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ABSTRACT

Offshore jacket platforms are commonly adopted structures for oil and gas production
in shallow water depths. A large number of existing jacket platforms are operating
beyond their design life due to the high cost of replacement. The safety of these
structures is a major concern of the operators. Jacket structures are constructed as truss
frameworks in which tubular members are welded together to create a steel frame.
Fatigue damage in jacket structures is most probable to occur at the welded tubular
jointsdue to the geometric discontinuity of the connections which producestness
concentrations in these intersections. Fatigue is a complicated phenomenon. As a result
of the idealisations and approximations employed in the analysis process, fatigue

analsis will be associated with some degree of uncertainty.

The overall aim of this research work is to develop an innovative approach to improve
the fatigue reliability assessment of jacket structures using Bayesian methods to

incorporate new information adohed fromtheinspection results.

Due to the existence of many uncertainties in the fatigue process and other
uncertainties in loads and the resistance of the structure, a probabilistic approach for
fatigue analysis of jacket structures is a rational@nmistent basis for the inclusion

of uncertainties. To develop a probabilistic approach for the reliabdisgd
assessment, it is necessary to determine the probability of failure of each joint during
the operational lifeof the structure However, jackt platforms are redundant
structures. Therefore, reliability analysis at a system level is more applicable than at
the component level. In this research, the structural reliability analysis at the system
level for a jacket platform is performed under btdtigue and extreme loading. At
first, the probability of fatigue failure for each component is calculated by using the
Monte-Carlo simulation. Then, important failure paths are identified by using a
searching process. The system failure criterion isuet@dl by comparing the platform
strength and loading distributions in terms of base shear. Having calculated the
structure strength and loading distributions, the annual probability of failure under an

extreme wave is calculated and compared to the tdéepabbability of failure.

To maintain the safety of jacket platforms in service life concerning fatagluse,

inspection is an important measure. However, the significant costs of inspections,



particularly underwater inspections, make it importapraperly prioritise inspection
locations and inspection frequency. The cost of an inspection is directly proportional
to the number of inspections carried out. Therefore, it is required to concentrate only
on fatiguesensitive locations in the structurest the component level, fatigue
sensitive locations are the locations that have low estimated fatigue lives. However, at
the system level, critical components are those joints that have a big effect on system
reliability. Due to the significant costs ofsipections, the identified failure paths can

be used as a database for the inspection plan.

Inspection activities provide additional information, which includes detection and
measurement of crack size. After an inspection of a structure, the perception of
structure condition is improved. In gene@Bayesian framework is used to update
the probability distributions of the uncertainties such as crack size in a joint. The
updated crack size distribution can be used to update the estimation of the pyobabilit
of failure. Different methods of Bayesian inference to update the probability

distribution of the crack size are presented in this research.

The credibility of the Bayesian updating process is one of the main concerns for the
pl at f or mARayesawpraeassis a mathematical tool that processes the inputs
and generates the outputs based on the provided inputs. Hence, if the inputs are
inaccurate, the updating results are worthless and can even lead to wrong decisions for
the next inspection actiyit Therefore, a novel approach is developed to assess the
reliability of the Bayesian met hods and
updating results. This approach is capable to update the probability distributions of all
uncertain parameters inved in the fatigue analysis besides the crack size. Three
different categories of uncertainties are updated including, Fatigue crack size; POD
curve; and uncertainties involved in the predictextie| of thefatigue crack size (e.g.

initial crack size, crek growth parameter, stress range, etdhe presented
methodology maximises the benefit of the inspection results by updating several
uncertain parameters involved in the fracture mechanics approach. Moreover,

guidance is provided to help the user tolgpipe proposed methodology in practice.



11
1.2
13
1.4
15
1.6

2.1

2.2

2.2.1
222
2.2.3
224
225
2.2.6
2.2.7
228
229
2.3

2.3.1
2.3.2
233
234
2.4

2441
2.4.2
243

244

CONTENTS

INTRODUCTION
Background and Motivations
Problem Description

Aim and Obijectives
Approach

Thesis Structure

Publications in Connection with the Research Thesis

CONCEPT OF RELIABILITY ANALYSIS
Introduction

Probability Theory

Basics

Theorem of Total Probability

Definition of Probability

Bayesdéd Theorem
Random Variables

Probability Distributions

Moments of Random Variables

Common Continuous Probability Distributions
Multiple Random Variables
Fundamentals of Structural Reliability
Different Approaches to Structural Safety
Structural Reliability Analysis

Levels of Reliability Methods

Techniques of Reliability Calculation
Reliability Methods

First Order Second Moment (FOSM) Method
First Order Reliability Method (FORM)
SecondOrder Reliability Method (SORM)

Monte-Carlo Simulations

A W N P

10
13
15
15
16
16
17
18
19
20
21
22
23
27
31
31
33
40
41
41
43
46
53
54

Vi



2.5
2.6

3.1
3.2
3.2.1
3.2.2
3.3
3.3.1
3.3.2
333
3.3.4
3.4
3.4.1

34.2

3.5.2
353
3.5.4
355
3.5.6
3.5.7
3.6

3.7

3.7.1
3.7.2
3.7.3
3.7.4
3.8

Sensitivity Measures

Summary

FATIGUE RELIABILITY ANALYSIS

Introduction

Fatigue Stochastic Process

Response to the Environmental Loads

Modelling of Wave Loads

Stress Analysis of Tubular Joints

Types of Tubular Joints

Stress Definition in Welded Connections

Definition of Hot Spot Stress and Stress Concentration Factors
Methods of Stress Analysis

Fatigue Analysis:The SN Approach

Basics

Fatigue Life Calculation

Fatigue AnalysisThe Fracture Mechanics Approach
Factors Affecting Fatigue Behaviour

Crack Growth Estimation

Stress Intensity Factor

Estimation of SIF for Tubular Joints

Fatigue Life Prediction

Unstable Fracture

Fracture Mechanics Usage irJnstable Fracture
Previous Studies on Fatigue Reliability Analysis of Jacket Structures
Fatigue Reliability Calculation

Source of Uncertainties

Predicted Crack Size

Limit State Definition

Reliability Calculation Methods

Application of the Fatigue Reliability Analysis to a Jacket Platform

59
61
62
62
64
66
67
70
70
73
74
76
78
78
81
81
83
83
85
87
88
90
92
94
97
98
101
101
103
104

Vi



3.8.1
3.8.2
3.8.3
3.8.4
3.9

4.1
4.2

4.2.1
4.2.2
4.2.3
4.2.4
4.3

4.3.1
4.3.2
4.3.3
4.4

4.4.1
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.4.7
4.5

4.5.1
4.5.2
4.5.3
4.5.4

4.5.5

Finite Element Model

Global Fatigue Analysis
Reliability Analysis

Sensitivity Measurements
Summary

SYSTEM RELIABILITY CALCULATION
Introduction

Different Types of Systems
Modelling of Series Systems
Modelling of Parallel Systems
Modelling of General Systems

Reliability Calculation of the Systems

104
105
112
120
121
122
122
123
124
125
126
127

Previous Studies on System Probability of Failure of Offshore Structure428

System Reliability Analysis Considering Fatigue Failte

System Reliability Analysis Considering Extreme Load Failure
System Reliability Analysis ConsideringFatigue and Extreme Load

System Probability of Failure Considering Fatigue and Extreme Wave

Global Fatigue Analysis

Identification of Most Probable Fatigue Failure Paths
Extreme Wave Load Analysis

Probability of Failure under Extreme Wave Load Analysis
Global Response Surface

System Failure Criterion

Estimation of the System Probability of Failure
Application of the Proposed Approach to a Jacket Platform
Platform Modelling

Intact Platform

Failure Path Development

System Probability of Failure (Specific Failure Path)

System Probability of Failurei All Failure Paths

129
130
130
131
132
133
137
138
139
139
140
141
142
144
149
151
152

viii



4.5.6
4.6

5.1
5.2
5.2.1
5.2.2
5.2.3
524
5.3
5.4
54.1
54.2
5.4.3
544
5.5
5.5.1
5.5.2
5.5.3
554
5.6

6.1
6.2
6.3
6.3.1
6.3.2
6.3.3
6.4
6.4.1

Inspection Plan

Summary

BAYESIAN INFERENCE

Introduction

Bayesian Framework

Basics

Analyti cal Approach (Conjugate Priors)

Numerical Approach

Other Updating Approaches

Previous Studieson Bayesian Updating Applications inStructures
Application of Bayesian Updating

Crack Size Distribution in a Particular Tubular Joint

Crack Size Distribution in Multiple Locations

Bayesian Updating Regarding Different Inspection Qutcomes
Planning for Inspection

Sensitivity of the Bayesian Updating to the Input Parameters
Sensitivity of the Bayesian Updating to the Inputs No Crack Detected
Sensitivity of the Bayesian Updating to the InputsCrack Measured
Sensitivity of the Bayesian Updating to the No. of Inspections
Sensitivity of the Bayesian Updadnhg to the Prior-Data Conflict
Summary

UPDATING DISTRIBUTIONS OF UNCERTAIN PARAMETERS
Introduction

Proposed Approach for UpdatingUncertain Parameters- Overview
Details of Proposed Approach for Updating All Uncertain Parameters
Simulated Reality Distributions

Prior Estimations

Posterior (Updated) Distributions of the Uncertain Parameters
Reliability of the Proposed Approach: Sensitivity to the Inputs

Sensitivity of the Posterior Distributions to the Prior Distributions

163
169
171
171
172
172
178
185
186
188
190
191
208
212
220
225
226
231
236
239
242
244
244
246
248
248
262
267
274
274



6.4.2
6.4.3
6.4.4
6.5

6.5.1
6.5.2
6.5.3
6.6

6.6.1
6.6.2
6.6.3
6.7

6.7.1
6.7.2
6.7.3
6.8

6.8.1
6.8.2
6.8.3
6.8.4
6.9

7.1
7.2
7.3
7.4
7.5

Sensitivity of the Posterior Distribution to the POD Curves

Sensitivity to the Considering All Cracks (Detected/Missed)

201
293

Sensitivity of the Posterior Di s294

Reliability of the Proposed Approach: Limited Number of Inspection
Simulated Reality Distributions of$= and ¢
Simulated Reality Distributions of { and L

