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Abstract

Highly-loaded low-speed roller bearings are commonly used in the offshore machinery, for example
in turret moorings systems of Floating Production Storage and Offloading (FPSO) units and in
slew bearings in heavy-lifting cranes. Safe and reliable operation and structural integrity can be
ensured by monitoring the condition of the bearing. Condition monitoring based on acoustic
emission (AE) has shown good potential for monitoring the health of highly-loaded low-speed
bearings. With the increase in potential and proven condition monitoring methods, the need for
lifetime predicting methods is increasing.

In this thesis, the feasibility of a digital twin (DT) concept is tested to make lifetime pre-
dictions of a highly-loaded low-speed roller bearing. The developed DT uses a combination of
the Paris model and an AE-based model presenting the current state of the bearing. In the
remaining useful life (RUL) prediction, the final crack size and total number of load cycles are
determined based on an integrated form of the Paris model. Three different forms were tested
for the RUL prediction.

The Paris model and the AE-based model showed good agreement in a benchmark case, based on
which the two models were combined. The AE-based prediction was tested for hits and counts,
with the counts yielding into better results due to a better fitting of the model constants. The
linear RUL based on the number of load cycles resulted in the best prediction. The developed DT
showed good potential in making lifetime predictions of highly-loaded low-speed roller bearings
and enrichment of future DTs with prognostic information.

ii



Table of Contents

List of Figures v

List of Tables vii

Nomenclature viii

1 Introduction 1
1.1 Research scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature 4
2.1 Digital twin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 What is a digital twin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Types of digital twins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Wear mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.1 Fatigue wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Rolling contact fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 Adhesive wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.4 Abrasive wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.5 Corrosive wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Stages of wear during roller bearings service life . . . . . . . . . . . . . . . . . . . 9
2.3.1 Running-in stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.2 Steady state stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.3 Defect initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.4 Defect propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.5 Damage growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 The Hertzian contact theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4.2 Contact area and pressure distribution . . . . . . . . . . . . . . . . . . . . 12
2.4.3 Stresses in material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.4 Line contact versus point contact . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Lifetime predicting models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.1 Fracture mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Acoustic emission monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.6.1 Acoustic emission based fracture model . . . . . . . . . . . . . . . . . . . 22
2.6.2 Parameters for acoustic emission based fracture model . . . . . . . . . . . 24

2.7 Remaining useful life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Methodology 27
3.1 Input data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Determining load cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Force on grid cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5 Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Linear bearing test 31

iii



5 Results and Discussion 33
5.1 Linear bearing test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.1.1 Hits vs counts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.1.2 Sensitivity study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.1.3 Influence signal length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.1.4 Acoustic emission model compared to the Paris model . . . . . . . . . . . 36
5.1.5 Remaining useful life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Aoka Mizu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.2.1 Timesteps in data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2.2 Remaining useful life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.3 Influence counts on Remaining useful life prediction . . . . . . . . . . . . 49
5.2.4 Sensitivity study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2.5 Influence AE interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Conclusion and Recommendations 55
6.1 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

References 58

A Appendix A - Derivation total number of load cycles to failure equation 62

B Appendix B - RUL of bearing based on the Paris model 63

C Appendix C - Remaining useful life based on only AE 64

D Appendix D - Sensitivity study 66

E Appendix E - Influence AE interval 72

iv



List of Figures

1 Examples of industries where highly-loaded low-speed roller bearings are used . . . . 1
2 An example of physics informed machine learning [53] . . . . . . . . . . . . . . . . . 6
3 An example of machine learning assisted simulation [53] . . . . . . . . . . . . . . . . 6
4 An example of explainable artificial intelligence [53] . . . . . . . . . . . . . . . . . . 7
5 The adhesive wear mechanism [28] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
6 Mechanisms of abrasive wear: microcutting (a), microfracture (b), pull-out (c) and

individual grains (d) [28] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
7 The primary fatigue modes [32] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
8 The different wear stages in the life of a roller bearing and their dynamic severity [14] 11
9 The pressure distributions for an elliptical and a cylinder-on-cylinder contact [36] . . 12
10 The directions of the radii of the ellipse [54] . . . . . . . . . . . . . . . . . . . . . . . 13
11 The stresses in the material [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
12 Contact pressure for a line and point contact . . . . . . . . . . . . . . . . . . . . . . 16
13 The contact width of a point contact . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
14 The crack size against the number of cycles [31] . . . . . . . . . . . . . . . . . . . . . 18
15 The crack growth rate against the stress intensity range [37] . . . . . . . . . . . . . . 19
16 The effect of the stress ratio and the material constant γ [31] . . . . . . . . . . . . . 20
17 Acoustic emission parameters [47] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
18 An example of the relation between acoustic emission and the fracture parameters [55] 23
19 An example of different types of hits [55] . . . . . . . . . . . . . . . . . . . . . . . . . 24
20 Data points for initial guess of B [55] . . . . . . . . . . . . . . . . . . . . . . . . . . 25
21 An example of the shape of the grid cells and how they are counted . . . . . . . . . 28
22 The movement of the rollers from their old location to their new location . . . . . . 28
23 The roadmap for the methodology of the DT . . . . . . . . . . . . . . . . . . . . . . 30
24 The test set-up for the linear bearing test done by Huisman Equipment . . . . . . . 31
25 The six different sensor locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
26 The hit-rates for the test 3-1-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
27 The ∆K for both the count and hit rate . . . . . . . . . . . . . . . . . . . . . . . . . 33
28 Sensitivity study of the intercept constant B . . . . . . . . . . . . . . . . . . . . . . 34
29 Sensitivity study of the slope exponent p . . . . . . . . . . . . . . . . . . . . . . . . . 35
30 The influence of the signal length on the resulting ∆K . . . . . . . . . . . . . . . . . 35
31 The growth of ∆K over the load cycles done . . . . . . . . . . . . . . . . . . . . . . 36
32 The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-3 . 37
33 The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-2 . 38
34 The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-1 . 38
35 The comparison of different options for the RUL prediction . . . . . . . . . . . . . . 39
36 The rotations of the turret in half an hour . . . . . . . . . . . . . . . . . . . . . . . . 40
37 The difference in load cycles done for a timestep of 1 and 3 minutes in one month . 41
38 The RUL of the bearing of the Aoka Mizu in half 2024 . . . . . . . . . . . . . . . . . 42
39 The RUL development of the RUL without AE . . . . . . . . . . . . . . . . . . . . . 43
40 The sensor locations for the linear bearing [44] . . . . . . . . . . . . . . . . . . . . . 44
41 The placement of the sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
42 The AE data set of the entire linear bearing experiment . . . . . . . . . . . . . . . . 45
43 Graphical representation on how the AE data is related to the Aoku Mizu data . . . 45
44 The RUL predictions based on the 4 sensor locations after half 2024 . . . . . . . . . 46
45 The RUL development at the most right side of the bearing . . . . . . . . . . . . . . 47

v



46 The RUL predictions based on AE of the 4 sensor locations after half 2024 . . . . . 48
47 The RUL development based on only AE of sensor location U . . . . . . . . . . . . . 49
48 The RUL predictions based on higher counts for the sensor positions after half 2024 50
49 The RUL predictions based on different initial crack sizes for sensor location U after

half 2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
50 The development of the RUL for the different initial crack sizes for sensor location U 52
51 The sensitivity of the RUL prediction to the initial crack size for sensor location U . 52
52 The RUL predictions based on different AE intervals for sensor location U after half

2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
53 The RUL development for the different AE intervals for sensor location U . . . . . . 54
54 The RUL of the bearing of the Aoka Mizu in half 2024 . . . . . . . . . . . . . . . . . 63
55 The RUL development based on only AE of sensor location A . . . . . . . . . . . . . 64
56 The RUL development based on only AE of sensor location B . . . . . . . . . . . . . 64
57 The RUL development based on only AE of sensor location L . . . . . . . . . . . . . 65
58 The RUL predictions based on different initial crack sizes for sensor location A after

half 2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
59 The RUL predictions based on different initial crack sizes for sensor location B after

half 2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
60 The RUL predictions based on different initial crack sizes for sensor location L after

half 2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
61 The development of the RUL for the different initial crack sizes for sensor location A 69
62 The development of the RUL for the different initial crack sizes for sensor location B 69
63 The development of the RUL for the different initial crack sizes for sensor location L 70
64 The sensitivity of the RUL prediction to the initial crack size for sensor location A . 70
65 The sensitivity of the RUL prediction to the initial crack size for sensor location B . 71
66 The sensitivity of the RUL prediction to the initial crack size for sensor location L . 71
67 The RUL predictions based on different AE intervals for sensor location A after half

2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
68 The RUL predictions based on different AE intervals for sensor location B after half

2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
69 The RUL predictions based on different AE intervals for sensor location L after half

2024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
70 The RUL development for the different AE intervals for sensor location A . . . . . . 74
71 The RUL development for the different AE intervals for sensor location B . . . . . . 75
72 The RUL development for the different AE intervals for sensor location L . . . . . . 75

vi



List of Tables

1 The advantages and disadvantages of the different types of digital twins . . . . . . . 7
2 The maximum Tresca and von Mises stresses [16] . . . . . . . . . . . . . . . . . . . . 15
3 Used parameter values for Paris model and acoustic emission model . . . . . . . . . 25
4 The values for the different load levels . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5 The predicted total number of load cycles to failure . . . . . . . . . . . . . . . . . . 43

vii



Nomenclature

Abbreviations

AE Acoustic Emission

BCI Bearing Condition Index

DER Dark Etching Regions

DT Digital Twin

FEM Finite Element Method

FPSO Floating Production Storage and Offloading

REB Rolling Element Bearing

RUL Remaining Useful Life

SIF Stress Intensity Factor

WEB White Etching Regions

Symbols

α Plane stress/strain constraint factor −

αe Approximated constant for the elliptical contact −

αk Source mechanism scaling −

αq Sensor type scaling −

β Approximated constant for the elliptical contact −

∆a Crack growth in a certain time frame dN mm

∆K Stress intensity factor range MPa
√
m

∆KP The stress intensity factor based on the Paris model MPa
√
m

∆KAE The stress intensity factor based on the acoustic emission model MPa
√
m

∆Kavg The averaged stress intensity factor over both models MPa
√
m

∆Kth Stress intensity factor threshold MPa
√
m

∆N The number of load cycles done in a certain time frame −
da
dN Crack growth rate mm/cycle

dParameter
dN Acoustic emission parameter rate 1/cycle

γ Material constant for depends stress ratio on the crack growth −

κ Approximated constant for the elliptical contact −

viii



λ Ratio between the effective radii −

ν1 Poisson ratio of body 1 −

ν2 Poisson ratio of body 2 −

σc Compressive stress MPa

σn Normal stress on the crack surfaces MPa

σx Normal stress in the x-direction MPa

σy Normal stress in the y-direction MPa

σz Normal stress in the z-direction MPa

σmax Max stress MPa

σvM Von Mises stress MPa

τ13max Max shear stress in x and z direction MPa

τmax Max shear stress MPa

τsemax Max effective shear stress MPa

τse Effective shear stress MPa

θ Angle of the crack deg

Θr The angle between the rollers rad

a Crack length mm

A0 Newmann’s coefficient −

A1 Newmann’s coefficient −

A2 Newmann’s coefficient −

A3 Newmann’s coefficient −

ac Contact half width of cylindrical contact mm

ae Major axis of elliptic contact mm

af The final predicted crack size mm

aM Major axis mm

B Intercept constant of the acoustic emission model −

b Minor axis mm

be Minor axis of elliptic contact mm

C Intercept constant of the Paris model −

c Counts −

CB Bearing condition index −

ce Effective contact length mm

ix



cave Count factor −

ck,qi Number of identified acoustic emission signals −

D Intercept constant of the acoustic emission model for the crack growth −

DM Miner’s damage parameter −

dN Load cycles done in a certain time frame −

E′ Effective elastic modulus MPa

E1 Elastic modulus of body 1 MPa

E2 Elastic modulus of body 2 MPa

Em Approximated constant for the elliptical contact −

F Contact force kN

f Newmann crack closure function −

H Hits −

K Stress intensity factor MPa
√
m

k Friction coefficient −

k Indices of the source mechanism −

Kc Critical stress intensity factor/ fracture toughness MPa
√
m

Ke Elliptical ratio −

Ks Considered source mechanisms −

L Length of roller mm

m Approximated constant for the elliptical contact −

N The total number of load cycles done −

n Slope constant of the Paris model −

Nf The total predicted number of load cycles to failure −

ni The number of load cycles done at a certain load −

NM The number of load cycles a material can hold for that load −

p Pressure distribution over the contact MPa

p Slope constant of the acoustic emission model −

pN NASGRO exponent for stage I −

Pc,max Max cylindrical pressure MPa

Pc,mean Mean cylindrical pressure MPa

Pe,max Max elliptical pressure MPa

Pe,mean Mean elliptical pressure MPa

x



Q Implemented sensor types −

q Slope constant of the acoustic emission model for the crack growth −

qi Indices of the sensor type −

qN NASGRO exponent for stage III −

R Stress ratio −

R1 Radius of cylindrical body 1 mm

R2 Radius of cylindrical body 2 mm

Rx Effective radius in the x-direction mm

Ry Effective radius in the y-direction mm

R1x Radius in x-direction of elliptic body 1 mm

R1y Radius in y-direction of elliptic body 1 mm

R2x Radius in x-direction of elliptic body 2 mm

R2y Radius in y-direction of elliptic body 2 mm

Reff Effective radius mm

Sfl Material flow strength MPa

x x-direction mm

Y Geometry factor −

y y-direction mm

z Depth of at which the stress is calculated mm

z@τmax Max shear stress depth mm

xi



1 Introduction

Highly-loaded low-speed roller bearings have great usage in the offshore industry. Examples of
these bearings are the slew bearings used in heavy-lifting cranes, Turret Moorings Systems of
FPSO’ s and the nacelle-slew or blade-pitch bearings in wind turbines. In Figure 1 two different
industries are shown. In Figure 1a, the deepwater construction vessel Aegir of Heerema Marine
Contractors is shown. This vessel has a slew bearing to yaw the boom and sheave bearings to
guide the hoisting wire ropes. In Figure 1b, the Aoka Mizu of Bluewater Energy Services is
shown. The single point mooring turret of this FPSO contains a toothless slew bearing, which
allows for rotation of the vessel around fixed mooring chains [43]. Meaning that these bearings
are used in the oil and gas industry, renewables industry and in the decomposition industry.

