two different modes, symmetric S0 and asymmetric 

A0 mode also referred to extensional and flexural modes respectively, displayed in 

Figure 2-14.    

 
Figure 2-14: Lamb wave mode propagation in plates - adapted from (Rindorf 1981; Naumann 2016). 

 

Travelling with different velocities, this is down to the fact that velocity of Lamb 

waves, are dependent on plate thickness and wave frequency, this is typically found 

in plate structures such as aircraft structures. This phenomenon is defined as wave 

dispersion (Torkamani et al. 2014).  

The waves emitted at the source location are bulk waves. Bulk acoustic waves can be 

characterized in terms of three modal types of mechanical excitation. One of these is 

a compressional wave, termed the longitudinal bulk wave, that is polarized in the 
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direction of the acoustic wave propagation vector. The other two wave components, 

terms transverse or shear waves, have their vibrational modes (i.e., their 

polarizations) perpendicular to the acoustic propagation axis (Campbell 1989). 

 Bulk waves are nondispersive, i.e., all waves have a constant velocity. Bulk waves 

attenuate quickly and can only be useful in very small specimens (Hellier 2020). As 

the investigation for the intended research is on a test bearing rig and the acquired 

AE data is from bearing housings, which is the main difference as the structure in use 

is a 3 dimensional piece of metal. Thus consideration of only bulk waves are to be 

produced for the research as bulk waves are predominant in gears and bearings. 

Demonstration of the two types of bulk waves are seen in Figure 2-15. 

 

Figure 2-15: The two main types of bulk acoustic waves. a) The thickness shear mode illustrating particle 
displacement normal to the direction of wave propagation through the thickness of the crystal and b) the 
longitudinal bulk mode illustrating particle displacement parallel to wave propagation (Corso 2008). 

 

Therefore, differences in velocity, causing different arrival times at the sensor, can be 

realised in the raw waveform of a pencil lead break. Figure 2-16 illustrates a recorded 

example of an AE wavestream as a pencil lead is broken near an AE sensor. 

Observations just after the initial peak, a following transient wave with a much higher 

amplitude is recorded by the AE sensor. The arrival time variance amongst the two 

peaks is very short, and it is possible to detect reflections of the S0 mode within a 

waveform as it reflects from the boundaries of the material. 
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Figure 2-16: Example of an AE wavestream generated by a pencil lead break. 

 

A defectΩǎ ǎŜǾŜǊƛǘȅ ƛǎ ǘǊŀƴǎƭŀǘŜŘ ŦǊƻƳ ŀƴ !9 ΨIƛǘΩ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ŦŜŀǘǳǊŜǎ ƻŦ ŀ 

recorded raw signal by the user, correlating any increase in the signal features directly 

with an increase in signal length and amplitude. To prevent unwatned hits that may 

not have any relation to the damage, a predetermined level threshold or a Hit 

Definition Time (HDT) is set, which enables ǘƘŜ ǎȅǎǘŜƳΩǎ ǳǎŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ 

closure of an event or hit, then store the signalΩs measured attributes (Unnþórsson 

2013). Within an AE raw signal, the most widely used parameters for signal features 

analysis are Amplitude, Rise time, Counts, Duration, and the measured area under 

the rectified signal envelope (MARSE) also known as energy counts described in 

Figure 2-17. 

 
Figure 2-17: Description of a recorded AE signal features- extracted from (NDT Resource Center 2018). 














































































































































































































































































































