Modification of the Proposed Method- Application

Reliability of the Proposed Methodology: Inappropriate Prior Selection

Effect of Considering a Very Low Mean Value for Prior Distribution
Effect of Considering an Optimistic Prior Distributio n for POD Curve
Considering a Very Low Mean Value for Two Uncertain Parameters
Reliability of the Proposed Approach: Comparison of Results
Availability of One Inspection Result

Availability of Several Inspection Results

Benefits of the Proposed Approach

Guidance for Using the Proposed Approach

How to Use the Methodology to Get the Best Results

When the Methodology Works Best

Advantages of the Proposed Approach

Limitations of the Approach

Summary

CONCLUSION

Summary of the Chapters

Novelty of the Research

Thesis Contributions to the Research and Industry

Future Work

Concluding Remarks

296
296
299
300
303
304
310
313
316
316
319
320
322
323
324
325
325
326
328
328
333
334
337
338

buti o



REFERENCES

Appendix A. Common Conjugate Distributions

A.1. Introd uction

A.2. Binomial Model with Unknown Success Probability
A.3. Normal Model with Unknown Mean (Known Variance)
A.4. Normal Model with Unknown Variance (Known Mean)

A.5. Exponential Model with Unknown Rate

340
350
350
351
355
359
360

Xi



List of Figures

Figurel.l. Proposed approach flowchart for fatigue reliability analysis (PhD outline).4

Figurel.2. Structural model of the jacket platform in SESAM softwatre....................... 5.
Figure2.1. Venndiagram for the theorem of total probability............ccccoceeiiiiicennnnnnnn. 18
Figure2.2.lllustration of PDF (left) and CDF (right) for a continuous random variabl@2
Figure2.3. A continuous random variable with miform density function...................... 24
Figure2.4. The pobability density function of a normal distribution............................ 25
Figure2.5. The pobability density function of lognormal distribution.......................... 26
Figure2.6. The pobability density function of exponential distributions...................... 27
Figure2.7. Different correlation coefficients of two random variables....................... 30
Figure2.8. bint normal probability density function............cccccoooeeiiin i, 31
Figure2.9.Characteristic values of capacity and load.............ccccooviiiccciieriieriieeeeenne, 32
Figure2.10. Failure function (IIMit SEE)...........ccooeriiiiiiii e 35
Figure2.11. Limit state function and safe/unsafe areas in the reliability analysis......36
Figure2.12. Calculation of the probability of failure.............cooeeeiiiiiiicce 38
Figure2.13. lllustration of reliability index and the probability of failure..................... 39
Figure2.14. Joint PDF of random variables and limit state function.......................... 42
Figure2.15. Contours of the joint pdf and the limit state function in a 2D plane........ 42
Figure2.16.Joint PDF contour and the limit state functionfspace............ccccooveeereennd 48
Figure2.17. Failure functions iX-space andl-space.....................ce oo veecvvvviivvivnnnnnnn 48
Figure2.18. Geometrical illustration of the reliability iNdBX............ccccoeviiiiiiiicmnreennns. 51
Figure2.19. Second CONVErgEE CIILEION. ........uiiiiiieeiiiiiiiieeeiire e e e e e e s eeeeeee e 53
Figure2.20. lllustration of the first and secceondder approximations of the failure surfdaee
Figure2.21. Schematidistribution of the limit state function...............cccccvvvieeenneeenn. 56
Figure3.1. Time history of @ StoChastiC PrOCESS........cuvviiieiiiiieeee e 64
Figure3.2. Energy spectrum for a harmoniC Wave...........cccoeeeviieiieeer e 65
Figure3.3. Obtainingstress spectrumsing thesurface spectrurandtransfer function....67
Figure3.4. A time history of th@rregular sea surface..........cccceeveeiiiiiiccciieeeeeveeeeeeeeee, 68
Figure3.5. lllustration of different types of loading.............oovevvveiiieeeee 70
Figure3.6. Simple welded jointglanar jointsa multiplanar joint,offshoreplatform....... 72
Figure3.7. lllustration of fatigue Check POINTS..........cooviiiiiiiiiieeeiiee e 73
Figure3.8. Stress distribution in chord wall................coooiiiiiiii e 74
Figure3.9. A SChematiC Bl CUIVE...........oeiiiiiiiiiii et 79
Figure3.10. The &N curve for a tubular joint with a thickness of 16mm..................... 80
Figure3.11. A schematic crack growth rate CUrMe..........ccceeviiiiiiieien e 84
Figure3.12. Different modes of a crack deformation....................co e, 86
Figure3.13. A crack of the length @foin an infinite plate under uniform stress.......... 87
Figure3.14.Definition of load (P) and displacemt @)..........cccovvviriiiiiiiieeeiiee 90
Figure3.15. Linearelastic behaviour for a brittle fracture..............cccvviviiieeeiins 90
Figure3.16. ElastieplastiCc DENAVIOUN...............ccoiiiiiiiieee e 91
Figure3.17. Plastic collapse behaviQuUI..............cuuiiiiiiieeeieeeeee e 91
Figure3.18. A typical failure assessment didgraml............oocuuvvrrrieeeiiereeee e 93
Figure3.19.Different sources of uncertainties in fatigue §8al.................oooevviviiieeenns 99
Figure3.20. Crack propagation stages in a tubuldoilt ..............cccccoeee e, 103
Figure3.21. Structural model of a jacket platform in SESAM software.................... 105
Figure3.22. Obtainedransfer function for beam BM24 (SESAM output).................. 107
Figure3.23.Different order momeutfor stress range (bedM24-SESAM output)......109
Figure3.24. Location of most critical components in fatigue analysis..................... 112

Xii



Figure4.1. Weakest link system modelled as a series system of failure elements..124

Figure4.2. lllustration of the failure domains in a series system...........ccccceeeeeeceen.. 125
Figure4.3. Failure of a redundant structure modelled as a parallel system............. 125
Figure4.4. Illustration of the failure domains in a parallel system.................cc..ueee... 126
Figure4.5. lllustration of the systems reliability model as a series of parallel systerh&7
Figure4.6. Development of thiilure-tree.............ooooviviiiii e, 137
Figure4.7. Flowchart of the proposed approach for the considered jacket platform142
Figure4.8. Structural model of a jacket platform in SESAM software...................... 143
Figure4.9. Structural model for pushover analysis............ccccceeeiiiecceeiiiiiiiieeeeen 144
Figure4.10. Probability density functions for load and capacity base shear............. 145
Figure4.11. Location of the most critical components in fatigue analysis................ 148
Figure4.12. The modified platform (topside and piles were not shoawn).................. 149
Figure4.13. Probability density functions for load and capacity base shear............. 151
Figure4.14. Branch treéor fatigue failure and system failure under extreme wave...154
Figure4.15. POD curves for MPI method in different conditions.....................ccee.... 166
Figure4.16.Inspection plan for a specific joint assuming no craickispections........... 168
Figure5.1. Effectof the number of additional data...............ccceeeiiiecceiiiiiiiiieeen 183
Figure5.2. Effect of priorselection on the poSterior.............oocvviiiiriceeiieeeeee 184
Figureb5.3. Effect of prior selection on the posteriQr..............ocoovviiicciiiciie e, 185
Figure5.4. Different crack size distribUtions...........ccccovv i 192
Figure5.5. Flowchart for updating the crack size distributian............cccoooeeiviceeeennee.. 194

Figure5.6.CDF for the simulated cracks, exponential and lognormal distributions..195
Figure5.7. Histogram of the simulated cracks and fitted exponential distribution...195

Figure5.8. Prior and posterior distributions for the uncertain parameter.................. 197
Figure5.9. Dependency of therack size on the distribution of the rate parameter.....198
Figure5.10. Crack size distributions before and after updating...............cccvveeeennee. 198
Figure5.11. Updatingate parameter and crack size distributionaralytical method.. 199
Figure5.12. Prior crack size distribution in the numerical methad........................... 200
Figure5.13. Likelihood functions for both accurate and inaccurate models............ 201

Figure5.14. Sub sequentially updatingarick size distributionkkelihood, Case (l).....203
Figure5.15. Sub sequentially updatingarick size distributionkelinood, Case (ll)....205

Figure5.16. Posterior crack size distributions, analytesad numerical method........... 207
Figure5.17. Prior crack size distributioirs conjugate and numerical methods........... 209
Figure5.18. Crack size distributions for multiple locations in the conjugate method?10
Figure5.19. Crack size distributions for four different tubular joints........................ 211

Figure5.20. Crack size distributions for multiple locations in the numerical method211
Figure5.21. Posterior crack size distributions for multiple locations in both method212

Figure5.22. Probability of detection (PODMIG/ES...........euvvrvriiriiiiiiiimneeeeeeeeeeeeeeeeeeeeeen 213
Figure5.23.The updated probability density functions of the crack depth............... 220
Figure5.24. Reliabilitybasedmspection plan for a specific joint assuming no crack.221
Figure5.25.Probability of failure before and after updating.............cccccoevvviieeniiieinns 222
Figure5.26. dint probability of failure over timeigt=5)........ccooveeiiiiiiiiiiicer e 223
Figure5.27.Joint reliability over time (fsp=5) «...vvvurrrurrreiiiiiiiiiiiie e 224
Figure5.28. The prioprobability of failure curves for the next inspection activity......225
Figure5.29.Selected prior distributions for the crack Size.........ccccccieiieiinnnnnn, 227
Figure5.30.Posterior distributions of crack size for the differenogs......................... 228
Figure5.31.Posteriodistributions of the crack size for the different priors................ 228
Figure5.32.Posterior distributions for diffent inspection resolutions........................ 230
Figure5.33.Posterior distributions of crack size for the different priors.................... 232

Xiii



Figure5.34.Posterior distributions of crack size for different prior distributions....... 233
Figure5.35.Prior and posterior distributions for different inspection resolutions......233
Figure5.36.Informative and nofinformative prior distributions for error variance......234

Figure5.37.Posterior distributions for informative and nmformative priors............... 235
Figure5.38.Effect of error variance on the posterior distributions of crack size .far..236
Figure5.39.Effect of repeated inspections on the posterior distributions................. 237
Figure5.40.Effect of repeated inspections on the posterior distributions................. 239
Figure5.41.Prior and posterior distributions................evvviiiiieec e 241
Figure6.1 Flowchart of the proposed approach for updating the distributians........ 246
Figure6.2. Obtaining the equivalent initial flaw size (EIFS) distribution................... 251
Figure6.3. Development of the crack size distribution using the crack growth curv@s2
Figure6.4. Obtaining the simulated realitystribution of the initial crack size............. 254
Figure6.5. Obtained simulated realitljstribution of the initial crack size................... 254