(a) Deepwater construction vessel Aegir [19] (b) The FPSO Aoka Mizu [4]

Figure 1: Examples of industries where highly-loaded low-speed roller bearings are used

These bearings are subjected to operational and motion induced loading. In addition, the
interaction between these loads is unpredictable. Furthermore, the bearings operate in rough
conditions, due to the harsh seawater environment. These conditions are not favorable for the
lubrication used in these bearings, as these rough conditions may lead to reduced or even broken
lubrication films. The defected film has significant impact on the wear evolution.

Safe and reliable operation conditions has a high priority in the offshore industry, due to the
harsh and remote environment these bearings and ships work in. To cope with these conditions,
the structures are held to the highest safety and reliability standards available. Meaning that
the integrity of the critical roller bearings is essential to ensure a safe working environment.

The standards of the manufactures of these structures prescribe that regular inspection is needed,
for instance on a yearly basis or after a few thousand operating hours. There are, however, only
limited amount of methods to do these inspections. For slew bearings, lubrication sampling and
testing, tilting clearance measurements and visual inspection through endoscopy can be used
for these inspection for instance. These methods can be expanded to full internal inspection for
other bearings. In full internal inspection, the disassembly of bearing is needed for a part or
the full bearing. The methodology described by Scheeren shows a good potential to perform
condition monitoring for these large-scale low-speed roller bearings. [43]

The lifetime prediction for these bearings are critical, as unexpected failure will come with major
cost. The bearings are theoretically designed to have an operating life of decades. However, due
to the harsh environment, failure can occur in an earlier state than expected [47]. These bearings
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are only made by a limited number of fabricators and are often custom made. As a result, the
replacement can therefore take months when the failure is unexpected. Limiting factors for
replacement can be for instance having no spare parts, the spare parts are on the other side of
the world and having no port space to do the replacement. The combination of the expensive
bearing/bearing parts and the coupled operational down-time will make the replacement very
expensive.

By making good estimations of the remaining lifetime the cost of the replacement can
be reduced, as the failure of the bearing will not be fully unexpected. Meaning that good
replacement plans can be made to reduce down-time. As the bearing can be ordered in time and
the replacement can be scheduled for when the operating ship, for instance, is in the port. With
good lifetime prediction, the replacement cost of the bearing can be lowered and the integrity of
the bearing can be assured. However, there are only limited methodologies which use real time
condition monitoring data to make lifetime predictions for these critical large-scale low-speed
roller bearings. So, that is why this research will look into having a condition monitoring based
model for predicting the remaining lifetime of the bearing.

1.1 Research scope

Acoustic emission monitoring has shown to be a good method to monitor highly-loaded low speed
roller bearings. Based on this monitoring the health state of the bearing can be predicted [43].
The health state information is important, especially when it can be used to make predictions on
the remaining useful life of the bearing. During this research a digital twin will be developed,
which is capable of making reliable remaining useful life predictions of the bearing.

The digital twin will be developed as a concept. Meaning that the models used for the
digital twin do not have the highest fidelity, but high enough to test the potential of the concept.

The development of the digital twin is based on the main research question of this thesis, which
reads:

”How can a digital twin be developed to predict the remaining useful life of a highly-loaded
low-speed roller bearing?”

In order to answer this research question, it had to be divided into several sub research questions
which are:

1. What type of heart does the digital twin needs to have and how to implement it?

2. What type of data needs to be used and how can it be used for predicting the remaining
useful life of a bearing?

3. How to enhance the accuracy of the digital twin in predicting the remaining useful life of
the bearing?

4. How to combine existing lifetime prediction models with acoustic emission?
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1.2 Layout

This report is divided into four chapters to answer the main research question. Chapter 2 covers
the theory needed to set up the DT. The methodology of the DT for making RUL predictions
for the bearing is explained in Chapter 3. The linear bearing test done by Huisman Equipment
is described in Chapter 4. In Chapter 5, the results of the DT based on experimental data are
shown. Furthermore, the results are evaluated. At last, Chapter 6 gives the conclusion of the
report. In addition, some recommendations are given for future work. At the end of the report
the appendices are shown. In Appendix A, the derivation of the total number of fatigue cycles
to failure is given. Appendix B shows a zoomed in Figure of RUL prediction based on the Paris
model. In Appendix C, the remaining useful life development figures based on AE are shown.
Appendix D shows the sensitivity study of RUL to the crack size of the sensor locations A,B and
L. Finally, appendix E, the influence of the AE interval figures are shown.
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2 Literature

2.1 Digital twin

2.1.1 What is a digital twin

In 2003, the concept of the digital twin (DT) was first presented by Michael Grieves. The
definition of a DT given by Grieves is: “a DT is a comprehensive software representation of an
individual physical object.” [35] The representation of the physical object includes conditions,
properties and the behaviour of the physical object. These features are taken into account
through models and data of the physical object. The DT will remain the virtual counterpart of
the physical object over the entire lifetime of the physical object.

Since the introduction of the DT, it has gained interests of both academia and industry.
At first, it was mainly used in the manufacturing industry. After that it gained popularity in the
communities of the Internet of Things and the cyber physical systems. Due to the increasing
popularity, the definition of the DT has changed over time and its definition can also differ
between different fields of interest.

The requirements to be met by the DT differ from one field to another. In the field of gaming
and the related platforms, the DT must comply with the following four aspects:

1. Representing the changing characteristics of the object using a continuous data flow

2. The physical and virtual object are continuously tracked to locate or relate them in space
and time

3. Models which can capture the behaviour of the physical object and reasoning about events

4. The virtual object must meet the constraints of the physical world

The features described above are relevant for the evolution of the DT. As, the physical object
will change over time in terms of status, behaviour and its reaction to events. These changes are
captured by physical laws, meaning that the virtual object needs to obey these laws. In addition,
these changes are captured by the continuous data flow of the physical object. So, the virtual
object needs to mirror this information properly.

A major part of the DT is the representation of the physical object with respect to the relevant
characteristics and behaviour of it. The representation must be considered based on the following
parameters:

1. Similarity, to what extent and how well does the virtual object reproduces the physical
object and its status and characteristics

2. Randomness, the likelihood that the virtual object has a different state or has other
diverging characteristics from the physical object

3. Contextualization, in what way the previous two features must be considered in the context
of the operation. For example, in a specific environment, it is highly likely that only a
subset of all the characteristics, properties and information is relevant from the physical
object. [35]
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Based on this information, the following definition of the DT will be used during this thesis. A
digital twin is a virtual representation of a physical object in a virtual space, where the virtual
object is linked with the physical object, the link is in the form of data transfer, this data flow
can be unidirectional or bidirectional, with the goal to optimise or predict a process in the real
world. In this thesis, the data flow will be unidirectional from the physical object to the virtual
object.

2.1.2 Types of digital twins

A DT uses models to describe the behaviour of the physical object. The models used to describe
the behaviour vary and therefore there exist multiple different types of DTs. The types can be
divided into three categories: physics-based, data-driven and hybrid DT. [34][53]

The physics-based DT makes use of physics-based models to describe the behaviour of the object.
The different types of physics-based models commonly used are empirical equations, multi-physics
coupling models and finite element models (FEM).

Empirical equations are used to observe and analyse the variations of physical phenomena.
When facing complex problems not all empirical equations can be used, as some equations contain
a limited amount of physics. Resulting in an inadequately performance and due to complex
dynamics, the DT will lack robustness under complex working. Simulation models, such as FEM,
can be used to solve the high-complexity problems.

The physics-based models used in the physics-based DT are often considered as white-box models.
As, the models are purely based on physics making them easy to understand. However, a major
downfall of the physics-based method is the computation time, as it will increase with the
complexity of the problem. Resulting in high computational burden for the problems where
high-fidelity FEM simulations are needed to be used.

The data-driven DT is most of the time based on deep learning, machine learning and transfer
learning algorithms. Machine learning-based algorithms extract features from control signals to
represent device information. However, in conventional techniques, feature extraction is limited
to simpler problems due to the limited ability to extract features. [53]

Deep learning is part of machine learning. However, these two do differ due to the way they
use the input data. In machine learning, the data needs to be labelled first to make predictions.
While in deep learning, this labelling step is eliminated. For example, multiple pictures of
different types of pets have to be categorized by ’dog’, ’cat’ et cetera. Deep learning algorithms
can determine the most important features to distinguish the different animals. While in machine
learning, these features have to be established by a human expert [21]. Due to this ability, it can
be used to create end-to-end models, a model which is trained to map the input to the desired
output [49], for complex problems.

Transfer learning algorithms extract information from known domains to address prob-
lems in related domains. This ability can be useful in complex deep learning models, as the
computational time for the hyperparameter optimisation can be reduced.

The data-driven DTs are good in finding complex non-linear relations. However, the major
downside of this method is the interpretability of the method used forming a so called black box.

In hybrid DTs, physics-based models and data driven algorithms are combined. Three examples
of these hybrid DTs are physics-informed machine learning, machine learning-assisted simulation
and explainable artificial intelligence.

In physics-informed machine learning, the interpretability of the DT is increased by using
physics. The integration of physics can be done in three different parts of the data driven DT
which are in the data, modelling and loss functions. For the data, it can be generated with
physics-based models. For the modelling, the internal components of the data-driven model
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can be designed based on physics. The loss function is used to decrease the loss between the
estimation and the observation, by using physics for establishing the loss function, the data-driven
model will have consistency with physics. An example of a physics-informed machine learning is
shown in Figure 2.

Figure 2: An example of physics informed machine learning [53]

In machine learning assisted simulation, data-driven algorithms are used to reduce the compu-
tational burden of high fidelity physics-based DTs. The data-driven algorithms can be used
to construct reduced-order models. However, this is not always possible, as intrusive and non-
intrusive reduction methods are used. For the intrusive reduction method, full knowledge of
the governing equations and the discretized dynamic system is needed. However, data-driven
models can be used for solving the differential equations. In this way, the computational burden
is reduced. In Figure 3, an example of machine learning assisted simulation is shown.

Figure 3: An example of machine learning assisted simulation [53]

In explainable artificial intelligence, the understanding of the model is obtained after the training
of the data-driven models, using post-hoc explanations. To improve the interpretability and
transparency of neural networks, activation maximization is applied to a deep convolutional
network to find representative input samples. The similarity between the representative samples
and the feature maps of convolutional neural networks is regarded as the weight of the outputs to
improve the interpretability and transparency of the neural network. An example of explainable
artificial intelligence is shown in Figure 4. [53]
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Figure 4: An example of explainable artificial intelligence [53]

In table 1, the advantages and disadvantages of the different DTs are summarized. A physics-
based DT will be used for this thesis, as the advantage of having a model which is easy to
interpretate outways the potential of having a computational expensive DT. In addition, both
the data-driven and hybrid DT lack interpretability and for the data-driven DT physical meaning
is also lacking.

Table 1: The advantages and disadvantages of the different types of digital twins

Type of digital twin Advantages Disadvantages

Data-driven Non-linear relations
Black box

Large amount of experimental data

Physics-based Easy interpretation Computational burden

Physics-informed
machine learning

Non-linear relations Black box

Machine learning
assisted simulation

Reduced computational
burden

Reduced interpretation

Explainable artificial
intelligence

Non-linear relations Grey box

2.2 Wear mechanisms

In roller bearings several wear mechanisms can be active. These wear mechanisms will be
discussed in this section. The wear in rolling element bearings (REB) originates from subsurface
inclusions and surface asperities [14].