Figure6.6. Obtaining the simated realitydistribution of the crack growth parameter. 255
Figure6.7. Obtained simulated realitlstribution of the crack growth parameter........ 256

Figure6.8. Obtained simulated realitljstribution of the stress range.............c.cc........ 256
Figure6.9. Obtained simulated realitljstribution ofuncertainty in geometry function. 257
Figure6.10.0Obtaining the simulated reality distribution of the crack size................. 259
Figure6.11.PODs for both detected/missed defects...........coovvvviiiciiiiici e 261
Figure6.12.The proposed approach for obtaining the detected cracks.................... 262
Figure6.13.Prior crack size distribution obtained by using the sampling methad....264
Figure6.14. PODs for both detected/missed defects...............oooiiiieeciiiiccciicccccn, 266
Figure6.15.The proposed approach for obtaining the detected prior cracks............ 267
Figure6.16. Obtaining the poSterior Cracks............ccuuviiiiiiieeeeiee e 269
Figure6.17.Posterior distribution of the Crack Size............ccccoiiiiiimemiiiiiiiiee s 270
Figure6.18.Posterior distribution of the initial crack Size.............ccccccviiiieeeinis 272
Figure6.19.Posterior distribution of the crack growth parameter.................cccevueeee. 272
Figure6.20.Posterior distribution of the Stress range.........cccoooevvvveviiccceviiinn e eeeeenns 272
Figure6.21.Posterior distribution of the uncertaintygeometry function.................... 273
Figure6.22.Updated POD CUINVE..........cooiiiii e mmmr e 274
Figure6.23. Different prior distributions of the initial crack size................ccccvieeenns 276

Figure6.24.Posterior distributionsor different prior distributions aiitial crack size...276
Figure6.25.Posterior distribution®or different prior distributions of initial crack size.278

Figure6.26.Effect of different prior distributionen the othedistributions.................... 279
Figure6.27. Different prior distributions of the crack @i parameter........................ 280
Figure6.28.Posterior distributions of the crack size for different priors.................... 281
Figure6.29.Posterior distributions of the crack growth parameter.................coc..cee.. 282
Figure6.30.Effect of different prior distributions of the crack growth parameter......283
Figure6.31. Different prior distributions of the stress range............ccccvvvvvieeeeeeeenn. 284

Figure6.32.Posterior disthutions of the crack size for different prior distributions...285
Figure6.33.Posteriodistributions of the stress range for different prior distributions286

Figure6.34.Effect of different stress range priors ¢ tposterior distributions............ 287
Figure6.35. Different prior distributions for uncertainty in geometry function........... 288
Figure6.36.Updated crack size distributions for different priors af.......................... 288
Figure6.37.Posterior distributions of the uncertainty in teometry function.............. 289

Figure6.38.Effect of different prior distbutions of - n the posterior distributions..290
Figure6.39.Posterior distributions of the crack size fisiferent prior distributions....... 292
Figure6.40.Posterior distribution of the crack size for detected/missed cracks....... 294
Figure6.41.The acceptable range for a prior crack for different amounts of toleran2@5

Xiv



Figure6.42.Posterior distribution of the crack size flifferent amounts of Tolerance. 295
Figure6.43. The proposed method for obtainingrginal histogram dhput variables.. 298
Figure6.44. The proposed method for obtainingrginal histogram ahput variables.. 300

Figure6.45.Histogram and the best fit distributian...............cccevviiccmiiiie e, 301
Figure6.46.Posterior distributions of the crack size..................oo i ieeeicicccicc, 302
Figure6.47.Posterior distributions in Case (L).......uuurvrrruriiiiiiiiemmieeeieeeieeeeeeeeeeeeeee e 305
Figure6.48.Posterior distributions iN CaSe (2).........coouvrririiiiiieeeeeeee e 308
Figure6.49.Posterior distributions of the crack sipe different prior distributions....... 311
Figure6.50.Updated POD curvesr different POD prior distributions........................ 312
Figure6.51.Posterior distributions in Case (5)........covouvrriiiiiiiieeneeeee e 315
Figure6.52.Posterior distributions of the crack size (amgpection result)................... 317
Figure6.53.Posterior distributions of the crack size (several inspection results).....319
Figure6.54.Inputs and output for a Bayesian updating process..........cccceeeveesveceeen. 321

XV



List of Tables

Table2.1. Different values of probability of failure and tfediability index.....................: 40
Table3.1. Values of basiC deSigRNBCUIVE ............uuiiii i e 80
Tabe 3.2. The structural arrangement of the example platform................ccooeeee 104
Table3.3. Probability of occurrence for different directians...................oceoceeciivnnnnns 106
Table3.4. A wave scatter diagram of sea states (Naeht direction)..............ccceeueee.. 106
Table3.5. Spectral moments of stress spectrum in one specific direction-west}.....110
Table3.6. Five tubular joints with the maximum value of $igeSS...........covvvvviiviiiiiinn 111
Table3.7. Statistical characteristics of random variables [N, mm]...............ccccceeeee. 116
Table3.8. Fatigue probabitly of failure for the most critical components................... 118
Table3.9. Reliability index for the most critical components...............ococvvvvieennvennee. 119
Table3.10. Reliability index for the critical component (BM383) at different years...119
Table3.11. Senisivity measurement of the uncertain parameters..............ccooeeeveeenn. 120
Table4.1. Main characteristics of the considbjacket....................ooo oo, 143
Table4.2. Statistical characteristics of random variables in extreme wave analysis145
Table4.3. Characteristics of sea states (Northwest directian)............cccccovvieceeerennns 146
Table4.4. Speatl moments of stress spectrum in one specific direction Guaeth)......147
Table4.5. Statistical characteristics of random vagablJnits [N, mm]............c.......... 147
Table4.6. Fatigue probability of failure for the most five critical components.......... 148
Table4.7. Change in the damage ratio after removing the critical component........ 154
Table4.8. The systemrobability of failure for the first failure path............cccccvvvvnnen 156
Table4.9. The probability of failure for the second failure path...............cccvvvieeer.en. 156
Table4.10. The probability of failure of the third failure path...................ccooeee e 157
Table4.11. The probability of failure of the fourth failure path.................ccoooiiee 157
Table4.12. Components in the dominant failure paths..............cccvviiiieeciiiiie s 160
Table4.13. Similarity coeffieents for the dominant failure paths..............cc.ooociieens 161
Table4.14. Calculated values pf BNAT 1. neee oo eee e e 161
Table4.15. Upper bound and lower bound................oooiiiiieeeciiciiicccieeeee e, 161
Table4.16. Distribution parameter for MPI method.............ccoevviiiieee 165
Table4.17. Importancefdhe critical components in the system failute..................... 169
Table5.1 Common CoNJUgALe PrIQLS........ccoooiiiiiiie e e e e 180
Table5.2. Effect of No. of additional data on the poSterior..............cccvvvvieeeceeeeennnns 183
Table5.3. Statistical characteristics of random variables [N, mm]...............cccoeeeeeee. 193
Table5.4. Probabitiy of a crack being greater than 8mm for differgistributions......... 229
Table6.1. Uncertain parametstatistics in the simulated reality case [N, mm].......... 257
Table6.2. Statistics of the uncertainties [N, MM]..........coooiiiiiiiimemiie e 263
Table6.3. Statistics of the uncertain parameters [N, mm].........cccccoceiiiiiceciin e 275

Table6.4. Statistics of the different prior distributions for input variables [N, mm]....275
Table6.5. Probability of failure for different prior distributions of the initial crack siz&77

Table6.6. Probability of failire for different prioof crack growth parameter............... 281
Table6.7. Probability of failure for different prior distribans of stress range............. 285
Table6.8. Probability of failure for different prior distributions of geometry function289
Table6.9. Statistics of the mean detectable size for sensitivity analysis.................. 292
Table6.10. Generated samples ot , 6 land the corresponding crack sizes............. 297
Table6.11. Random samples forcy i'Yand the corresponding crack sizes................ 299
Table6.12. Effect of the number of inspections on the simulated reality distributior01
Table6.13 Considered distributions in the proposed appraach............ccccccevvveeeennnnn. 303
Table6.14. Considered POD distributions in the proposed approach..................... 310
Table6.15. Value of the likelihood function for different crack sizes....................... 318

XVi



1. INTRODUCTION

1.1 Background and Motivation s

Offshore jacket structures have been usdtiémil and gas sector for decad@sey
areone of the most commadwpes of structuredor oil and gas production in shallow
and intermediate water deptti3ue to improvements itechnology to recover more
oil and gasfficiently, the interesin using these structurégyond their initial design
lives has been increaseddence,a large number of existing offshore structures are
operating beyond their design life duethe high cost of replacement. The safety of

these structures is a major concern of the operators.

Due totheexistence of many uncertainties in loads aggptothesestructures and the
resistance (strength) of the structure, a probabilistic approadhdassessment of
existing offshore structures is a rational and consistent basis for the inclusion of
uncertainties. Reliability assessment, which is dalpdistic approach, is often used

to determine the probability of structlifailure during the structuigoperational life.

Fatiguefailure is one of the critical failure mod&s offshore structuresOffshore
jacket platformsconsist of tubular members that are welded together to form a steel
space frame. These tubular joints are prone to fatigue damade thachigh-stress
concentrationsat the intersections;efects during the welding process and cyclic
loading of waves gy to the structurgl].

Field observations and laboratory tests have shown that in this type of connection, a
fatigue crack starts at the weld toe at thedpait location and gradually propagates

around the intersection atittough the tubular walPR].

Fatigueissuein atubular joint is a complex phenomenon governed by many factors

In the beginningthere may be several cracks around the intersection, but they usually
join together and form eelatively longsemtelliptical surface crack?]. Penetration

of crack through the thickness causes a major reduction in joint stiffness. This stage is
usually considered the endtbiefatigue life of the join{3]. Therefore gstimaion of

the remaining fatigue life of the joirg themain concern in the structural assessment

of these platforms.