2.2.1 Fatigue wear

In systems, which are dynamically loaded, fatigue wear can occur. The fatigue wear can be due
to elastic contacts, which result in high number of cycles needed for the fatigue. Additionally,
plastic contacts will result in a low number of cycles needed for the fatigue mechanism.
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2.2.2 Rolling contact fatigue

In rolling contact fatigue, local (sub-)surface shear stress fields, plastic deformations and disloca-
tions are results of the dynamic contact conditions and the possible hoop and tangential stresses,
which are amplified by local asperities and/or by contacts with contaminated particles. The
nucleation will eventually crack at the defects or inclusions in the micro structure. [17]

2.2.3 Adhesive wear

Due to relative motion between the contacting surfaces adhesive wear can occur. The surface
texture is modified due to adhesive wear, as the relative motion results in plastic deformation
and material transfer from one surface to another [28], as shown in Figure 5. Adhesive wear
mainly occurs in roller bearings with a poor lubrication state [17]. The sliding event involved in
the adhesive wear is hard to estimate in rolling contacts, as the rolling will be dominant [14].

Figure 5: The adhesive wear mechanism [28]

2.2.4 Abrasive wear

Solid, hard particles can cause local stress peaks, which may cause abrasive wear to happen. As
it mainly occurs when a soft surface is hit by a hard surface, in this case a hard particle. In
addition, abrasive wear can take place in contacts between rough surfaces. In abrasive wear, four
different mechanisms can occur. These are micro cutting, microfracture, pull-out and individual
grains, shown in Figure 6. [28][17]

Figure 6: Mechanisms of abrasive wear: microcutting (a), microfracture (b), pull-out (c) and
individual grains (d) [28]
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2.2.5 Corrosive wear

Corrosive wear also called tribochemical wear can be divided into two types namely moisture
corrosion and frictional corrosion. The wear happens due to chemical or electrochemical reactions
in the tribological contacts. These reactions will result in the formation of brittle or soft layers,
which are subsequently removed in the contact event. [28][17]

2.3 Stages of wear during roller bearings service life

The wear evolution progress during the lifetime of roller bearing can be divided into five different
stages. These are the running-in stage, steady state stage, defect initiation, defect propagation
and damage growth [14].

2.3.1 Running-in stage

Due to surface manufacturing, the REBs will have some degree of surface roughness and surface
waviness. These surface asperities will interact with each other during the running-in stage,
resulting in microplastic flow, work hardening and shakedown. During the running-stage, a ‘roll
polishing’ effect occurs in REB, mainly due to plastic deformations of surface asperities. As
the surface roughness decreases, the polishing effect will gradually disappear. In addition, the
lubrication film will become uniform over time. Due to the shakedown response (first stage of
cyclic loading), the subsurface hardness will increase. The subsurface hardness will increase until
the work hardening is saturated, meaning that the steady state stage is started. During the
running-in stage, only some mild wear will occur on the interacting surfaces. [14][17]

2.3.2 Steady state stage

During the steady state stage, the response of the REB will be steady as a result of having
almost no wear during this phase. The no wear is due to having uniform Hertzian stresses
and lubrication film. However, in this stage dark etching regions (DER) and white etching
bands (WEB) are formed. DER and WEB are irreversible microstructural alterations in the
subsurface [25]. The length of this stage depends on the maximum load induced stress, operating
temperature and material characteristics. [14]

2.3.3 Defect initiation

The defect initiation phase consists of two phases, which are the crack initiation phase and the
crack opening state [14]. In the defect initiation phase, cracks will start to form, this crack can
form at the surface and at the subsurface. In the case that the crack forms at the subsurface, the
dominant mechanism for rolling contact fatigue will be spalling. These micro cracks are formed
below the surfaces in the region of maximum shear stress. [42]

When the first micro-cracks form due to the wear progression of dented surfaces, the
dominant mechanism will be surface pitting. These surfaces can form due to high stresses,
contamination, vibrations and lubrication disturbances. The formation of cracks is seen as the
core of the fatigue wear process. At the trailing edge of the dent, a crack will form on the surface.
Later, new defects will form around the edges of the dent, due to relatively high local surfaces
stresses which are created due to the dent. [14]
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Crack opening depends on the stress which is applied on the crack [48]. The opening of the crack
can be divided into three primary fatigue modes, these modes also determine the orientation
of a crack relative to the loading. Mode I is the opening mode and is due to a tensile stress
pulling the crack faces apart. Mode II is due to a shear stress which slides the crack faces in
the parallel direction to the primary crack dimension, mode II is called the sliding mode. Mode
III, the tearing mode, is due to a shear stress which slides the crack faces in the perpendicular
direction to the primary crack dimension. The different fatigue modes are shown in Figure 7.
Mode I is the most common and worst-case scenario. In addition, cracks which are formed due
to Mode II or Mode III will eventually turn into a Mode I case. [32]

Figure 7: The primary fatigue modes [32]

2.3.4 Defect propagation

In the defect propagation phase, the focus will mainly be on the plasticity at the crack tip. The
plasticity at the crack tip can be described with the stress intensity factor (SIF). The propagation
phase can be divided into three phases: incubation, stable and crack-to-surface. The driving
forces of the cracking process are shear stresses (mode II and mode III), fluid pressurization due
to lubrication and fluid entrapment. Closure of the mouth sealed fluid to the crack is meant with
fluid entrapment. The result of fluid entrapment is a fluid pressure which result in a high SIF at
the tip of the crack. Fluid entrapment is linked to the severity of the crack propagation in the
normal mode. The fluid pressurization is of concern, when the crack is started at the surface.

When modelling the defect propagation phase multiple things have to be taken into account
which are the high stress location, the depth below the surface and the angle and direction of the
crack inclination. The propagation phase last until the defect is completed and the material is
removed from the surface, meaning that there is either spalling and or pitting. The completion of
the defect can be measured with the length of the crack. When the crack reaches a pre-specified
critical length, the defect will be completed. [14]

2.3.5 Damage growth

In the damage growth phase, instability stage, several changes happen which are a decrease
in the yield stress due to material softening, increase in the volume of deformed subsurface,
microstructure changes and increase in radial tensile strength. As spalling occurred, the rolling
element can now make contact with the softer and rougher surfaces. The material will be softer,
as the hardness declines with depth. As a result of the contact with softer and rougher surfaces,
more stresses are generated and the defect will propagate faster to become wider and deeper.

Due to the rougher surface, it will become more likely to have adhesive and abrasive wear.
In addition, the lubrication film will not be uniform anymore due to the spalling. Furthermore,
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the impact of the rolling element will become larger, as the rolling element will hit a larger
defected area. The particles, which originate from the first defect, are large and sharp in size and
will act as stress raisers and as abrasive particles. All these wear factors will generate new defects
in a similar way as discussed. Meaning that the crack opening and propagation in combination
with over-rolling and abrasion will repeat until a new defect is completely removed and then it
will start again to form a new defect. As shown in Figure 8, the damage growth will increase
rapidly after the first defect is formed. [14]

Figure 8: The different wear stages in the life of a roller bearing and their dynamic severity [14]

2.4 The Hertzian contact theory

The Hertz contact theory is used to model the contact stresses for rolling contacts. Research has
shown that the pressure distribution of rolling contacts is quite similar to the Hertzian pressure
distribution, especially for heavily loaded contacts [11]. The theory is relatively simple to use, as
the resulting equations form the complicated mathematics are relatively simple. The simplicity
of this theory still makes it one of the most widely used theories for calculating deformations,
surface area and stresses occurring when two bodies make contact in simulations and calculations,
even though it was the first theory to make this possible. [16]

2.4.1 Assumptions

For the use of the Hertz contact theory the following assumptions were made [11][3][16]:

1. The material of the contacting bodies is homogeneous, isotropic, non-conforming and elastic

2. The strains are small, meaning that the theory of elasticity is valid to be used

3. The contacting bodies are semi-infinite elastic half-spaces, meaning that the geometrical
dimensions are way larger than the contact dimensions and deformations

4. The surfaces are smooth and frictionless

5. Adhesive forces are ignored

6. The curvature of the bodies is constant close to the contact area
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The assumptions made in the Hertzian approach will not be completely true in reality, however
these assumptions are close enough to be considered reasonable. For example, the assumption of
the use of the elasticity theory may be breached for certain load cases. However, the amount
of plasticity will be small and so the assumption is justified. Furthermore, the assumption of
frictionless contact will not be completely true, as there will always be friction. However, for
properly greased/oiled bearings this friction will be small and therefore the assumption is justified
[12][30].

2.4.2 Contact area and pressure distribution

The type of contact surfaces will influence the pressure distribution on the surfaces. In general,
the contact surfaces are modelled as an elliptical contact [54]. However, two special geometry
cases are sphere-on-sphere and cylinder-on-cylinder contacts [36]. The elliptical and cylinder-on-
cylinder contacts will be touched light on, as does two contact types will be important for the
bearings.

The pressure distribution depends on the type of contact. In Figure 9, the pressure distribution
of the contact cases for the elliptical contact (a) and the cylinder-on-cylinder contact (b) are
shown. The sphere-on-sphere contact is a special form of the elliptical contact, where the major
axis and the minor axes are equal to each other. Meaning that the resulting pressure distribution
will be a sphere.

Figure 9: The pressure distributions for an elliptical and a cylinder-on-cylinder contact [36]

The major and minor axes depend on the applied load and the reduced elastic modulus for both
contact types. The reduced elastic modulus, equation 1, slightly differs from the equation given
in multiple textbooks [51]. However, the resulting answers for the dimensions and stresses will
be the same as a different set of equations is used. For the remaining of the thesis, the major
axis will be aM and the minor axis will be b, instead of the used notation in Figure 9.

2

E′ =
1− υ21
E1

+
1− υ22
E2

(1)

The effective radius depends on the radius of the two contacting bodies, as shown in equation 2.
The direction of the different radii are shown in Figure 10. For the cylinder-on-cylinder case, the
effective radius will simplify to equation 3. For this case, however, there are three cases, as the
bodies can be both convex, shown in Figure 9, one can be convex and one can be concave and
one can be convex body contacting a flat surface. When the body is concave, its radius will be
negative in equation 3. For the last case, the roller (body 1, convex) is contacting with a flat
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surface (body 2), meaning that R2 is equal to zero in equation 3. [51][36]
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Figure 10: The directions of the radii of the ellipse [54]

The major and minor axis for an elliptical contact are given in equation 4, 5 respectively.
Equations 6 - 10 are approximated equations. The Rx and Ry are the effective radii of x and y
direction, the directions are shown in Figure 10. [51]
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The mean and max pressure distribution can be calculated with the major and minor axis of the
ellipse and the contact force (F) as shown in equations 12, 13 respectively. [51][36]

Pe,mean =
F

πaebe
(12)

Pe,max =
3

2
Pe,mean =

3F

2πaebe
(13)

For the cylinder-on-cylinder contact, the contact area depends on the width of the cylinder and
the contact-patch half-width. The contact-patch half width can be calculated with equation 14.
[51]

ac = 2

√
2FReff

πLE′ (14)

The resulting mean and max pressure for the cylinder-on-cylinder contact can be calculated with
equations 15 and 16, respectively.

Pc,mean =
F

2Lac
(15)

Pc,max =
4Pc,mean

π
=

2F

πLac
(16)

The pressure at a certain point can be calculated with equation 17. For the cylinder-on-cylinder
contact case the minor axes, b, is zero and the pressure will be uniform in the width of the
cylinder as shown in Figure 9. [36]

p(x, y) = Pmax

√
1− x2

a2
− y2

b2
, x ≤ a, y ≤ b (17)

2.4.3 Stresses in material

Stress fields are created in the material due to the applied load. The stress field can be explained
with the von Mises stress and the maximum shear stress. The maximum shear stress can be
calculated with the Tresca stress equation, equation 18, and the von Mises stress can be calculated
with equation 19. [16]

τmax =
σx − σz

2
=

σy − σz
2

(18)

σvM =

√
(σx − σy)2 + (σx − σz)2 + (σy − σz)2

2
(19)

The maximum for the shear stress and the von Mises stress do not happen at the same depth in
the material, as shown in Figure 11. The figure is for two cylinders in static contact or in pure
rolling. The maximum normal stresses occur at the surface of the material, while the maximum
shear stress happens at a certain depth in the material.
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Figure 11: The stresses in the material [36]

The depth at which the maximum shear stress happens depends on multiple things. The first is
the contact between the two bodies, whether it is a point or line contact. For a point contact,
it will depend on the elliptical ratio Ke = be/ae and the maximum pressure, as shown in table
2 [16]. While for a line contact, the maximum shear stress only depends on the ac, being
z@τmax = 0.786ac. The combination of the Mohr’s circle stresses (σx and σz) result in a maximum
shear stress (τ13). For two cylinders in static contact, the maximum shear stress is equal to
equation 20. [36]

τ13max = 0.304Pmax (20)

Table 2: The maximum Tresca and von Mises stresses [16]

Ellipticity τmax σvM
Ke τmax/Pmax at z/ae σvM/Pmax at z/ae

0.2 0.321 0.149 0.586 0.142
0.4 0.325 0.266 0.605 0.260
0.6 0.322 0.355 0.615 0.355
0.8 0.316 0.425 0.619 0.425
1.00 0.310 0.480 0.620 0.480
1.25 0.316 0.531 0.619 0.531
1.67 0.322 0.592 0.615 0.591
2.50 0.325 0.665 0.605 0.650
5 0.321 0.745 0.586 0.708
Infinity 0.302 0.785 0.558 0.703

2.4.4 Line contact versus point contact

In the previous sections, the stresses and loads for the different types of contacts are explained.
The elliptical contact can be considered as a point contact, where the cylinder-on-cylinder contact
is considered to be a line contact [52].
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In van den Ende, 2021, it is stated that an elliptical shape results from the contact of a wheel
and the rails. Meaning that van den Ende used an elliptical/point contact to model the contact
[16]. For ball bearings, the use of an elliptical/point contact is valid [52].

For roller bearings, a cylindrical/line contact is expected. As the roller can be seen as
a cylinder. However, the wheel used by van den Ende can also be seen as a cylinder. So, the
assumption of van den Ende was tested for rollers, as shown in Figure 12. The test case consist
of a roller which has a diameter of 75 mm and and a width of 75 mm.

The contact pressure of the point contact is lower for higher loads compared to the contact
pressure of the line contact, as shown in Figure 12. However, as the load increases the contact
pressure of the line contact becomes larger than the contact pressure of the point contact.

Figure 12: Contact pressure for a line and point contact

Furthermore, from Figure 13, it can be seen that the contact width of the elliptical contact
becomes larger than the width of the cylinder. This increase of width can also become larger
than the width of both contacting bodies, which is physically not possible. To avoid this problem,
for the remaining of thesis a line contact will be used to model the roller contact.

Figure 13: The contact width of a point contact
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2.5 Lifetime predicting models

There are several different lifetime predicting models for bearings, which are:

1. Basic rating life

2. Miner’s rule

3. Damage mechanics

4. Fracture mechanics

The basic rating life indicates the number of cycles that the first incidence of fatigue pit formation
forms at any of the rolling surfaces [22][17]. Both the Miner’s rule and the damage mechanics
make use of a damage fraction. For the Miner’s rule, the damage fraction is based on the
calculated fatigue cycles limit and the cycles the bearing has done [13]. The fatigue cycles can
be determined from the S-N curve or for instance by making use of the described methods by
van den Ende, 2021 [46][16]. These methods are FEM 1.001 b4/ ISO 16881-1, EN 13001-3-3 and
Horowitz. For the damage mechanics, the damage fraction is based on the effective area of the
defect [27][26][47].

The lifetime prediction in this thesis will be based on fracture mechanics. The fracture
mechanics will be explained in the remaining of this section.

2.5.1 Fracture mechanics

As stated in section 2.3, the crack can originate from the surface and subsurface. Furthermore,
the SIF will affect the crack growth. According to van den Ende, 2021, the SIF will be larger
for the subsurface originated crack than the surface originated crack [16]. Therefore, only the
subsurface crack methodology will be discussed.

Stress intensity factor

The SIF, is a linear elastic parameter, shown in equation 21 as K, which is used in fracture
mechanics for analyzing the fatigue crack growth. The object has failed when the SIF is larger
or equal to the critical fracture toughness of the material. [16]

The SIF can be calculated with equation 21. The Y is geometry factor which takes the
geometry of the crack, loading configuration and geometry of the part into account. Furthermore,
a is the crack length and σc the compressive stress. [32][16]

K = Y σc
√
πa (21)

The general equation for the SIF, equation 21, assumes that the crack is perpendicular to the
surfaces. Meaning that the effect of the angle of the crack is not taken into account. To take this
effect into account the shear stress is used instead of the compressive stress.

In addition, for the SIF only mode II is considered, as the bearing will be primarily be
loaded in compression. Meaning that due to this loading mode I will be closed, as shown in
Figure 7. Due to the closing of the crack in compression, the friction between the crack faces
will be important. So, the effective shear stress will be used. The effective shear stress takes the
resulting frictional stress into account, as shown in equation 22. [16]

τse = τ − k σn = σc sin(θ)(cos(θ)− k sin(θ)) = τ − σc k sin2(θ) (22)
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The resulting SIF, equation 23, is based on the maximum effective shear stress.

K = Y τsemax

√
πa (23)

The maximum effective shear stress results from the maximum shear stress. The maximum shear
stress will be for an angle of 45 degrees compared to the surface where the normal stress is acting
on it, according to the Mohr’s circle [15]. Additionally, the depth is also important, as discussed
earlier the maximum shear stress will be below the surface. As a result, the compressive strength
will be less at that depth, as shown in Figure 11. The compressive strength can be calculated
with equations 24 - 26 for an elliptical contact. The maximum pressure in equation 24 is based
on the Hertz contact theory as discussed in section 2.4. Furthermore, equation 26 is a curve fit
of the table 2. For the cylindrical case, the effective contact length, ce, will simply be equal to
the contact half width of the cylindrical contact, ac. In addition, the maximum shear depth will
be equal to 0.786ac. [16]

σc =
−Pmax

1 + z2

c2e

(24)

1

ce
=

1

ae
+

1

be
(25)

z ≈ be

(
0.7929− 0.3207

ae
be

)
(26)

Crack growth

In Figure 14, the crack growth over the number of cycles is shown. The crack growth rate
(da/dN) is small in the beginning. However, as the crack increases the growth rate will increase
exponentially. The failure occurs when the crack has reached its critical length ac after Nf

number of cycles. The critical length is reached when the SIF is equal to the fracture toughness,
as shown in Figure 15.

Figure 14: The crack size against the number of cycles [31]

As shown in Figure 15, the crack growth rate can be divided into three stage. In stage I, the
crack growth rate is related to non-continuum mechanisms. The process is driven by [37]:

1. Grain size, precipitates, dislocation density, etc.

2. Mean stress and stress ratio

3. The environment

4. Surface damage initiation
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Stage II is typically a straight line on a log-log plot of the crack growth rate and the stress intensity
range. This line is often referred to as the Paris curve [31]. During this stage, beach marks and
striations begin to form. Striations are microscopic fatigue characteristics. Furthermore, the
progression of a stress cycle is indicated by a striation. The parameters of the Paris model will
slightly depend on the parameters of stage I. In addition, the crack growth rate depends on the
geometry and the load history, resulting in enhanced or delayed growth rates. [37]

In stage III, the crack growth rate will start to grow exponentially and as a result the material
will eventually fail. The crack growth rate is high, due to the high SIF. This stage is often called
the instability region. This stage depends on the same microstructural parameters as cited in
stage I and the thickness of the specimen. [37]

Figure 15: The crack growth rate against the stress intensity range [37]

The crack growth rate can be described with different equations. The general equation for the
crack growth rate is the Paris model, equation 27, which describes stage II of the growth rate
[37][31]. The C is the intercept constant, in Figure 15 the A. The n is the slope of the straight
line of stage II. The n ranges from 2 to 8 or 9, but can be assumed to be 3 for steels [16].

da

dN
= C (∆K)n (27)

In the Paris model, the stress ratio is not taken into account. However, the stress ratio, R, does
affect the crack growth rate, as shown in Figure 16. In the Walker equation, equation 28, the
stress ratio is taken into account. The γ is a material constant which indicates how strongly the
crack growth rate depends on the stress ratio. For steels this value is often equal to 0.5, but can
vary between 0.3 and 1. [31]

da

dN
= C

(
1

(1−R)1−γ∆K

)n

(28)

19



Figure 16: The effect of the stress ratio and the material constant γ [31]

In both the Paris model and the Walker model the effects of stage I and stage III are not taken
into account. The NASGRO model, equation 29, takes these effects into account and also the
crack closure effect. The pN and qN are coefficients that determine the growth rate in stage
I and III, respectively. The ∆Kth is the threshold SIF, which indicates when the growth rate
will start to grow as shown in Figure 15. The critical SIF (Kc) is the fracture toughness of the
material. The f is the Newman crack closure function. [31]

da

dN
= C

((
1− f

1−R

)
∆K

)n

(
1− ∆Kth

∆K

)pN(
1− Kmax

Kc

)qN (29)

The Newman crack closure function can be calculated with equation 30. The polynomial
coefficients are given by equation 31. The σmax is the maximum stress and Sfl the material flow
strength. The material flow strength is the average of the ultimate and yield strength. The
ratio between the maximum stress and material flow strength (σmax/Sfl) is in general 0.3 when
using the NASGRO model. The plane stress/strain constraint factor (α) is 1 for plane stress
conditions and for pure plain strain α = 1

1−2υ , where υ is the Poisson’s ratio. [33][56]

f =

{
max(R,A0 +A1R+A2R

2 +A3R
3) R ≥ 0

A0 +A1R − 2 ≤ R < 0
(30)


A0 =

(
0.825− 0.34α+ 0.05α2

) (
cos
(
πσmax
2Sfl

)) 1
α

A1 = (0.415− 0.071α) σmax
Sfl

A2 = 1−A0 −A1 −A3

A3 = 2A0 +A1 − 1

(31)

In the remaining part of this thesis, the Paris model will be used. The model will be used
as it one of the most widely used models for the high cycle fatigue. However, even tough this
model has its shortcomings, it does not take into account, for example, the plasticity which will
impact the fatigue life.
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2.6 Acoustic emission monitoring

Acoustic emission (AE) monitoring is an inspection method, where defects in the material are
detected due to the release of ultrasonic stress waves. These stress waves originate from within
the material itself and are not from external sources. AE monitoring is an useful and commonly
used method for non-destructive testing. The advantage of using AE monitoring to collect data
is that AE monitoring is a non-destructive testing method, so the test does not damage the
material. [41]

The monitoring of the degradation in REBs can be done with several techniques such as lubrication
analysis, strain and vibration monitoring, temperature monitoring, electrostatic monitoring and
acoustic monitoring. Traditionally, strain and vibration monitoring is used in practice and
research. Possible defects or imbalances are detected by chances in the dynamic structural
response of the REB. Meaning, that strain and vibration monitoring is suitable for high speed
bearings. However, for low speed this method will not be suitable due to the limited change in
the structural response. For low speed, AE monitoring has shown good potential in previous
research. [43]

AE signals are generated when a material, which is damaged or has defects, is under stress,
this can be from a heavy load and/or from stresses induced due to temperature [41]. There are
several different source which can generated AE signals, these are [23]:

1. Initiation/growth of cracks

2. Yielding

3. Bond and/or fiber failure

4. Delamination in composites

The AE signals can be measured, when the measured signal crosses the set threshold the signal
will be taken into account for the monitoring. From these signals, multiple AE parameters can
be derived, as shown in Figure 17. The counts of the waveform, is the amount of times the
waveform crosses the set threshold. The duration of the signal is the time between the first
and the last threshold crossing of the waveform. The risetime is the time it takes from the first
threshold crossing to the amplitude (maximum of the waveform) of the waveform. The energy of
the signal is defined as the area under the waveform and above the threshold. [45]

Figure 17: Acoustic emission parameters [47]

21



The condition of the REB can be estimated with the bearing condition index (BCI), equation 32.
The BCI is derived from the sum of all the identified AE signal ck,qi , the signals which crossed
the threshold, in the load cycles dN . Furthermore, Ks are the considered source mechanisms
and Q the implemented sensor types. The k and qi are the indices of these respectively. CB can
have an interval of (0,1], where the value of 1 indicates a pristine bearing and 0 a severely worn
bearing. [43]

CB =
1

1 +
Q∑

qi=1

Ks∑
k=1

αqαk
dck,qi
dN

(32)

2.6.1 Acoustic emission based fracture model

Several researchers have shown that a relation exists between the fatigue crack growth behavior
and the resulting AE. Several features of the AE signal are stochastically correlated with
important fracture mechanics parameters, such as ∆K and da

dN . The relation is similar to the
Paris model shown in equation 27. For the AE relation the feature of the signal is correlated to
∆K, as shown in equation 33. [6][8][9][18][24][29][38][40][45][55]

dParameter

dN
= B (∆K)p (33)

The dParamater
dN is the rate of the used AE feature. The B is similar to the intercept constant C

of the Paris model. The p is related to the slope constant n of the Paris model. Theoretically, p
is equal to n+ 2. However, due to the signal attenuation and the used filtering and settings of
the system, the value of p will vary from this [45].

In the several researches, several different features of the AE were used to capture the
behavior between the AE and the fracture mechanics parameters. The used features are:

1. Counts

2. Duration

3. Amplitude

4. Energy

5. Hits

6. Entropy

In most cases, the energy and counts were used. An example of the relation between the AE and
the fracture mechanics of these two features is shown in Figure 18. In this thesis, the counts and
hits will be used for the AE based fracture model. Since the hits are an important input for the
BCI and the counts are closely related to the hits. [6][8][9][18][24][29][38][40][45][55]
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Figure 18: An example of the relation between acoustic emission and the fracture parameters [55]

The rate equation, equation 33, for the used emission parameter depends on the SIF. However,
the rate of the counts/hits is measured and the SIF is one of the important properties to be
calculated. So, by rewriting equation 33 to the form shown in equation 34, the SIF can be
calculated based on the rate of the emission parameter.