To maintainthe safety of jacket platforms in service life with respect to fatigie,
propagatn through the thickness of the wall negdsbe monitoredTo assess the
state of damageoffshore platforms are periodically inspected. Regarding fatigue
damage, the information from inspection consists mainly of detection and

measurement of cch sizes.
1.2 Problem Description

Many offshorestructuresare operating beyond design life. Duethe high cost of
replacement, reliability assessment is a rational and powerful tool to ensure the safety

of a platform.

Fatiguefailure is one of the critical failure modes in jacket structures. Fatiguesiya
complicated phenomenoAs a result of thedealisations and approxiations in the
analysis procestheexistence of many uncertainties in loads applied to such structures
and the resistance of the strucfuseprobabilistic approach fqerforming fatigue
analysigs arational and consistent basws the inclusion of uncertainties.

This study reviews a procedure to carry out a fatigue reliability analysielded
tubular joints ina jacket offshore platform and also to quantify the effect of inspection.
It introduces a probabilistic model forrocgng out fatigue reliability analysis of

structural joints based on fracture mechanics.

It is worth mentioning thatie safety requirements of offshore structures are generally
assessed dhe component level and if the safety requirements are not satisfied, the
structure needs strengthening to meet the additional demands. However, taking into
account the design procedsrand the structural redundancys seerthatdespitethe

failure of a few components, the structure can undergo load redistribution and thus
avoid failure.The system reliability analysis for large structures with high redundancy,
such as offshore j&et platforms, may be complex due to the several structural

components.

The inspection prograsrarecrucial tomonitorthe fatigue performanaa the tubular
joints and also to extend the service life jacket structures.Therefore, jacket
platforms areperiodically inspected to make sure that tbagcontinue in service with

an acceptable level of reliabilitfdowever, the significant costs of inspections,



particularly underwater inspections, make it important to properly prioritise inspection
locationsand inspection frequency.

Regarding fatigue damage, the information from inspection consists of detection and
measurement of crack sizes. Such information can be used to update the probability
distributions of crack size in a joint and of some uncertairapeters in a fracture

mechanics model for crack growth.

Using the updated distributions, it is also possible to update the estimates of the time
evolving joint reliability. In this studythe Bayesian framework is used to update the
probability distribdions of the uncertainties using information from inspection reports.
The purpose of updating is to incorporate any available inspection history into an

improved estimate of the parameters.
1.3 Aim and Objectives

The main purpose of thigsearchs todevelop an innovative approach to imprdve
fatigue reliability assessment of jackedtructuresusing Bayesian methods to

incorporate new information obtained from inspection results
To achieve this goathemain objectives are defined as:

1) Devebping a probabilistic fatigue model based on an appropriate limit atate
consideing relevantuncertainties to obtain the component probability of failire
fatigue failure mode

2) Developng a methodology to obtaithe system probability of failureoy

consdering both fatigue and extreme wave loads

3) Prioritising the inspection locations by finding dabe effect of each component

failure on the system reliability

4) Using conventional Bayesianethodgo updatethefatiguecrack size distribution,

andsubsequentlyupdaing the component probability of failure

5) ProposinganovelBayesian approach for updating the distributioralofincertain
parametergvolved in the fatigue analysis

6) Investigatingthe credibility of the ppposed approach



1.4 Approach

Figure 1.1 illustrates the proposed approach fmrforming and updatingatigue

reliability analysis of the jacket structures.

‘ Modelling a specific platform ‘

'
Global fatigue analysis ‘

l * Relevant uncertainties
Probability of failure for the tubular | |+ Fatigue limit state
joints in fatigue analysis * Reliability techniques
l (FORM, Monte-Carlo)
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Figurel.1. Proposed approach flowchart for fatigue reliab#ibalysis (PhD outline)
Theoutline of this PhD researc explained briefly as:

Modelling a specific platform

A threedimensional structural model of the platform is gated using SESAM
software[4]. The model incorporates all primary members in the topside and the
jacket. This is a geometrical space frahmegintegrates the jacket, the topsidad the
foundation systems in one combined strucfifrigure 1.2). The modét geometrical
properties conform to the jacketsbuilt drawings. The model also includes al

gravitational and environmental loads.



Figurel.2. Structural model of the jacket platform in SESAM software

Global fatigue analysis

A global spectral fatigue analysis is performed usimrharacteristic variables. The
spectral fatigue analysis is used for dynamically sensitive structures in shallow to
medium water depths. The result of this analysis is the hot spot stress tramgtfenfu

of each joint in the structural model.

The transfer function is obtained by finding the stress range, at the location of interest,
for a range of wave frequencies and dividing the results by the wave hédgimg
obtainedthe transfer functiorthe hot spot stress spectrum candohieved.

The stress spectrum then is usethimcalculation ofthe probability of failure ofthe

tubularjoints.

Probability of failure for the tubular joints in the fatigue analysis

Due to the existencef uncertainties involved in quantifying the fatigue process, a
reliability approach is adopted to assess the probability of fallutkis study, fatigue
reliability analysis is performed based tre fracture mechanicapproachIn the
fracture mechanicapproach, relationships betwettre average increment in crack

growthduring a load cycle and a global parameter are deve[spdtwill be shown



that the crack size at each time is a function of separaimeers such as initial crack

size,material propertigshot spot stress rangand the number of load cycles.

For calculation ofthe probability of failure for a tubular jointhe following steps

should be considered:

T

Formulation oftheuncertainties involved ithe fatigue process

Reliability analysis depends on the choice ofutheertaintiegnd their statistical
descriptios [6]. Therefore, uncertainty modiely becomes an important
consideration for offshore structural analysis. In dealing with the fatigue of
offshore structures, there are many uncertainties involved in treating the process
deterministically, such as environmental parameters, structural nssspo
calculation, stress concentration factors, crack growth parameters, etc. Some of
these uncertainties are associated with the rfindedf structures and the random
wave environment. The others represent uncertainties in the analysis of crack

growth atthe tubular joint.
Define a desirable limit state

To evaluate the probability of failure of a component, failure needs to be defined.
Failure is usually defined based on the concept of a limit state, which represents
a boundary betwedhedesired and und@&ed performance of a structural system

or its components]. Several limit states such as crack size criterion, equivalent
fatigue strength criterion, and failure assessment diagram, haveslggested

for fatigue limit stateln this study, the crack size is considered as the failure
criterion. Hence, failure occs, as soon as the crack size is bigger than a critical
value.Therefore, he probability of failure is the probability that an initial crack

grows beyond the critical crack size.
Obtain the component probability of failure

In the structural reliability teory, there are several ways of calculating the
reliability and the corresponding probability of failujch as FORM (First
Order Reliability Methods), SORMsgcond Order Ribility Methods), andhe
Simulation Techniquege.g, Monte-Carlo Simulation)In this study, the Monte-
Carlo simulationis used to obtain the component probability of failure.



1 Sensitivityanalysis

Different sources of uncertainties contribute to the fatigue reliability analysis of
tubular joints of jacket platformshe influence bthese uncertaintiesn the
overall probability of failure has been studied through sensitivity analysis.

System probability of failure

Jacketstructuresare redundant structureA redundanstructure has more structural
members than isecessary. Thiefore, if some of the structunaembers are damaged,

the structure will not necessarily fail or collapse, since the load caedistributed
among undamaged memb¢gig. Calculation of systenprobability of falure is
difficult because the number of possible failure paths would be enormous. It would be
practically impossible and not necessary to identify all of them. Therefore,
identification of the dominant failure paths is one of the major tasks in the system

reliability analysis for such structurgg.

An approach for obtaining system reliability is introdudbeat can identify the
dominant fatigue failure paths of the structures. Indpisroachthe sequence tie
structuraljoints most likely to fail is establishe&or this purposehe joint with the
highest failure probability is considered to have failedisToint and corresponding
member isremoved from the modealnd the next probable joint to failure tisen
searched. The procedure is repeated until a failure path is devefopedeloped

failure path willresultin system failure

To find out a comple failure path, fier removing the critical component, the system
failure criteron is checkedThe system failure criterion is evaluated by comparing the
platform strength and loadindistributions in terms of base shear. To define a
probabilistc formula for load, the globaksponse surface method is adopted to relate
the environmentdbad to the response of te&ucture. Nonlinear pushover analysis
is also carried outot determine the capacity of tipdatform. Having calculated the
structure strengthnd lading distributions, the annugaitobability of failure under an
extreme wave is calcukd and compared to the maximpnobability of failure. When
this probability exceeds the maxim acceptable probability, tipdatform is assumed

to fail.



Prioritising the inspection locations

An inspectionprogramis an important measur® maintain the safety of jacket
platforms in service lifeoncerningfatiguefailure. However, the significant costs of
inspections, particularly underwater inspections, make it important to properly
prioritisetheinspection locations. At the compondstel, fatiguesensitive locations

are the locations that have low estimated fatigues|However, at the system level,

critical components are those that haygeateffect on systemeliability.

Due to the significant costs of inspections, the identified failure paths can be used as a
databaséor the inspection plan. By identifyingeé dominant failure paththe critical

joints that havea greater effect on the system probability of failure are selected
therefore inspection can fecused on these joint§hereforejnstead of inspection of

noncritical componentgheinspectioncan be focused ahecrucial joints.

Inspection activity

Fatigue damage accumul ates during the str
The accumulation of damage causes deterioration of the component capacity and
increases the probability ohifure. To assess the state of damage, offshore platforms

are periodically inspected. Regarding fatigue damage, the information from inspection

involves detection and measurement of crack size.

Inspection activities are performed by visual checks or more sophisticated- non
destructive tests (NDT). Magnetic particle inspection (MPI), eddy current inspection
(ECI), alternating current field measurement (ACFM), and flooded member detection
(FMD) arethe NDT methods usuallysed for detecting cracks in offshore structures;
whilst ultrasonic testing (UT) and alternating current potential drop (ACPD) are the
ones used for measuring the dimensions of the crfidksThe success rate of
inspection techiques to detect and measure the crack size varies. For any given NDT
method there is always a detectable crack size which means that smaller crack size
may not be detectetlloreover whenever a crack size is measured, it must be treated
with a certain degpe of uncertainty depending on the accuracy of the equipment used

and the skills of théechnicians



ConventionalBayesianmethods

The provided information fronthe inspectioractivities can be used to uptiathe
probability distributionof thecrack size in a jointA Bayesian framework iypically

used for updating the probability distributions of the crack size in tubular joints using
information from inspetion reports ofoffshore platforms.Bayesian inference
provides a formal method of el updating when new informatidrecomes available.
The purpose of updating is to incorporate any available inspedstoryhinto an
improved estimatioof the parameterg.here are two main approaches for obtaining

theupdatedistribution of an unceain parameter:
1 Analytical Approach (Conjugate)
The ypdatedposterior)distribution isderived in a closefbrm
9 Numerical Approach

The posterior distribution is obtainedimerically,and it cannot be presented in

an analytical form.
For a given joint, the outcome of an inspectioarattime can be:
1 No crack is detected
1 A crack is detected and measured

Depending on the results of inspectioas.expression for the updatedack sizeis
obtained. After updating the crack size distribution, the probability of failure for each

component is updated.

After updating the distribution of the crack size, it is possible to update the estimation

of joint reliability and also system reliability.

Proposing a novel Bayesian approach

The conventional Bayesian methodse usedio incorporate inspection results to
update the probability distribution of crack size in a tubular jefowever, several
uncertain parameters exist tine estimation of the fatigue behaviour of the tubular
joints. Therefore, anovel methodologyis proposedto update the probability

distributions of all uncertain parameters (including the crack size) when new



information becomes available. Three different categories of uncertardgigsdated
using this methodology:

1 Fatigue crack size
1 POD curve

1 Uncertainties involved in the predicted fatigue crack giee ifitial crack size,
crack growth parameter, strassige, and ncertainty inthe estimation of the
geometry function).

The credibility of the updating process is the main concern in any updating application.
However, the credibility of the conventional Bayesian methods was not considered in
theprevious studies. The reliability of any Bayesian updating method depends on how
reliable the inputs (e.g. inspection results) are. A Bayesian process is a mathematical
function that processes the inputs and generates the output based on the provided
inputs. Therefore, if the inputs are inaccurate, the updated results may be poor and can
even lead to wrong decisioridnlike previous studies, the reliability tife proposed
approach is investigated to find out when the proposed approach might lead to poor

results.
1.5 ThesisStructure

In this researcla procedure is developed to connect the component fatigue reliability,
system reliability and the mechanism tapdae the reliability using the inspection

results.

The thesis is organised into seven chapters, the first being the introduction. It also
describes the problem, research aim, objectives, and approaa#l &s the thesis

structure.

The basic theory of probability and concept of the reliability analgsisviewed in
Chapter 2. Random variables and different distributions are explained. The
fundamental concepts of the reliability analysis including load, capacity, limit state
functions, reliability index, and probability of failure are introducé&itferent
techniques for estimation of theliability, including FirstOrder Reliability Method
(FORM), SecondOrder Reliability Method (SORM), and Monarlo simulation,

10



and advantages/disadvantages of each method are explained. Finallgessitigty
measues are explained for the selection of important basic variables.

The main purpose of Chapter 3 is to obtain the fatigue component reliability of the
tubular jointsThis chapter explains the fatigue process, fatigue analysis, and reliability
analysis of &shore platforms, brieflyOn the subject of fatigue analysia tubular

joint, two approaches are considerédde SN curve approach and the fracture
mechanics (FM) approach. To carry dbe reliability analysis it is necessary to
develop appropriate probabilistic models for the wave loads. Probabilistic modelling
of the sea surface is required for fatigue asialyStress response of individual
members is obtained using spectral analysis of offshore structures by considering a

narrowbanded stress procegss.

The proposed approach for performing fatigue reliakalitglysiss illustrated through
application to a typical jacket platforrA. threedimensional structural model of the
platform is generated using SESAM softwptg For calculation of the probability of

failure for a tubular joint, théollowing steps are considered:

1 Formulation of uncertainties involved in the fatigue failure process
9 Define a desirable limit state

1 Obtain the component reliability

A fatigue crack growth model is developed based onfriure mechanics=(\)
approach. Tis model predicts the fatigue crack size at any timed&ohtubular joint

in a jacket platformThis crack size is considered as the failure criterion and failure
occurs when the crack size is bigger than a critical valthe. estimation of the
reliability for individual tubular joints is obtained by using FORM and Mebéglo
simulation. Sensitivity studies are also performed find out the influence of the

various random variables on the component probability of failure.

Due to theéhighredundancy ofacket platforms, thprobability of failure of the whole
system is more applicable than tbemponentprobability of failure. A system
reliability approachis presented in Chapter 4 ofiglresearch worko calculate the

probability of failure of a jackgtlatform considering fatigue and extreme wave loads.
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The system reliability analysis for offshore jacket platforms with high redundancy may
be complex due to the several structural componémigortant failure paths are
identified by using a searching algorithim,which, components with the maximum
changein the accumulated damage are considered as the candidate joints in the path.
By removing the candidate joint, which is assumed to fail in fatigue, the probability of

failure of the structure under extreme wave loading increases.

System failure criteriorsievaluated by comparing the platform strength and loading
distributions in terms of base shear. Nonlinear pushover analysis is carried out to
determine theapacityof the platform and the annual probability of failure under an
extreme wave is calculated. When the probability of failure exceeds the maximum

acceptable probability, the platform is assumed to fail.

Since the components in the failure paths have a gffegt on the system reliability,

an inspection strategy can be proposed based on the effect of each component on the
system reliability. This is an alternative inspection plan in comparison with the regular
inspection planin this plan, due to the sigigaint costs of inspections, the inspections

are prioritised on the critical joints (joints that lead to a higher system probability of

failure).

Chapter 5 shows how the inspection results can be incorporated for updating the crack
size distribution in aubular joint. Offshore platforms are periodically inspected to
assess the state of damage. Regarding fatigue damage, the information from inspection
consists mainly of detection and measurement of crack sizes. Such information can be
used to update the prability distributions of crack size in a joint. A Bayesian
framework is used for updating the probability distributions of the crack size in tubular

joints using information from inspection reports.

Two different Bayesian approaches for updating thekcisize distribution are
introduced;the analytical method (conjugategndthe numerical method. The main
advantages and disadvantages of each method are explained. Moreover, the effect of
different parameters and inputs on the updated distribution otrdmk size is

investigated.

12



After updating the crack size distribution, the reliability of each component can be
updated. Depending on the results of inspectitmsupdated reliabilities may be

higher or lower than the original values.

A new methodologyfor updating the probabilitydistribution of all uncertain
parameters involved in fatigue analysis is presente@hapter 6.A frameworkis
developedfor updating the probability distributions of the parameters of a fracture
mechanics model andlso crack size in tubular joints using information from
inspectionresults To find outwhich parameters have greatiuences on the updated

distributions, sensitivity analyses are performed.

The credibility of the updating process is the main concernyinpdating application.
Chapter 6 also investigates the reliability of the proposed approach to find out when
the proposedapproach might lead to poor resulf® help the user to implement the
proposed approach in practice, guidance for using the appisagtovided by
explaining the framework, advantages, &mdtations.

Moreover, since both Chapter 5 and Chaptapproachesanbe used tapdate the

crack size distribution, the results of these two chapters are compared.

Finally, Chapter Bummarises the important findings of this dissertadimidiscusses
future extensions of this resear¢halso highlights the novelty and contributions of

this research
1.6 Publications in Connection with the Research fesis

At the time of writingthe folowing papersirawn from this thesis have beganblished
in scientificjournals.The list below includes the most relevant chapters of the thesis
to which the publications correspaond

Journal papers

1 Khalili, H.; Oterkus, S.; Barltraqp N. ; and Bharadwaj, U.
Bayesian Methods for Updating the Fatigue Crack Size Distribution in a Tubular
Jointo, Journal of offshore mechanics
10.1115/1.4048155
(Related taChapter5 of this thesis
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1 Khalili, H.; Ot er kus, S. ; Barl trop, N. ; and Bh
Distributions of Uncertain Parameters |
marine science and engineering, Vol.8 (10);3201DOI: 10.3390/jmse8100778
(Related taChapter 6 of this thesis)

Book Chapter

1 Khalili, H .; Oterkus, S.; Barltrop, N.; Bharadwaj, U.; and Tipping M. (2019).
ASystem reliability calculation of jaclik
wave | o@ldtérnatgpal CorferencendMarine StructuresCroatia CRC
Press, London, pp. 5#&&3. ISBN 9780367278090
(Related taChapter 4 of this thesis)

Abstracts and Conference presentations

1 Khalili, H.; Ot er kus, S. ; Barl trop, N. ; and BH
Methodsfodp dat i ng t he Di st r i bNdtona Struadufal Fat i ¢
Integrity Research Centrennual Conference, 234 July 2020, Cambridge, UK

1 Khalili, H; Ot er kus, S. ; Bar | t r opUpdatihg. the and
Distribution of Uncertain Parametersthe Fatigue AnalysisNational Structural
Integrity Research Centre Annual Conferene8,J2ly 2019, Cambridge, UK
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2.CONCEPT OF RELIABILITY ANALYSIS

2.1 Intro duction

The main purpose ohgineering desigis to provideminimum levels of serviceability
and safetyduring the structural lifetimelThere areseveral sources of uncertainties
related toloading, materiaproperties, engineering models, eftiese uncertainties
might lead to ovedesign(or underdesigr) solutionsfor the considered application.
Thereforethis is a difficult tasko consider these uncertainties properly in engineering

applications.

Reliability analysis methodgrovidea mathematicaframework for considerinthese
uncertainties irthe design ad assessment of the systeriibe main objective of
reliability analysis methods is to evaluate the ability of systems to remain safe during
their lifetime. Different reliability methods have beentablished to take into account

the uncertainties involveth an engineering problem

The main objective of this chapter isitdroducethe concept ofreliability analysis
that can be used for engineeriagplications.This chapter includes fundamental
discussions about the reliability analysis which is maialselal orthereference books
(e.q.[6], [9], [10], and[11]).

The chapterstarts by introducinthe basics of probability theory neededrrability
analysis(Section2.2). Random variables and different distributions are explained
this sectionSection2.3 explainsthe fundamental concepts of the reliability analysis
including load, capacity, limit state functions, reliability indardthe probability of
failure. Section 2.4 introducesvarious techniques for estimation of reliabilities
including First Order Reliability Method, Secor@rder Reliability Method and
Monte-CarloSimulation.Usually, several random variables exist in reliability analysis
applications.To find out which of the random variables is more important in its

contribution to the probability of failur&ection2.5explains the sensitivity measures.
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2.2 Probability Theory
2.2.1 Basics

The theory of probability is based on the set theory. Aesgt, is a collection of
sample pointsvith a commorproperty. The sample points may be objects or numerical

values and are generally referred as membgré.