In addition, by combining the Paris model, equation 27, and equation 34 an equation for
the crack growth rate can be established. This equation is shown in equation 35. The D and q
are newly introduced constants to simplify the equation.

∆K =

(
1

B

) 1
p
(
dParameter

dN

) 1
p

(34)

da

dN
= C

((
1

B

) 1
p
(
dParameter

dN

) 1
p

)n

=
C

B
n
p

(
dParameter

dN

)n
p

= D

(
dParameter

dN

)q

(35)

The counts will be derived from the measured hits by using equation 36. Here the hits are
multiplied with the factor cave. This factor takes two things into account, which are the length
of the signal and the used sensor. The values of the cave are obtained by multiplying the length
of the signal with the fundamental frequency of the sensor. In this thesis, three different sensors
were used for the AE which are R6α, R15α and WSα, these are the same sensors used by B.
Scheeren. The fundamental frequency of these sensors are 60 kHz, 150 kHz and 400-450 kHz,
respectively. For the WSα, a fundamental frequency of 450 kHz will be used.

During this thesis a signal length of 200 µs will be used for the cave. This length was
chosen based on the obtained data by B. Scheeren and on Figure 19. Furthermore, (Rabiei &
Modarres, 2013) stated that the signals related directly correlated to crack growth are the signals
close to the maximum or peak load [38]. In addition, (Roberts & Talebzadeh, 2003a) stated that
crack propagation is only related to the loading part of a loading cycle [40]. Meaning that an
average value for the counts will be used during this thesis. In addition, the hits and counts will
be averaged over the used sensors. The αq is used for this averaging. The values for the αq are
shown in equation 37, these are for the R6α, R15α and WSα, respectively [43].

c = caveH, cave =

1230
90

 (36)
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αq =

1
3
1
3
1
3

 (37)

Figure 19: An example of different types of hits [55]

2.6.2 Parameters for acoustic emission based fracture model

As stated earlier, the slope parameter p depends on the slope parameter n of the Paris model,
where p is theoretically equal to n + 2. In practise, this value will not be obtained, due to
attenuation and filtering of the AE signals which are the result of inaccuracies in the measurement
and processing of the data. Based on the results of (Roberts & Talebzadeh, 2003a) and (Yu et
al., 2011a), which were for a S275 JR steel plate and ASTM A572 G50, respectively, it was opted
to use p = n+ 1 instead [40][55].

For the intercept constant B, only limited information was available. Unfortunately, no infor-
mation was found for the bearing steels used for this thesis. Meaning that an estimated guess
needed to be made based on the available data. The estimated guess was based on the fitted
values for B and C by (Yu et al., 2011a). In Figure 20, a scatterplot is shown of the intercept
constant B against the Paris model intercept constant C. With the obtained data points, a
trendline was made and with this trendline an estimated guess could be made for the intercept
constant B.

24



Figure 20: Data points for initial guess of B [55]

In table 3, the values used for the AE fracture model are shown. The values B. van den Ende
used during his thesis for the Paris model will also be used during this thesis [16].

Table 3: Used parameter values for Paris model and acoustic emission model

Parameter Value

C 5.21 · 10−13

n 3
B 3.11 · 10−13

p 4
D 1.25 · 10−3

q 0.75

2.7 Remaining useful life

The remaining useful life (RUL) of an object is a way to estimate the lifetime an object has until
it will fail. The RUL estimation is based on the health of the object, the usage of the object and
the future use of the object. When the object is no longer able to function properly, due to the
degradation and/or a critical failure, the RUL of the object is reached. [1]

The RUL will be based on the Paris model, the AE-based fracture model and a Miner’s
rule-based formula. As stated, the RUL depends on the health, the usage and the future use of
the object.

The usage of the object, in this case the bearing, will be captured via the link between the
physical and virtual bearing. This link is in the form of data transport. The usage is estimated
based on the force acting on the bearing, based on strain gauge values, the rotation of the bearing
and the measured AE.

By using the Paris model and the AE-based model, the current state of the bearing can be
calculated.

For the future use, an assumption is made. Which is that the future use can be estimated
based on the average force.
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The total number of load cycles the bearing can do until the bearing fails can be calculated with
the Paris model. The failure of the bearing is assumed to happen when the fracture limit of the
material is reached. By combining this assumption with the assumption for the future use and
equation 23, the critical crack length can be calculated for the bearing, equation 38. The critical
length will play a key part in estimating the number of load cycles the bearing has left. Since
the Paris model describes the relation between the SIF and the crack growth rate.

The SIF is equal to the fracture limit when the bearing fails. So, by integrating the Paris
model, equation 27, the total number of load cycles to failure can be calculated. The resulting
equation for the number of load cycles to failure is shown in equation 39. For the full derivation
see Appendix A - Derivation total number of load cycles to failure equation. In this equation,
the N are the total number of load cycles to failure the bearing has done until the last data
point and a the resulting crack length for the last data point. [37]

af =
1

π

(
Kc

∆τse

)2

(38)

Nf =

[
1

C (∆τse)
n π

n
2

(
−2

n− 2

)
a−

n
2
+1

]af
a

+N (39)

The RUL based on the Paris model and the AE model give the RUL in the number of load cycles.
However, this value will not reflect the health of the bearing well. As a result, the RUL will
be based on the linear damage rule proposed by Palmer and Miner. The Palmer-Miner’s rule,
commonly called the Miner’s, is shown in equation 40. The Miner’s rule uses the NM number of
load cycles an object can do subjected to a specific load and the number of load cycles done on
that load level ni. [13]

DM =
∑ ni

NM
(40)

For the RUL based on the Miner’s rule three different forms will be used. These three forms are
shown in equation 41, 42 and 43. The three different forms are used to investigate the influence
of using the crack length, the remaining number of load cycles left and the difference in using a
linear and quadratic form. In 5.1.5 Remaining useful life, the three different RUL forms will be
compared to each other.

RUL = 1− a

af
(41)

RUL = 1− N

Nf
(42)

RUL = 1−
(

N

Nf

)2

(43)

26



3 Methodology

In this section the methodology of the DT for making the RUL prediction of the bearing is
explained. The roadmap of the procedure is shown in Figure 23.

3.1 Input data

For the DT, input data is needed to make the RUL predictions. The input data consists of
multiple different input files. These input files can be divided into two groups, which are the old
data files and new data files.

The old data is data that is already been used for making the RUL predictions. In order
to reduce the computational burden of the DT, the predictions are saved as MATLAB Data files.
By saving the predictions, the DT only has to load those files instead of computing it every time.
The old files consist of multiple different parameters which are: the position of the rollers, the
force history acting on the bearing, the number of load cycles done, the SIF and the crack length.

The new data is the data that still has to be processed by the DT. The new data consists
of multiple parameters which are: the rotations of the turret, the force acting on the bearing
and the AE data.

The new data first needs to be converted and/or filtered. The data that is collected by the Aoka
Mizu is in a file format that cannot be used directly by the DT. By using an inhouse code for
reading the data, the data can be converted to a MATLAB Data file which can be used by the
DT.

The force acting on the bearing also has to be filtered. As without filtering the resulting
force is way to larger. The strain is measured at eight different sensor locations. The strains will
be detrended, which will be used for calculating the force acting on the bearing.

The AE needs to be filtered first before the AE can be used. The filtering is used to get rid
of background noise, which is not related to the failure/degradation of the bearing. The same
filtering will be used as the one described by B. Scheeren in [43].

3.2 Determining load cycles

The bearing is divided into a number of grid cells. An example of the grid cell configuration for
16 cells is shown in Figure 21. The grid cell is as wide as the difference between the inner and
outer diameter of the bearing. This width is used as a result of the assumption that the load is
constant in the width direction, as a line load is used. The bearing will be divided into 1080 grid
cells. For the load cycles done in the time frame of the data, two important things are needed;
the position of the rollers and the rotations done in the time frame.
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Figure 21: An example of the shape of the grid cells and how they are counted

The position of the rollers is difficult to know, as the starting position of the rollers is not known.
Therefore, two assumptions for the position of the rollers were made. Being that the rollers have
the same distance between them, which can be calculated with equation 44. In addition, the
first roller starts in the first grid cell. Based on these assumptions, the starting position of the
rollers is now known.

Θr =
2π

Z
(44)

As the ship rotates, the main bearing will also rotate meaning that the rollers will move to a new
location. Based on the input data, the new location for every roller can be calculated simply
by adding the difference in angle to the location of the previous location. An example of this
movement is shown in Figure 22.

As the rollers move from one location to another, it passes over certain grid cells. By
counting the number of times the rollers roll over one specific grid cell between the old location
to the new location, the number of load cycles for moving to the new location is determined. In
Figure 22, the old location is shown in black and the new location in red.

Figure 22: The movement of the rollers from their old location to their new location

28



3.3 Force on grid cell

The force on the bearing is measured at eight different sensor location, by measuring the strains.
Each strain is converted into a force and multiplied with 8

Z . The Z is the number of rollers the
bearing has and the 8 is due to the fact that the force is measured at eight different locations
around the circumference of the bearing.

By interpolating the force from one sensor location up to the next sensor location, the force
acting on all grid cells can be determined. This is necessary as each grid cell is loaded in the
timestep taken.

3.4 Stresses

Based on the distributed force over the grid cells, the stresses in the material can be determined.
To be able to calculated the shear and normal stresses in the material, the Hertzian contact
pressure is needed. The Hertzian contact pressure can be calculated with equation 14 and 16.

The normal and shear stresses both depend on the Hertzian contact pressure. The shear
stress in the material can be calculated with equation 20. While the normal stress in the material
can be calculated with equation 14 and 24 in combination with the depth of the maximum shear
stress.

3.5 Fracture

The SIF will be based on both the Paris model, equation 23 and the AE model, equation 34.
The SIF will be averaged over both models. Meaning that both models first calculate their SIF.
These SIFs will then be averaged by using equation 45. When there is no AE data, the SIF will
only be based on the Paris model.

∆Kavg =
∆KP

2
+

∆KAE

2
(45)

As the SIF is now known, equation 27 can be used to calculate the new crack rate. The new
crack size can be calculated with equation 46. Meaning that the crack growth rate is based on
the averaged SIF. With the new crack size, for the Paris model, the SIF for the next data point
can be calculated. Furthermore, the number of load cycles will be updated with equation 47.
If the next point is still in the new data file, the loop will continue. However, when the next
point is outside the new data file, the loop will be stopped and will go to the RUL prediction,
as shown in the roadmap in Figure 23. The RUL prediction is only made when the SIF is still
below the fracture limit and thus the bearing still has a RUL.

ai+1 = ai +∆a (46)

Ni+1 = Ni +∆N (47)
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Figure 23: The roadmap for the methodology of the DT
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4 Linear bearing test

The results obtained for section 5.1 Linear bearing test are based on the data obtained from a
linear bearing test done by Huisman Equipment. The test setup is shown in Figure 24. During
the test, two linear bearings are subjected to fatigue damage. These bearings are positioned
below and above the traveller. The bearing under the traveller had already reached its theoretical
lifetime before the test started.

Figure 24: The test set-up for the linear bearing test done by Huisman Equipment

During the fatigue test, the AE is monitored. The monitoring was done at six different locations,
shown in Figure 25. Each sensor location is depicted in yellow, the grey bar is the traveller and
the red blocks contain the bearings. At each location, three different sensors were placed, which
are the R6α, R15α and WSα. The sensor location of sensors A and B are varied between two
locations during the test. These are on the side and on top of the traveller.

Figure 25: The six different sensor locations

In addition, the grease condition of the bearing and the velocity of the traveller is changed. The
grease condition is varied between three different conditions, which is for bad grease conditions up
to fully flashed clean grease conditions. The second condition is in between those two conditions.
The velocity of the traveller varied between three different velocities.
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In Figure 26, an example for the best grease condition and fastest velocity of the traveller is
shown. Each test is divided into seven different blocks, shown as L1 up to L7. Where each block
depicts the load level which is acting on the bearings. The load level L1 is the lowest load level
and during the test the load is thus increased. The values of the different load levels are shown
in table 4.

Figure 26: The hit-rates for the test 3-1-3

Table 4: The values for the different load levels

Load level Value (kN)

L1 1450
L2 2925
L3 4375
L4 5850
L5 7300
L6 8775
L7 9050
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5 Results and Discussion

5.1 Linear bearing test

In this section, the results based on the linear bearing test done by Huisman Equipment will be
discussed.

5.1.1 Hits vs counts

As mentioned in 2.6.1 Acoustic emission based fracture model both the hits and the counts of
the AE signal are used to determine the SIF based on the AE. Since the hits and counts are
relatively similar to each other.

In Figure 27, the SIF based on the hits and counts are shown respectively. The constants
for the hits were scaled to obtain similar results, as the hits are smaller in magnitude than the
counts. Both the values and trend of both lines differ from each other. The SIF values obtained
with the hits are smaller than the obtained with the counts. This is not a problem, as the
intercept constant B can be changed in magnitude to cover up this difference.

However, the difference in trend cannot be changed by changing the values of the used
parameters. One of these differences in trend can be seen in Location C between 10 and 15
machine cycles. The difference in trend between the hits and counts can be explained with the
derivations of the counts. As shown in equation 36, the counts depend on the factor cave. This
factor is larger for higher frequency. As a result, the higher frequencies will be more dominant in
the counts than that they are for the hits. Therefore, the trend of the hits and counts is different.

(a) The ∆K based on the hit rate (b) The ∆K based on the count rate

Figure 27: The ∆K for both the count and hit rate

The obtained SIF for the hits and counts differ quite a lot, since the maximum SIFs are 90
MPa

√
m and 250 MPa

√
m, respectively. The hits resulted in lower SIFs than expected, since

the lower bearing was already over its 100% theoretical lifetime. Therefore, it was expected that
the obtained SIFs would be close or even higher than the fracture limit, for tough ductile metals
the fracture limit is around 150 MPa

√
m [7]. Especially for the higher loads, it was expected
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that the SIF would be higher than the fracture limit. However, the obtained SIF are lower than
the fracture limit, while the count based SIF does exceed this limit. Therefore, the obtained
values for the hits are excepted to be too low.

The difference between Figures 27a and 27b is most probably due to a systematic error. This
systematic error implies that B was not correctly chosen to represent the hit-based activity. The
lack of representation is due to the used data being based on the counts. Therefore, the counts
will be used in the remaining of this thesis.

5.1.2 Sensitivity study

The Paris model and the AE fracture model both depend on parameters, which are determined
experimentally. Van den Ende, 2021 showed the effect of changes in the Paris model parameters
had on the fatigue load to obtain the same amount of fatigue cycles for the base parameter case
[16]. As, the parameters of the AE fracture model are determined based on experimental data of
other materials than the used material, the sensitivity of the model is important to know.

In Figure 28, the sensitivity of the AE fracture model on the intercept constant B is shown. The
B was varied between 80% and 120% of the value shown in table 3. The SIF slightly changes
when the constant is not equal to the original value. However, the crack growth changes more
significant than the SIF when the parameter is changed. The changes are the most significant
when B is smaller than the original value of B. The crack growth rate is about 17.5% larger,
which is a reasonable change.

Figure 28: Sensitivity study of the intercept constant B

In Figure 29, the sensitivity based on the slope exponent p is shown. The same as for Figure
28, the p was also varied between 80% and 120% of the value shown in table 3. The changes of
the slope do influence both the SIF and the crack growth rate significantly. Like the intercept
constant, the changes are the smallest when the parameter is greater than its original value. As
the crack growth rate, for the case when p is 120% of its original value, is around 100% smaller
than for the original value. While the crack growth rate is about 275 % larger than the original
value when p is 85% of its original value. In addition, the case of 80% is not even plotted as
the change was too large. Meaning that the results of the model heavily depend on the slope
parameter p.
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Figure 29: Sensitivity study of the slope exponent p

5.1.3 Influence signal length

As mentioned in 2.6.1 Acoustic emission based fracture model, the counts are determined based
on a signal length of 200 µs. The length of the signal will influence the number of counts. Since,
a smaller length will result in a lower number of counts and of course the other way around also
holds. So, a longer signal length will result in a higher number of counts.

In Figure 30, the influence of the signal length is shown. For this plot, two different cases
were considered, one being a smaller signal length of 150 µs and the other being a larger signal
length of 250 µs.

(a) The ∆K for loadcase 3-1-3 (b) The change for the different signal length

Figure 30: The influence of the signal length on the resulting ∆K

When the signal length is smaller, the resulting SIF is about 93% of the SIF calculated with the
signal length of 200 µs. Whereas, the SIF is about 106% for the larger signal length. Since, the
changes in the SIF are small for the different signal lengths, the used signal length is considered
to be valid.
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5.1.4 Acoustic emission model compared to the Paris model

As mentioned earlier, the linear bearing test was used to obtain these results. For the Paris
model, some assumptions needed to be made. The main assumption was for the loading up to
the part were the actual test started. For this loading, it is assumed that it was varied between
load level L2 and L7. The resulting average load was close to load level L3.

For the number of cycles done by the lower bearing, another assumption was made. This
assumption was that before the test started the bearing has done 1.7 million cycles. In Figure
31, the SIF based on the Paris model is shown for the lower bearing. After 1.7 million cycles,
the SIF is close to the fracture limit, as the bearing below the traveller had already reached its
theoretical lifetime.

Figure 31: The growth of ∆K over the load cycles done

In Figure 32, a plot is shown were both models are plotted. This plot was made for testcase
3-1-3, meaning that the test was operated with fully flashed grease and that the traveller was
operating at the fastest speed. Furthermore, the sensors at location A and B were placed on top
of the traveller.
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Figure 32: The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-3

For the Paris model, it can be observed that the line can be divided into seven blocks. Each
block has its own slope. The difference in slope for the different block can be explained, as each
block corresponds to another load level. So, the plot was made from L1 up to L7, the same as
how the test was operated. Meaning that the increase in steepness of the slope is due to the
increase in load and therefore an increase in the SIF.

For the AE-based fracture model, the increase in the SIF is less due to increase in load level.
Furthermore, for the lower load levels until load level L4, a difference in SIF between sensor
location C and all the other sensor locations is visible. This observation agrees with the hypothesis
that the measured values of C would be lower than D. This is because, at the start of the entire
test, the lower bearing, sensor location D, was already damaged more than the upper bearing,
location C. The difference between the two different bearings decreases for the remaining load
levels L5 up to L7.

In addition, the difference between the remaining sensor locations is small. Meaning that
the sensors at location A, B, D, E and F have measured similar degradations.

When comparing the Paris model to the AE-based fracture model, several things can be noticed.
To begin with, the slope of both models is different, which can be explained with the use of the
equations 27 and 33 and the used parameters. The increase between the crack growth rate and
the count rate both depend on the SIF. However, for both models the SIF is calculated differently,
but the main difference is due to the different slope parameters used. As this parameter will have
the most impact on the slope of both lines. The assumption for the slope parameter resulted in
the different slope. However, when the slope is equal, p = n, the SIF based on AE will be much
larger. Meaning that the used parameters need to be constructed carefully.

Furthermore, the obtained SIFs differ in magnitude from each other. For load level L1, the
Paris model is lower than obtained values for the lower bearing by the AE model. As the value
of the Paris model is close to the value of the upper bearing at sensor location C.

In addition, the values for the lower bearing match well for the load level L2. However, the
SIFs obtained by the Paris model are higher than the ones obtained with the AE model for the
load levels L3 and higher, because of the steeper slope of the Paris model.
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In Figure 33, the comparison between the testcase 3-1-2 and the Paris model is shown. The
main difference for the testcase is the operating velocity of the traveller, as it operates at a lower
speed for this testcase. The main difference between the two tests is that for the testcase 3-1-2
the SIF values are little bit higher. Moreover, for the testcase 3-1-2, the trend of SIF is closer to
the of the Paris model for the load levels L4 up to L7.

Figure 33: The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-2

In Figure 34, the comparison between the testcase 3-1-1 and the Paris model is shown. For this
testcase, the traveller is operating at the lowest operating speed. The results of the testcase 3-1-1
are close to those of testcase 3-1-2. This means that the operating speed does not have much
of an influence on the outcome of the AE model. This is a good observation, as the offshore
bearings will obviously not operate at one constant speed.

Figure 34: The ∆K for both the Paris model as the acoustic emission model for testcase 3-1-1
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5.1.5 Remaining useful life

As stated in 2.7 Remaining useful life, the RUL of the bearing is calculated in this thesis in three
different ways. The RUL of these methods are calculated for the lower bearing of the linear
bearing test. The results of these RUL’s are shown in Figure 35.

Figure 35: The comparison of different options for the RUL prediction

The RUL based on the crack length will not be a feasible option to use. As the RUL does not or
almost not decline for the first 1.6 million cycles of the bearing. While, in the last 100,000 cycles,
the entire RUL is used up. Meaning that it will not be useful to be able to prevent failure of the
bearing in time and to reduce the down time of the operation.

For the RUL based on the number of cycles two options were used, one being linear (blue) and
the other being quadratic (yellow). Both RUL’s decline when the number of cycles increases.
The quadratic form declines less fast when the bearing is still in good state and declines faster
when the state of the bearing decreases compared to the linear form.

The linear form will be used for the DT, as the linear decline makes it easier to make
prediction for the bearing repair and or replacement. In addition, most papers use a linear form
to describe the RUL, such as Meng et al. [34].

5.2 Aoka Mizu

The results shown in this section are based on Bluewater Energy Services’s vessel the Aoka
Mizu. For the AE assumptions needed to be made, as the vessel does not have those sensors
for measuring the AE. The AE data from the linear bearing test done by Huisman Equipment,
described in [43], will be used for the data, as the bearing is comparable to the bearing of the
Aoka Mizu. The main bearing of the Aoka Mizu consists of 8 segments, the segments ends are
highlighted in the plots as a black line.
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5.2.1 Timesteps in data

The influence of the timesteps between the different data points is investigated. As, the force is
measured at a frequency of 10 Hz and the rotation of the ship is measured with a frequency
of 50 Hz. Both the force and the rotations are measured continuously. The influence of the
timestep is investigated based on the rotation of the turret, as the force on the bearing does not
change rapidly over time, but rather slow. As a result, the limiting factor for the timestep will
be the turret rotation, since the turret rotation changes in a smaller timeframe.

In Figure 36, the rotation of the turret is shown. The rotation data is based on four dif-
ferent timesteps, which are 0.2 seconds, 1 minute, 3 minutes and 30 minutes. Smaller timesteps
than 0.2 seconds, are not investigated for the influence of the timesteps, as the change of the
rotation will be in the range of the accuracy of the system for determining the rotation of the
turret.

First, the timestep of the 30 minutes (purple line). This timestep does not capture the
behaviour of the rotation of the vessel well. As, only two data points exists for the data file,
resulting in a linear line. This linear trend does not follow the wavy pattern the turret is rotating
in. So, the 30-minute timestep will not be used.

Second, the timestep of the 3 minutes (yellow line). This timestep does capture the
behaviour of the rotation of the turret better than the 30-minute timestep. For this timestep,
the trend starts to follow the wavy pattern of the rotating turret. However, the peaks of the
3-minute timesteps are lower than for the 0.2-seconds and 1-minute timesteps.

Third, the 1-minute timestep (orange line). Compared to the larger timesteps, the rotating
behaviour of the turret is captured better, as the trend is close to the of the 0.2-seconds. The
difference between the 1-minute and 0.2-seconds is small, as the peak values are more or less the
same. Only the small peaks are not captured by the 1-minute timestep.

Lastly, the 0.2-second timestep (blue line). The rotating behaviour of the turret will not
be captured better with timesteps smaller than the used 0.2-seconds. The main reason for this is
the accuracy of determining the turret rotation. For the 0.2-seconds, there are already flat parts
in the graph. Meaning that the rotation of the turret is smaller than the accuracy of the system.
So, smaller timesteps will only increase the flat part in the graph.

Figure 36: The rotations of the turret in half an hour
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In Figure 37, a schematic overview of the bearing is given. In this overview, the difference
between taking a 1-minute and 3-minute timestep for the number of load cycles for one month is
shown. These load cycles are only determined based on the rotation data for one month. It can
be seen that the bearing has been exposed to more than 30% more load cycles for the 1-minute
timestep compared to the 3-minute timestep. This is a result of not capturing the peak values
correctly, as shown in Figure 36.

In addition, the peak capturing is affected by the type of wave. As, there are short and
longer waves. The short waves, being wind-generated waves, which can be wind sea, surface
gravity waves and swell, have typically a period approximately of 30 or less seconds. While the
longer waves have varying periods between 30 seconds up to several minutes. An example of
these longer waves are infra-gravity waves. [20]

So, the timestep of 3 minutes is too long to capture the changes in the short-wave properties
correctly. Resulting in the fact that the number of load cycles is estimated too low. Furthermore,
the properties of the short waves can change within the 1-minute timestep. However, as can
be seen in Figure 36, these changes do not result in drastically different rotations compared to
the smaller timestep. So, for the remaining of the thesis a timestep of 1 minute will be used,
as it captures the rotating behaviour well and will reduce the computational burden drastically
compared to smaller timesteps. When comparing it to the 0.2-second timestep, the computational
burden is reduced with a factor of 300.

The assumption to use the 1-minute timestep will affect the RUL prediction of the bearing.
As the number of fatigue cycles counted will differ from the actual number of fatigue cycles
performed. This difference is expected since the smaller timestep (dt of 0.2 seconds) oscillates
around the used time step. This means that the real number of fatigue cycles will be larger
compared to the number of fatigue cycles based on the 1-minute timestep. However, it is expected
that the difference between the fatigue cycles will be small. Therefore, the assumption is assumed
to be valid and will be used to reduce the computational burden.