The set of alpossiblemembers is called the universal setsample space and it is
shown by'Y The set that contains nothing is #mapty set or null sdt ). An event is
defined as a subset of a sample sp&eeh event has a set of sample points. If the
event is empty, i.e., contains no sampling points, it is said that this event is impossible.

If the subset contains all sample gsinf a sample space, the evergagain[9].

Measuringthe possibility thateach set will happen is the main concern of the
probability theoryThe algebra of sets is carried out with the following operators

1 Union(z), the OR operator
1 Intersectionz), the AND operator

The complementary event 10 (which is usually shown b) contairs all sample
points in"Y which are not included i®[9]. Thecomplement event of a set is defined
in a waythat:

o 0O Y

2-1

0 0 (2-1)
The definition of probability is based on three axid®ls There is no matter which
interpretation of probability is chosen. While it satisfies these three axioms, any results
derived through the correct use of the probability theall be mathematically valid.

1 Axiom 1: The probability of an event is:

T U P (2-2)

1 Axiom 2: The probability of a certain event (sample space) is equal to one:

oY p (2-3)
1 Axiom 3: The probability of an event which is theion of two mutually

exclusive events is the sum of the probability of these two events:
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DO ® LO 0O (2-4)

Two events are mutually exclusive when:

0 O ® (2-5)
If two eventsl and@are not mutually exclusive, it is easy to show that the probability

of their union is:

DR O 0 0 00 & (2-6)
To calculate thgrobability of the union of two neaxclusive events the probability
of their intersection needs to be known. The probability of the intersection of two

events can be calculated using the multiplication rule, which can be written as:

0® & DWW 0 L 0O (2-7)
where 0 & and 0 &b are conditional probabilities, i.e., the probability of

occurrence of one event given that the other event has occurred.

Two events are statistically independent events when the occurrence of one event does

not depend on the occurrence of another event, i

0 0O
T e on ¥ (2-8)

DWW LW
Therefore, for statistically independent eveihisndd, Eq.(2-7) can be rewrtenas:
DWW ® LW L (2-9)

2.2.2  TheTheorem of Total Probability

The mutually exclusive and collectively exhaustive eventg /8 ity are called
partitions of the sample spatéFigure2.1). The probabilityof any eventan then be

expressed as:

KA 0d, & OoEd 0 (2-10)

This equatiomepresents the theorem of total probability.
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Figure2.1. Venndiagram for the theorem of total probability

2.2.3 Definition of Probability
Three different definitiosof probability exist irtheliterature[6]:
1 Classical @finition

The classical definition goebBack to Pascal and up until the'™2@entury The
probability theory wa based on this definition. Thiefinition comes from the games
of cards and dice. According to this definition the probability of an ev@nt) , is
determined as the ratio ofemumber of favourable outcomtsthe numbenof all

possible outcomegyovided that all the outcomes are equally likely

v . 0
VW R (2-11)
wherel) isthe number of outcomes at which the evgontcurs and is the number

of all possible outcomes
1 RelativeFrequency Definition

The relativefrequency definition was developed by vbhses about seventy years
agol6]. It is based on experimerdgadeasy to understand. According to this definition
the probability of an evemd, is simply the relative frequency of occurrenceioin
the experiment, i.e., if the experiment under consideration is carriediouts andy

occurs inE  outcomes then

Wy =€
0 ® IOE—é— (2-12)
For example, to determine the probabilit

using this definition, it is necessary to drop a dieeeratimes and as the number of

dice dropping increases the probability converges to 1/6.
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1 Bayesian Definition

Thomas Bayes developed the mathematical framework later known as Bayesian
statistics[9]. According to thisdefinition the probability of an event is aeasure of
belief that the evenwill occur expressed in quantitative terms as a real number

between 0 and [B], i.e:

00 0Q0i &da @A QA GO0 | (2-13)
The degree of belief is a reflectiontbkexperience, expertisand preferencesf the
person. In this respecthe Bayesian interpretation of probability ssbjective or
personrdependen{9]. This opens ughe possibility that two different persons may

assign different probabilities to a given event and thereby contradicts the frequentist
interpretation that probabilities are a characteristic of ng®jire

However, he Bayesiamstatistical interpretation of probability includes the frequentist
and the classical interpretation in the sense that the subjectively assigned probabilities
may be based on experiencenfrgprevious experiment®]. For example, in the
dropping a dice example, a person using this definition would determine the
probabil i t3y HG&byagung thatthere afex possibilities Snce there

is no reason to give preference to any of tleéseutcomes the probaliij should be

1/6.

The degree of belief is also referred to as a prior belief or prior probability, i.e. the
belief, which may be assigndakfore obtaining any further knowledgf®]. The
importantargument in thigpproach is that a subjective estimate of the probability of
an event\{hich is calleda prior probability) is better than no estimate. However, as
relevant data are collected and processed using the Bayesian statistical,aredysis
estimates oprobabilty (called theposterior probabilit) become less dependent on
the prior estimate and closer tioe data which idbased on the relativieequency

definition.
224 Bay eledeml

Using the theorem of total probability, the probability of an eVYerdn be calglated,
when it depends on mutually exclusive and collectively exhaustive events
ey /B iy (with known probabilities).
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It is useful to know the probability of one tife mutually exclusive and collectively

exhaustive event®.g.dy given that the everd has occurredBy usingEq. (2-7):

pp DO 00

0O ® T (2-14)
By plugging theEq. (2-10) into Eq.(2-14):
POY B Tam oo (219
The above equation is called Bayesd theo

provides a tool for updatintpe probabilities of events based on new observafiohs
Therefore, tiis widely used in the reliability assessment of existing structlmeke

above equation:

1 0 & & is calledPosterior probability aheeventd; i.e. the updated probability

of & after observing everd.

1 0 &®& is calledtheLikelihoodfunction;i.e.the probability of observing event

agiven thatd is the true state.

1 0 & is calledPrior probability oféy; i.e.the probability ofd beforeobserving

the eventy (new observation)
2.2.5 Random Variables

A random variable is a numerical variable whose specific value cannot be predicted

with certainty before an experimestcarried ou{6].

A random variable can be either a disc@ta continuous random variable. A discrete
random variable has a finite or infinite countable number of valueshvare often
positive integers, e.ghé number of earthquakes within a certain period of tihne, t
number of cars crossing a bridgecontinuous random variable has always an infinite
number of values and is free to éakn any value on the real axis, eigesgth of

materials depthof afatigue crack

In this study, a random variable will be désd by a capital letter, while a particular

realisation of the random variable by the corresponding lowercase letter.
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The relationship betweethe values of a random variable and the corresponding
probabilities is described by the probability distributadrihe random variable.

2.2.6 Probability Distributions

The probability distribution of a continuous random variablasuallydescribed by
the probaility density function (PDFyvhich is the derivative of the CDF:

Q0 w

”n A) 2_16
Qw o ( )

Therefore, the probability thai is within a tiny interval 6o w ®is equalto:
Do ® o Yo "QaYo (2-17)

For an interval of h ] the probability that X takes on a value in this interval is:
D ® w JORANOXN (2-18)
If the PDF ofdis known, its CDF can be obtained as:

MMw L b & © MQoQw (2-19)

The CDF of both discrete and continuous random variables has the following

properties:
m Ow p (2-20)
O B Tt OH p (2-21)
Nw - Ow MEDE PET QO QL Q (2-22

It is noted thathevalue of'Q @ is not itself a probabilityBasedon Eq.(2-20), CDF
is a probability. Moreover, Eq. (2-22) indicates that the cumulative distribution
function ismonotonically increasing-igure 2.2 shows therobability mass function

and the cumulativdistribution functiorof a discrete random variable, schematically
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fx(x) Fx(x)

Figure2.2. lllustration of PDF (left) ard CDF (right) for a continuous random
variable

2.2.7 Moments of Random Variables

Probability distributions may be also defined in terms of their moments. fThe i

moment of a continuous random variaisielefined by[9]:
a [ANONARONA) (2-23)

Themean value (oexpected valueof a continuous random variabledsfined as the

first moment9]. The mean values denoted a® & and defined as:
(YA B O Qw (2-24)

The expected value can be interpreted as a weightingbgfQ « . Therefore, the
expected value of a random variable is also calledrtean valueof the random

variable.The nean valuas denoted as .

It is noted that for obtaining threeanvalue for a discrete random varialdey. (2-24)

is written as:
W N w (2-25)

Similarly, the variance is described by the second central moifieatvariance of a

continuougandom variable is denoted @b i and is defined a$]:

HOBH 0o A o WY oRR (2-26)
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The square root from the variance is called the standard deviation of a random variable
and is denoted a$;;

W 0w (2-27)

It is noted that for obtaining the variance for a discrete random variabl&-E6). is

written as:
WO w n o (2-28)

The ratio of the standard deviation of a random variable to its meecallés the

coefficient of variation (COV):

60 — (2-29)

The coefficient of variation provides a useful descriptor for the variability of a random
variable around its expected vali83. It is noted that theoefficient of variationis a

dimensionless parameter.
2.2.8  Common Continuous Probability Distributions
2.2.8.1 Uniform Distribution

The wiformdistribution is used whegin experimentias an arbitrargutcome between
certain bounds ¢ftd. The probability density functioPDF) for a uniformly

distributed random variabie defined as

@)

h & o ©

2

€

(2-30)
Qo T Qauv®i Q

Whered®andoare the parameters of theobabilitydensity functionFigure2.3 shows
the PDF of the uniform distribution.
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fx(x)

X

=
[ J P ——

Figure2.3. A continuous random variable with a uniform density function

By plugging the Eq2-30) into Eq(2-24) and Eq(2-26), the mean and the variance of

a continuous random variable with uniform distributssrobtained as:

C
. (2-31)

®» &
p

2.2.8.2 Normal (Gaussiar) Distribution

Normal distributions are usuallyused to represent random variablbose
distributions are not knownThe rormal distribution has two parametersgan
paramete(’ ) and standard deviation paramefg). The PDF of a normal distribution

is defined as:

— s p . P
0w ——— Qont 2 2.32
e, ¢ (232

”

The random variablé is defined in the rangef ( HiHb). Figure2.4 shows the PDF

of the normal distribution.
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Figure2.4. The pobability density function o normal distribution

The standard form dhe normadistributioncan be obtained by replacitige random

variable®with an eqivalent normalised valug as:

n @ (2-33)

Usingthe above transforpmthe mean and variance of the standard foirthe normal

distributionareequal to

T, , p (2-34)

Therefore, thePDF of the standard normal variable is equal to:

. P .. P, ,
Qo g Qw -0 e 0 2-3
i N (2-39)
And thestandard normaCDF is:
. v o w ,
Cw 1O ®w B — BO (2-36)

wheres ¢ isthestandard normal distribution adds a standard normally distributed
variable with expected value zero and unit standard deviatitable with numerical
values of the standard normal CI¥Fp , is given intheliterature[9]. The table can

be used in two way$ind 5 6 givend orfind 6 givenz 6 .
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2.2.8.3 Lognormal Distribution

A random variable has a lognormal distribution when its natural logarithm has a
normal distribution. It is noted that the random varid@bleelongs to the range ).