Figure 37: The difference in load cycles done for a timestep of 1 and 3 minutes in one month
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5.2.2 Remaining useful life

In this section, the RUL of the bearing is calculated. The RUL is calculated in two different
ways. For the first way, only the force and rotation data of the Aoka Mizu are used. Which
means that the RUL is based solely on Paris model. For the second way, the DT’s proposed
methodology is used. This involves using the AE data in addition to the force and rotation data.

Remaining useful life based on the Paris model

In Figure 38, the RUL prediction of the main bearing of the turret of the Aoka Mizu is shown.
There are some interesting things to see in this figure. As it can be seen that there is a slightly
dominant loading direction of the bearing. Meaning that at the field the combination of the
wind, waves and current have a dominant direction. In Appendix B - RUL of bearing based on
the Paris model, the same prediction was made, but with other limits for the plot. In Figure 54,
the dominant loading direction is better visible.

Furthermore, the difference in the RUL is small, as the worst part is only about 2% worse
than the best part of the bearing. Meaning that even though there is a dominant loading
direction, the loads over the whole bearing are more or less similar.

Figure 38: The RUL of the bearing of the Aoka Mizu in half 2024

In Figure 39, the development of the RUL prediction is shown. The prediction is divided into 6
parts, as the lines otherwise will overlap each other. The RUL prediction changes in slope. This
change is biggest by going from 2019 to 2020. For the other years, the slope are minor.
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(a) The development of the RUL
(b) Zoomed in version of the development of the
RUL

Figure 39: The RUL development of the RUL without AE

In addition, the loading for 2019 has to be the lowest, as the slope is the least steep of the six
parts. As more and more force data is gathered, the changes in slope will become smaller and
smaller. This is due to the fact that the RUL prediction is made based on the average of the
load history of the bearing. In table 5, the predicted total number of load cycles to failure is
shown, the same trend as in Figure 39 can be seen. Meaning that the predicted total is getting
closer and closer to an equilibrium value.

So, the changes in loading will have the most impact on the first non-critical part of the
bearing’ s lifetime prediction when the AE is not taken into account. However, as the bearing
gets older, the average of the force will be less sensitive to small changes in the loading. Meaning
that the RUL prediction without AE will reach an equilibrium for the prediction.

Table 5: The predicted total number of load cycles to failure

Year Total number of load cycles to failure (Nf )

2019 6.755 · 108
2020 2.621 · 108
2021 2.406 · 108
2022 2.180 · 108
2023 2.086 · 108
2024 2.036 · 108

Remaining useful life based on the proposed methodology

A run-to-failure experiment was done for a representative test set-up of a segment of a large-scale
slew or turret bearing. This test set-up consisted of a double linear bearing, where the top
chamber and bottom chamber are identical to each other, as the bottom chamber is a vertically
mirrored copy of the top chamber. The AE was measured at four different positions in each
chamber during the linear bearing test. The sensors were positioned on the nose raceway (L),
support raceway (U), nose substructure (B) and the support substructure (A). The graphical
representation of these sensor positions is shown in Figure 40. [44]
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Figure 40: The sensor locations for the linear bearing [44]

For the bearing of the Aoka Mizu, four different AE sets are used. These sets are each based on
one of the sensor locations. The data set are setup by placing the top chamber sensor on the top
of the bearing and the bottom chamber sensor at the bottom of the bearing, as shown in Figure
41.

As the bearing is divided into multiple grid cells, it is necessary to interpolate the AE over
the whole bearing. Meaning that for the right-hand side, the AE is interpolated from the bottom
sensor to the top sensor. For the left-hand side, the AE is interpolated from the top sensor to
the bottom sensor.

Figure 41: The placement of the sensors

The length of the AE measurement does not match with the length of the rotation and the force
data. This problem was solved by interpolating the AE data. By using interpolation, the data
sets were matched to have the same length. The AE data was interpolated from 0 cycles up to
24,250 cycles. The point of 24,250 cycles was chosen as this point is close to the number of cycles
the bearing of the Aoka Mizu has done. The counts used for the RUL prediction are shown in
Figure 42. The last AE data point is marked with a dotted line.

In addition, the AE data set needed to be scaled. As without scaling, the sum of the count
rates was about 48,000 times larger than the of the original data. So, a scaling factor was added
to the AE data set to ensure that the sum of the count rates was equal to each other. The scaling
factor was calculated by dividing the original sum of counts by the sum of the interpolated AE
data counts. This factor was then multiplied with the interpolated count.
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(a) The top chamber AE results (b) The bottom chamber AE results

Figure 42: The AE data set of the entire linear bearing experiment

In Figure 43, the correlation between the Aoka Mizu data and the AE data is shown. The Aoka
Mizu consists of operational and non-operational data. As the Aoka Mizu was modified and refit
in Dubai during 2017 and 2018, in preparation for the operation at its new location [5]. The
Aoka Mizu arrived at the field on 17th of March and was hooked up on the 19th of March [50].

Figure 43: Graphical representation on how the AE data is related to the Aoku Mizu data

In Figure 44, the RUL prediction of the bearing, when AE is considered, is shown. This RUL
was calculated based on the proposed methodology depicted in Figure 23. Meaning that both
the AE model and the Paris model were used to obtain these results.

The calculated RUL is lower than the RUL solely based on the Paris model, shown in
Figure 38. Based on this observation, it can be concluded that the AE influences the prediction.
The RULs differ up to 10% , which can be considered as significant. Due to the AE model, the
average SIF will be higher compared to only the Paris model. As the resulting SIFs from the AE
model are for low counts relatively high, since the slope is not as steep as the of the Paris model.
Therefore, the crack will grow faster in this stage. As a result, the SIF based on the Paris model
will also start to increase more rapidly as this SIF depends on the crack length.

Furthermore, the used counts can also affect the results, since these counts were not
measured at the Aoka Mizu itself. As the used counts were based on a run-to-failure experiment.
Meaning that there is a possibility that the used counts were too high.
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(a) The RUL based on sensor A (b) The RUL based on sensor B

(c) The RUL based on sensor L (d) The RUL based on sensor U

Figure 44: The RUL predictions based on the 4 sensor locations after half 2024

When comparing the different sensor locations to each other some interesting things can be
noticed. The first thing to notice is that the sensor location at the nose substructure resulted in
the worst RUL prediction. This was not expected since three out of the six channels were not
working for these sensors at that location. As a result, no low frequency content was captured.
So, therefore, it was expected to result in the ’best’ RUL values.

The second observation is that the sensor location A was the closest to the Paris model
results. As the RULs differ with a maximum of around 3% to each other. While the RULs for
the other locations differ with around 5% up to 10%.

Furthermore, the results of sensor locations of the raceways (L and U) are relatively close
to each other. While the locations at the substructure (A and B) do differ quite a lot from each
other. Meaning that the sensor location will influence the prediction.

In Figure 45, the RUL development of the Paris model and the four sensor locations are
at the most right side of the bearing is shown. The slope of the RUL based on the Paris model
remains fairly constant. While the slope of the RUL prediction, where AE data is considered,
does change over time. This means that the DT can correct the Paris model if the crack does
not follow exactly the trend described by the Paris model.
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(a) The RUL development (b) Zoomed in version

Figure 45: The RUL development at the most right side of the bearing

Remaining useful life based on the AE model

The influence of the AE on the RUL prediction is investigated. This was done by calculating the
SIF with only the AE. Therefore, the crack growth is only based on the AE model.

In Figure 46, the RUL prediction solely based on the AE is shown. The first thing to no-
tice is that the RUL prediction based on the four different sensor locations are worse compared
to the RUL based on the Paris model and the designed methodology. The RUL solely based
on AE is at every location lower than the designed methodology. Meaning that the AE-based
fracture model overestimates the crack growth rate compared to the Paris model. By using the
designed methodology, the overestimation of the crack growth rate is less due to the averaging
used between the SIFs.

Furthermore, the differences between the different sensors have become larger compared to
the RUL results based on the designed methodology. The difference has become larger, as the
overestimation of the crack growth rate is no longer reduced by the Paris law.
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(a) The RUL based on sensor A (b) The RUL based on sensor B

(c) The RUL based on sensor L (d) The RUL based on sensor U

Figure 46: The RUL predictions based on AE of the 4 sensor locations after half 2024

In Figure 47, the development of the RUL predictions based on the Paris model, the designed
methodology and the AE are shown. In Figure 47 only the sensor location U is shown, as the
visibility would be poor when all the sensors where used in one plot. As the trends of the different
sensors are similar to each other, it was opted to place the remaining results in Appendix C –
Remaining useful life based on only AE. It can be seen that the difference between the Paris
model, the designed methodology and the AE increase with the number of load cycles. The
difference between the different models can be explained based on the crack growth rate, as the
final RUL prediction is the same for the different models.

In the beginning of the life the bearing the crack is small and the measured count rate
based on the AE is also small, as the bearing is still in good condition. Therefore, the difference
between the different models is small. However, as the crack growth rate is larger for the AE
model, the difference between the different models will become larger over time.

48



Figure 47: The RUL development based on only AE of sensor location U

5.2.3 Influence counts on Remaining useful life prediction

Since the sensors measure in noisy environments, the filtering of the AE signals is important. If
this filtering is not done properly, other mechanisms, such as background noise, are considered
for the crack growth rate. In this subsection, the influence of high counts is investigated. By
using the entire AE data set of the linear bearing test, Figure 42, higher counts are taken into
account, as the later stage of fatigue is now also considered.

In Figure 48, the resulting RUL prediction of the four sensors position for taking into ac-
count higher counts is shown. For this scenario, the RUL predictions are worse compared to
the RUL predictions shown in Figure 44. The predictions are worse as the crack growth rate is
higher due to the higher counts. Due to the higher crack growth rate, the resulting cracks will
be larger which negatively impacts the RUL prediction.

Therefore, the AE data should be checked before it is used in the DT to minimize the
effect of including faulty signals, such as friction and background noise, for the crack growth
rate. Minimizing this effect reduces the probability of overestimating the RUL of the bearing.
As a result, when the bearing is still in operational condition, it will not be replaced prematurely.
The RUL prediction, for the higher counts, is about 10% lower than the prediction without the
increased counts. The overestimation means that, according to the DT, the bearing should be
replaced a few years earlier than necessary.

49



(a) The RUL based on sensor A (b) The RUL based on sensor B

(c) The RUL based on sensor L (d) The RUL based on sensor U

Figure 48: The RUL predictions based on higher counts for the sensor positions after half 2024

5.2.4 Sensitivity study

In section 5.1.2 Sensitivity study, the sensitivity of the AE-based fracture model was tested. In
this section, the sensitivity of the RUL predictions to the crack size is investigated, as not every
crack has the same initial crack size. For steel, the initial cracks size varies between 0.1 and 0.5
mm [39]. Therefore, the RUL prediction was conducted for an initial crack size of 0.1, 0.2, 0.3,
0.4 and 0.5 mm.

In Figure 49, the RUL predictions for the initial crack size of 0.2 to 0.5 mm is shown. Only
sensor location U is shown in this section because the trend in the change in the RUL is the
same for all four sensor locations. The figures for the other locations are shown in Appendix D –
Sensitivity study initial crack size. In Figure 49, it can be seen that the RUL prediction becomes
worse when the initial crack size increases. The RUL becomes worse as the model depends on the
crack size. The SIF based on the Paris model will increase, as the SIF depends on the current
crack size, equation 23. As a result, the crack growth rate will increase.

In addition, the AE-based fracture model indirectly depends on the initial crack size, since
the used fracture models are averaged. ∆K becomes larger when the initial crack size is increased.
Since, the SIF based on AE does not change and the SIF based on the Paris model does become
larger. As a result, the crack growth rate will increase due to the increased SIF. Therefore, the
cracks will become larger at the end of the simulation for the increased initial crack size and the
consumption of the RUL will be higher.
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(a) The RUL based on an initial crack size of 0.2
mm

(b) The RUL based on an initial crack size of 0.3
mm

(c) The RUL based on an initial crack size of 0.4
mm

(d) The RUL based on an initial crack size of 0.5
mm

Figure 49: The RUL predictions based on different initial crack sizes for sensor location U after
half 2024

In Figure 50, the development of the RUL predictions for the different initial crack sizes is shown.
The obtained RUL predictions based on the different initial crack size is small, as the difference
between the highest and the lowest RUL is only about 1%. A possible reason for this observation
is that the crack growth is dominated by the AE-fracture model, where the dependence on the
initial crack size is small compared to the Paris model. Van den Ende, 2021 showed that the
initial crack size does influence the predictions based on the Paris model[16].
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Figure 50: The development of the RUL for the different initial crack sizes for sensor location U

In Figure 51, the sensitivity of the RUL prediction to the initial crack size is shown. The box plot
was made for the entire bearing, as the RUL is not constant over the entire bearing. The DT is
not sensitive to changes in the initial crack size, as the changes in the RUL predictions are small.

Figure 51: The sensitivity of the RUL prediction to the initial crack size for sensor location U

5.2.5 Influence AE interval

In this section the influence of the AE interval on the RUL prediction is discussed. Condition
monitoring can be done in different ways, as the monitoring can be continuous and discontinuous.
For the discontinuous monitoring, the interval will play an important role in the prediction. As
the interval will affect the RUL prediction, four different intervals are used to investigate the
effect on the prediction. These intervals will be 2, 4, 8 and 16 weeks, where the condition is only
measured once per year, starting from January 1st.

In Figure 52, the RUL prediction based on the different measuring AE intervals is shown.
As the trend of the RUL prediction is the same for all the sensor locations, only sensor location
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U is discussed here. The other locations are shown in Appendix E - Influence AE interval. In
Figure 52, it can be seen that the RUL prediction becomes worse when the AE interval increases.
As stated earlier, the DT prediction for the RUL is dominated by the prediction made by the
AE model. Meaning that the prediction made will start to deviate more from the prediction
made by Paris model, when the AE interval is increased.

(a) The RUL based on an interval of 2 weeks (b) The RUL based on an interval of 4 weeks

(c) The RUL based on an interval of 8 weeks (d) The RUL based on an interval of 16 weeks

Figure 52: The RUL predictions based on different AE intervals for sensor location U after half
2024

In Figure 53, the RUL development is shown based on the different measuring AE intervals. For
this figure, the prediction made with continuous monitoring is added, as all previous obtained
results were based on continuous AE data. It can be seen that RUL prediction based on the 2
week interval is about 6% higher than the one based on the continuous AE data. This difference is
a noticeable difference. Therefore, it is advised to use continuous monitoring, as the degradation
of the bearing will be captured more accurately than when the AE data is measured in intervals.
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Figure 53: The RUL development for the different AE intervals for sensor location U
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6 Conclusion and Recommendations

In this chapter, the conclusion of this thesis will be given. In addition, the recommendations for
future work are given. Where the main research question is given below and will be answered.
How can a digital twin be developed to predict the remaining useful life of a highly-loaded
low-speed roller bearing?

DTs are used in many different sectors. As a result, there are many different types of DTs. In
this thesis, three main different types of DTs have been considered. Those are the data-driven,
physics-based and the hybrid type of DT. Each of these type of DT has its own advantages and
disadvantages. The physics-based DT is the preferred option as its interpretability is higher
compared to the other DT types. This interpretability out weights the advantage of the other
DT types, which is finding good non-linear relations between the data and RUL.

The DT uses two different types of models for calculating the RUL. One model is based
on a theoretical model and the other one uses the AE data. Based on the previous study done
by B. van den Ende, it was opted to use the Paris model for the theoretical model. The SIF
for the Paris model will be calculated for the subsurface originated cracks, as the SIF is larger
compared to the surface originated cracks. The AE model is similar to the Paris model, as a
similar relation between the rate of the AE parameter and the SIF exist as for the crack rate
and the SIF based on the Paris model.

The parameter used for the AE model will be the counts. As the AE input data is given
in hits, and counts are similar to hits. Hits will not be used since the obtained constants for the
AE model were derived from count data and the AE model is highly sensitive. In addition, the
obtained SIF based on the hits were lower than the SIF based on the counts, which were closer
to the fracture limit for all the load levels, shown in Figure 27.

Both models were compared to each other, as shown in Figures 32 up to 34, to see if both models
resulted in similar results. Based on those graphs, the SIF for the Paris model will be a little
bit higher than the of AE model. In addition, for lower operating speed the difference in SIFs
becomes less. So, both models yield similar results and can therefore be combined for calculating
the crack growth.

The RUL prediction is based on the (final) crack size and the (total) number of load cycles. For
this prediction, three different forms were considered, shown in Figure 35. The conclusion can be
made that the linear form will be the most useful form, as the consumption of the lifetime is
linear in the largest part of its lifetime, due to the stage II degradation takes the longest time,
which makes it easier to schedule the replacement/repair of the bearing in time.

The development of the RUL prediction for the linear bearing, Figure 35, was only based
on two different load levels. In Figure 39, the RUL prediction solely based on the Paris model,
the effect of the load and the loading history is shown. It can be concluded that the predictions
in the early stage have the possibility of over predicting the lifetime, due to the smaller loading
history. However, this over prediction will not have significant impact, as the bearing will still be
in good condition.

The computational burden of the DT can be reduced by increasing the timestep taken be-
tween the two measurement points. By changing the timestep, the accuracy is also changed.
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Based on the rotation data shown in Figures 36 and 37, it was opted to go for a timestep of
one minute. The computational time is significantly reduced with a factor of 300 compared
to the 0.2-second timestep without losing the rotation behaviour due to changes in the short waves.

When DT uses both the AE model and Paris model, the resulting RUL prediction is lower than
the prediction based solely on Paris model. The AE model overestimate the crack growth rate in
the first part of the bearing life. While in the later phase, the AE model will underestimate the
crack growth rate. Therefore, combining the AE model with the Paris model has a good potential.

The condition input for the DT can be measured continuous and discontinuous. By mea-
suring the AE discontinuous the RUL prediction varied from the continuous based prediction.
The discontinuous prediction results in higher values for the RUL. The AE interval of the
discontinuous measured also influenced the prediction, as the RUL decreased for larger AE
intervals. Meaning that the measurement of the condition will influence the RUL prediction.
Therefor, it is advised to use continuous condition monitoring for the DT for the best predictions.

So, to conclude, it is possible to develop a DT which combines a theoretical fatigue model
with experimental data to make RUL predictions for a highly loaded low-speed roller bearing.
However, the DT is not yet a fixed and usable figure, as the DT is based on experiments and is
not yet validated.

6.1 Recommendations

For future work, the used constants will need to be derived more accurate, based on a compact
tension test, where the SIF, crack size and the resulting AE is monitored. As the used constants
for this research were based on experimental data of two different types of steel due to the lack
of experimental data available online. In addition, the constants depend on the used filtering for
the AE. Combining this with the sensitivity of model, shown in Figures 28 and 29, the results
can be affected by the used constants.

In addition, for the derivation of the constants, it will be advised to derive them for multiple
different bearing steels to make more accurate predictions for different types of bearings.

Furthermore, the Paris constants need to be checked as well. Since, the used constants
were for steel and there are multiple different types of steel. As a result, the different types will
have different material properties. So, based on the compact tension test, the constants can be
ensured to capture the degradation trend right.

Multiple test samples should be used for the compact tension test, as there will be some
variability and scatter in the data.

There are multiple different models which are used to predict the fatigue life of a material.
In this thesis, the Paris model and an AE model were used to predict the failure of a bearing. It
will be advised to compare higher order fidelity models to the used approach in this thesis to see
the difference in the prediction.

In the original plan, another case study was conducted. This case study was based on du-
ration test done for a bearing which had consumed 40% of its theoretical lifetime before the
duration test started. For this test, all input data for the DT is known except for the data before
the test. However, it can be a useful case study to investigate further the accuracy of the RUL
predictions as the failure time of the bearing is known.

Furthermore, in this thesis, only the test case of good lubrication was used, as the bearing
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operates in good lubrication state most of the time. However, as the bearing degrades, the
lubrication will become more contaminated with (hard) particles due to the degradation of the
bearing. In addition, the lubrication can also be contaminated with fluids due to the failure of a
sealing. The contamination of the lubrication will influence the degradation process of the bearing.
So, for future work, it will be useful to expand the DT with the lubrication data. Meaning
that a lubrication model needs to be established and combined with the theoretical and AE model.

At last, another case study where the proposed methodology of the DT can be tested is
based on the linear bearing experiment done by B. Scheeren and Huisman described in [43] and
[44]. As for this experiment, the bearing start in a pristine state and is run up to failure. In
addition, all the needed information for the DT is available. Therefore, the used assumption of
the DT can be tested.
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A Appendix A - Derivation total number of
load cycles to failure equation

By rewriting the Paris model, equation 48 to the form shown in equation 49, an equation for the
number of load cycles can be established. By taking the integral on both sides from the pristine
state up to the failure state. This results in equation 50.

da

dN
= C (∆K)n (48)

dN =
da

C (∆K)n
(49)

Nf =

∫ af

a0

da

C (∆K)n
(50)

The integration can be divided into two parts, as shown in equation 51. The part that is
integrating the part from the pristine state to the crack length for the last data point is simply
equal to the number of load cycles N . So equation 51 simplifies to equation 52.

Nf =

∫ af

a

da

C (∆K)n
+

∫ a

a0

da

C (∆K)n
(51)

Nf =

∫ af

a

da

C (∆K)n
+N (52)

For the integration, first the equation for the stress intensity factor, equation 53 has to be
substituted in. By doing the substitution equation 54 is obtained. In this equation, all the terms
are sorted to see the dependence on the crack length. The equation for the total number of
load cycles to failure is obtained by integrating equation 54, the obtained equation is shown in
equation 55

∆K = Y τse
√
πa (53)

Nf =

∫ af

a

da

C (τse
√
πa)

n +N =

∫ af

a

1

C (τse
√
π)

n · a−
n
2 da+N (54)

Nf =

[
1

C (τse
√
π)

n ·
(

−2

n− 2

)
a−

n
2
+1

]af
a

+N (55)
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B Appendix B - RUL of bearing based on
the Paris model

In Figure 54, the RUL prediction of the bearing is shown. This prediction was solely based on
the Paris model. The difference with Figure 38 is the used limits for the colorbar. Figure 54 is
has a higher limit value, to see the differences in the degradation.

Figure 54: The RUL of the bearing of the Aoka Mizu in half 2024
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C Appendix C - Remaining useful life
based on only AE

In this appendix, the RUL development based on sensor locations A,B and L is shown.

Figure 55: The RUL development based on only AE of sensor location A

Figure 56: The RUL development based on only AE of sensor location B
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Figure 57: The RUL development based on only AE of sensor location L
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D Appendix D - Sensitivity study

In this Appendix, the remaining figures of chapter 5.2.4 Sensitivity study are shown. In Figures
58 to 60, the RUL predictions for the different initial crack sizes are shown for the sensor locations
A,B and L, respectively.

(a) The RUL based on an initial crack size of 0.2
mm

(b) The RUL based on an initial crack size of 0.3
mm

(c) The RUL based on an initial crack size of 0.4
mm

(d) The RUL based on an initial crack size of 0.5
mm

Figure 58: The RUL predictions based on different initial crack sizes for sensor location A after
half 2024
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(a) The RUL based on an initial crack size of 0.2
mm

(b) The RUL based on an initial crack size of 0.3
mm

(c) The RUL based on an initial crack size of 0.4
mm

(d) The RUL based on an initial crack size of 0.5
mm

Figure 59: The RUL predictions based on different initial crack sizes for sensor location B after
half 2024
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(a) The RUL based on an initial crack size of 0.2
mm

(b) The RUL based on an initial crack size of 0.3
mm

(c) The RUL based on an initial crack size of 0.4
mm

(d) The RUL based on an initial crack size of 0.5
mm

Figure 60: The RUL predictions based on different initial crack sizes for sensor location L after
half 2024

In Figures 61 to 63, the RUL development is shown for the different initial crack sizes for the
sensor locations A, B and L, respectively.
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Figure 61: The development of the RUL for the different initial crack sizes for sensor location A

Figure 62: The development of the RUL for the different initial crack sizes for sensor location B
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Figure 63: The development of the RUL for the different initial crack sizes for sensor location L

In Figures 64 to 66, the sensitivity of the RUL prediction to the initial crack size for sensor
locations A, B and L are shown, respectively.

Figure 64: The sensitivity of the RUL prediction to the initial crack size for sensor location A
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Figure 65: The sensitivity of the RUL prediction to the initial crack size for sensor location B

Figure 66: The sensitivity of the RUL prediction to the initial crack size for sensor location L
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E Appendix E - Influence AE interval

In this appendix, the remaining figures for the different sensor locations are shown for the chapter
5.2.5 Influence AE interval. In Figures 67 to 69, the RUL prediction is shown for the different
AE intervals for the sensor locations A,B and L, respectively.

(a) The RUL based on an interval of 2 weeks (b) The RUL based on an interval of 4 weeks

(c) The RUL based on an interval of 8 weeks (d) The RUL based on an interval of 16 weeks

Figure 67: The RUL predictions based on different AE intervals for sensor location A after half
2024
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(a) The RUL based on an interval of 2 weeks (b) The RUL based on an interval of 4 weeks

(c) The RUL based on an interval of 8 weeks (d) The RUL based on an interval of 16 weeks

Figure 68: The RUL predictions based on different AE intervals for sensor location B after half
2024
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(a) The RUL based on an interval of 2 weeks (b) The RUL based on an interval of 4 weeks

(c) The RUL based on an interval of 8 weeks (d) The RUL based on an interval of 16 weeks

Figure 69: The RUL predictions based on different AE intervals for sensor location L after half
2024

In Figures 70 to 72, the RUL development for the different AE intervals are shown for the sensor
locations A,B and L, respectively.

Figure 70: The RUL development for the different AE intervals for sensor location A
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Figure 71: The RUL development for the different AE intervals for sensor location B

Figure 72: The RUL development for the different AE intervals for sensor location L
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