The PDF of a lognormal distribution, which dependdwo parametersand_ is:

s P .. Pl D
Qw —— Qown
w /¢

= (2-37)

alhe

Parameters_ and , and are the mean and standard deviation0afé® . These

parameters anelated to the mean asthndard deviation of variableas:

1ip =
(2-39)

When-j+« 1@, it can beshown that:

e - (2-39)

Figure 2.5 shows the PDF of the lognormal distribution for different amounts of

parameters.

fx(x)

—£=05

0.12

0.09

0.06

0.03

0 5 10 15 X

Figure2.5. The pobability density function of lognormal distributiga- = f2r all
distributiong
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2.2.8.4 Exponential Distribution

The eponential distribution is thprobability distribution of the time between events
in a Poisson distribution. Thexponential distributiothasone parameter which is

calledtherate parameter J. ThePDF of the exponentialigtributionis defined as

Mo QR o m (2-40)

The mean and standard deviatadrthe exponential distributioare given by:

P (2-41)

Figure2.6 shows the PDF of the exponential distribution for different amourttseof

rate parameter

fr(®)

0 1 2 3 4

Figure2.6. The probability densityfunction of exponential distributien

2.2.9 Multiple Random Variables

In previous sectionst was showrhow the uncertaintgan be modellethy a single
random variable. However, in many problemscertaities arise from several
sourcesThe pint behaviour of two (or more) random variables is characterised by a

joint probability distribution.
2.2.9.1 Joint Probability Distributions

In this section, joint probability distributions of two random variables will be
discussed. It is noted that the joint proitigbresults can be extended to more than

two random variables.
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Consider two random variables X and Y. Their joint cumudadistribution function
(CDF)is definedas:

O W 0h ©, O @ (2-42)

For the continuous random variablés joint probability densitys obtained as:

. 13) .
» N B N 2_ 43
Q ow FoFo O uw ( )

The joint PDF can also beterpreted the probability of the intersection of swents
0 ® O ® Qo © & ® Qo Q duQrQ® (2-44)
Therefore:

0 o QRO (2-45)

2.2.9.2 Marginal Distributions

In some cases, it is necessary to remove consideratiomeofariableo study only

the behaviour of the other variabla such casgeshe marginal PDF isbtainedas:
QW Q Qo (2-46)

2.2.9.3 Covariance andCorrelation

When the uncertainty is modelled by a single random variable, the most information
about the distribution of a single random variable is provided by its mean and standard

deviation.

However, wherhere is more than one random variable, the interdependence between
random vaablesin their joint probability distribution can be represented by the

covarianceas:
bedhy Od ¢ O ¢ O ' ® " dwQaQ (2-47)

It can be shown that for statistically independent parameters, the covariance is equal
to zero. Covariance indicates the degree of linear dependency between the two random

variables.
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By dividing the covariance @ivo variabledy the product of their standard deviations,
a normalised version of the covariance which is called the correlation coefficient is
obtainedas

6 é Vi IV o

”

(2-498)

It can be shown that

P P (2-49)

The correlation coefficient shows the degree of linear dependency between two

random variables.

It is noted that close b zerodoes not mean that there is no dependency between
two random variables; although there may be some nonlinear relatidrethipen

these variablegseeFigure 2.7). It is important to note that the terms statistically
independent and uncorrelated are not synonymous. Iframdom variables are
statistically independent, they must be uncorrelated. However, uncorrelated random
variables are not necesiba statistically independeri6]. Figure2.7 shows different

possible correlations between two random variables.

vA Y oA

b
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Figure2.7. Different correlation coefficiestof two random variables

It should be noted that it is rare to obtawalue of correlation coefficients equal to O,
1, and-1. Two random variables can be assumed to be statisticaipendent if the
absolute value of their correlaticoefficient is less than Q.®oreover, two random

variables can be assumed perfectly correlatgd it  T@o[6].
2.2.94 Common Multivariate Distribution s

Multivariate distributions are more complex than distributions of a single random
variable and not many of them are commonly used. One of the common multivariate
distributions is a joint normal distribution. The joint PDF of two normally distributed
randomvariables depends on five parameters whicltveoenearvalues two standard
deviationsand the correlation coefficiebetween two random variabléehe PDF of

the joint normal distribution is:

"Q of
‘ (2-50)

Figure2.8 shows the schematic shape of the PDF of the joint normal distribution for

two variables.
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Figure2.8. Joint normal probability densitfunction

2.3 Fundamentals of Structural Reliability
2.3.1 Different Approaches to Structural Safety
2.3.1.1 Deterministic Approach

For many years, fahed esi gn of the structur al syster
strengths are considered as deterministic values. Therefore the capacity of assystem
determined in such a way that it excetrek load with a certain margjh0]. The sfety

factor in this approach is defined as:

NPT N ) AR AN (W)
Y QW 0 &————_ —
DEWQ Y

(2-51)

A safety factoris considered as a measure of the reliability of the structure. In codes
of practice for structural systems values for loads, strengths and safety factors are
recommendedThese values are determinbdsed orexperience and engineering

judgemen{10].

The main limitation of the deterministic approach is that it does not calculate the
probability of failure. For exampleif the safety factor is reduced by 20%, this
approach cannot provide how much the probability of failure will increase. The
method can only say that the probability of failure will increase
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2.3.1.2 SemiProbabilistic Approach

In new codesthe characteristic values of the uncertain loads and resistances are
specified and partial safety factors are applied to the loads and strengths to ensure that
the structure is safe enough. The partial safety factors are usually based on experience
or calbrated to existing codg40].

Sincethere is uncertainty aboutdhultimate strengtbf a structure anthe maximum
load on the structurehese parameters are considaradertain parametgerimagine
the mean values arstandard deviations of capacity f, ) and load {( h, ) are

available based on previous measurements of load and capacity.

In this approach characteristic values are defined as:

T °Y: 95% Fractiles, i.ed "Y Y T1@ouv
T Y : 5% Fractiles, i.ed 'Y 'Y Tm8tv
L
Load Capacity

fr(), fs(s)

Sk Ry RS

Figure2.9. Characteristic valugof capacity andoad

The characteristic load is multiplied by a partial safety factor (usgediter thari.0)
to account for uncertainty in the loading estimatidhe partial safety factor for the
strength uncertainties is usual@ss tharl.0 to consider the effect of glity control
during construction. To ensure safety, it is required that:

Y oY o (2-52)

Where] and| are the partial safety factors for strength and loading variables,

respectively. If this inequality is not satisfied then the characteristic design strength
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'Y must be increased. This is known as a gembabilistic approach and it the

basis of manylesign codef5].
2.3.1.3  Probabilistic Approach

It was mentionedhat structural analysis Isebeentraditionally performedbased on
deterministic or semiprobabilistic methods. However, in real engineering
applications, there aseveral sources of uncertainties in the prediction of the load and

the resistance of the structural systems.

For example, for an offshore platforthere are considerable sources of uncertainties
in the calculation of the hydrodynamic loading on the membae to the uncertain
valueof maine growth, surface roughnesse uncertainties in the values of drag and
inertia coefficients required in force calculatipaad the simplifications made in the
derivation of water particle kinematics using a wave mhebhus the predicted forces

and stresses in the members of the structure involve uncertainties.

On the other hand, the predicted strength of the structure is also subject to uncertainty
due to the inherent randomness in material properties such astyexidth, fatigue
strength and the uncertainty in the soil parameters, etc.

Due tothe existence of many uncertainties in loads and the resistance of the system,
there is a need for the useagbrobabilistic approach to ensure that the system is safe

at an acceptable level of probability, during its specified lifetime.

Structural reliabilityanalysis, which is a probabilistic approagpigvides a framework
for the rational treatment of uncerta@s in a system. In this framework, the safety of
the structure is quantified in terms of the probability of failure or reliability which is

accepted as a rational measure of structural spfety

Since the focus of this sty is on offshore structures, in the following section, the

reliability analysis of a structure will be explained.
2.3.2  Structural Reliability Analysis

The eliability of a structural system is defined as the probability that the structure has
a proper performance throughout its lifetime. Reliability methods are used to estimate

the probability of failure. It is noted that the reliability models might haveesamors.
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Therefore, the estimated reliability should be considered as a measure of reliability
and not as an absolute numpEd].

To estimate the reliabilitythefollowing steps should be taken into accoirt]:
Identify the significantailure modes

Formulate failure functions (limit state functioriej each failure mode;
Identify the stochastic variabl@sthe failure functions;

Specify the statistical parametédsstribution) of the stochastic variabjes

= == =4 4 -2

Estimate theeliability of each failure mode;

1 Perform sensitivity analyses to evaluate the reliability results
The fllowing sections explain each mentioned step, briefly.
2.3.2.1 Definition of Failure and Limit States

Typical failure modes in reliability analysis for a structural system could be yielding,
buckling, fatigue and excessive deformati¢h8]. The main purpose of structural
reliability analysis is to evaluate the probability of failure of a structural system for

these failure modes.

For this purposevent offailure shouldbe defined. In structuragliability, failure is
usually defined basedn the concept of a limit state, which represents a boundary

between desired and undesired performance of a structural systemmrnent
Three types of limit states are usually consid¢ééd

1) Ultimate limit state (ULS):Failure associated with the loss of ldaehring
capacity. E.g. when the load exceeds the resistance of a structural component.
This failure can be related to e.g. formation of a mechanism in tiiuetare,

excessive plasticity analickling[10].

2) Serviceability limit state (SLS)Under this conditionfailure is related to a
serviceability loss that does nodicatea significant decay of structural safety

e.g.excessive deflections of a beam, local damage and excessive vibfHdons

3) Fatigue limit state (FLS)This is associated with the loss of strength under
repeated cyclic loads.
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It is noted that the defined failure does natessarily meathecollapse of a structural

system.

For any given realisationsof the basic variables, the structure is either in a safe region
or in a failure region. The basic variable space is thus divided into two sets, the safe
setand the failure set. The two sets are separated by the failure surface (limit state
surface). It is assumed that the failure surface can be described as:

Qe "NQohwMBhy (2-53
Where gK) is the failure function.

Usually, the failure function is defined in a way that the positive values xf g(

correspond tthesafe area and negative values correspotitet@ilure ared10], i.e.:

Qe 1T Failure area
Qe 1T Limit state: the boundary betwethre safe and unsafe area
Qe T Safe area

Figure 2.10 shows the limit state function hen two variables are available,

schematically.

% gx) <0
L Failure domain

~
-
-
------

gx)>0
Safe domain,

Figure2.10. Failure function(limit state)

The limit state function usually includes several basic variablegry simple limit

state function can be defined as:

QY Y (2-54)
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where'Y denotes the capacity of a system aglthe load acting on the systefgure

2.11 shows how the limit state function divielthe whole area into safe and unsafe

area.

S

R=S
p /
p /g&@@
Unsafe region i

&
[X /// \)\.
o4
///%

/ Safe region

o

R

Figure2.11. Limit state function and sai@isafeareas irthereliability analysis

2.3.2.2

Uncertainty Modelling

The behaviour of a structural system is usually described by models (analytical,

empirical or numerical)To take into accountarious uncertainties associated with

structural properties, loads and models themselves, parameters of the models are

represented by random variabl&ke uncertainties are usually described in terms of

the probability density function of the basic vaies.

In structural reliability analysis, uncertainties should be interpreted and differentiated

regardingheir type and origifo]. There are different tymeof uncertainties including:

1 Physical uncertaintyifherentuncertainty:

The first type of uncertainty which is also called aleatory uncertainty is

uncertainty that arisdsom the inherent randomness of physical quantities, such

as natural loads (e.g., wind, earthquake), material properties (e.g., soi[1feel)

The inherent uncertaintys caused by the fact that theniverse is not

deterministic. Thesencertainies cannot be reducethroughthe collection of

additional informatiorf9].

1 Modeluncertainty;
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The modeluncertainties are uncertaintitsmtare associated witthe imperfect
knowledge or idealisations of the mathematical mod&Bj. Since hese
uncertainties can be reduced by further research osthefamore sophisticated

model, they are called epistemic uncerta[bly
1 Statistical uncertainty.

Theseuncertainties arise due to incomplstatistical informatione.g. due to a
small number of material tesf8]. The ollection of more relevant data via
observations or tests usually enables to decrdaisetype of uncertainty.

Therefore, the statistical uncertainty is categorisespetemic uncertainty.

It is noted that there are other types of uncertainties such as uncestestated to
human errorsn design, construction, inspection, maintenance, etc. which are beyond

the scope of this study
2.3.2.3 Human Error

Human error is another important source of uncertaimiy might cause structural
failures. The causes of these errare psychological and social factdisat are
compkx and not yet well understodd]. Human errors, to some extent, can be

controlled by better working conditions, rigorous quality control anditrgietc.[7].

Uncertainties due to human error are not generally accounted-&iability analysis.
Therefore, the result of a reliability analysis should be considered as a theoretical value
of the reliability[7].

2.3.2.4 Reliability Estimation

It was mentioned thahithe probabilistic approach to structural safety, all aspects of
uncertainty in the load and capacity can be assessed. In a very simple simplest case
load (Y and capacity'Y) are modelled as two random variables with probability
distributions of Qi andQ i , respectiely. The probability of failureis the

probability of beingQ mas:

0 6™ m oY Ym 0Y Y (2-55)

A structure fails when the load exceeds its resistance (capacity). For exajaadif

of a structure equaks specific valudi ), the structure fails whein Y. However,Y
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is a random variable, therefore, thelpability of failure can be calculated as the sum

of all possible intersections of two events, i.e.:
0 oY i, 1Y (2-56)

Using conditional probabilitgefinition:

U] 0°Y i Y isY i (2-57)

Thefirst expression in Eq2-57) can be written as:
0°Y i Qi Qi (2-58)
The second expression in Eg-57) can be written as:
0Y isY i Oi (2-59)
By substituting Eq(2-59) and Eq(2-58) into Eq.(2-57) and replacing the summation
by integration:

0 O Qi Qi (2-60)

Figure2.12 shows the probability density functions for load and capacity and how to

calculate the probability of failure.

0
&
=
= .
= Capacity
s
i R,S
ds

Fr(s)
Figure2.12. Calculation of the probability of failure
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As it can be seen froifaigure 2.12, for obtaining the accurate reliability resultse
left tail of the capacity distribution arteright tail of the load distribution should be

modelled properly.
1 SpecialCase- Normal Distribution

If the capacity (Y) andload (Y are assumed as independent normal random
variables, the probability of failure can easily be evaluate8ektion2.2.8.2 it

was explained that the sum of independent normally distributed random variables
is normally distributed. Therefore, the limit state function 'y "Yis a normal
random variable with thillowing mean and ariance

‘ ] ‘

(2-61)

where* and‘ are mean values and and, are standard deviations of
capacity and load, respectively. Since the limit state function is a normal random

variable,based on EqR-36), the probaliity of failure can be obtained as:

5 oY) » T[
0 LQ T oTn

— ! (2-62)

wher¢g is called the reliability index and 8 is the CDF of the standard normal

distribution.

D (u)

B
Figure2.13. lllustration of reliability index andhe probability of failure

In this case, the reliability index can be expressed through the means and

variances of the capacity and load as:
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(2-63)

The reliability index is a very important parameter in structural reliability, which
is used as a measuregtfuctural reliability insteadf the probability of failure
[6]. As can be sednom Eq(2-62) therd and0 are related to each oth@able

2.1 shows different values of probability of failure and the corresponding
reliability index.

Table2.1. Different values of probability of failure and the corresponding
reliability index

Probability of Failured ) Reliability Index 1 )

0.5 0

0.1 1.28
0.01 2.33
10° 3.09
10* 3.72
10° 4.26
10° 4.75

233 Levels of Reliability Methods
Methods to measure the reliability of a structure can be dividedaar groupq13]:

1 Level | methods: The uncertain parameters are modelled by one characteristic

value, asntroducedn codes based on the partial safety factor concept.

1 Level Il methods: The uncertain parameters are modelled by the mean values and
the standard deviationsy@by the correlation coefficients between the stochastic
variables. The stochastic variables are implicitly assumed to be normally
distributed.

1 Level Il methods: The uncertain quantities are modelled by their joint
distribution functions. The probabilitgf failure is estimated as a measure of

reliability. Thislevel will be considered in this research

1 Level IV methods: In these methodise consequences of failure are also taken
into account and the risk (consequence multiplied by the probabilitylwfelpis
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used as a measure of the reliability. In this waifferent designs can be
compared on an economic basis taking into account uncertainty, costs and

benefits.
2.3.4  Techniques of Reliability Calculation

There are several ways to calculate the religtalitd the corresponding probability of

failure, including[6]:
1 FirstOrder Reliability Method (FORM)
1 SecondOrder Reliability Method (SORM)
1 Simulation Techniques

In the first two methods, transformations from the original distributions to
corresponding equivalent normal distributions of uncertainties are needed at each
cycle of the iteration. In FORM, tHamit state function is linearesd and in SORM, a
guadraticapproximation to the failure function is determined and then, the probability
of failure is estimatefLO]. In simulation technique methods, samples of the variables
are generated and the relative number of samples corresgdaduilure is used to
estimate the probability of failure. The simulation techniques are different inaye w

the samples are generaféil
2.4 Reliability Methods

In Section2.3.2.4 the load and capacity of a structure are modelled as random
variables. However,ni real applications of reliability analysishe capacity is a
function of material properties and struetudimensions. Moreovetthe load is a
function of appliedoads and materials densiti€§. Each of these parameters may be

a random variable.

These random variables are called the basic random variables for the ptaklasn.
context, the stochastic variables are denoted by capital letters, the realisations of basic

variables are denoted lower case letters and vectors are denoted by bold letters.

The joint probability density function of the veciof the basic random variables is
denoted a¥2 e . Therefore, the general form of the probability of failure can be

written as:
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U VLQ= T Q e e (2-64)

I+

In general, to obtain the probability of failure, the above integral should be calculated.

Figure2.14 shows the joint pdf of two random variables and the limit state function,

schematically.

fx(x)

Figure2.14. JointPDF of random variables arlonit state function

The probability integration in E(-64) is the volume underneath the surface of the
joint PDFin the failure regionFigure2.15 shows the contowof the jointPDFand the

limit state function inb & plane.

X3

gx (X1, X)) =0

gxX, X)) >0 « [, gx(X, X)) <0

Safe Region Failure Region

X,

Figure2.15. Contours of the joint pdf and the lingtate function in a 2D plane
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The direct evaluation of the probability integrati@y. (2-64)) is extremelydifficult
due tothefollowing items[11]:

1 Since several random variables are involuedhe reliability applications,he
probabilityintegration is multidimensional.

1 The joint pdf ofX is usually a nonlinear muldimensional function.

1 The integration boundary™@ e ) is multi-dimensional and a nonlinear
function.

1 In many engineering applicationshere is not an expliciform forQ e .
Thereforethe evaluation othe limit state functiofis computationally expensive.

Since t is unpractical using numerical integration to find thkelution the
approximation methodsave been developed in the area of structetelbility :

1 FirstOrder Second MomenEQSM)
9 FirstOrder Reliability MethodsKORM)
1 SecondOrder Reliability Methods (SORM)
1 Monte-CarloSimulation
2.4.1 First Order Second Moment (FOSM)Method

The First Order Second Moment (FOSM) method is the first structural reliability
met hod. olrhdee radbtlicatesstiianthe method is based on a linear expansion
using only the firstlerivative terms in a Taylor series. In this mettibd higherorder
derivations are neglect¢@l]. Due to neglecting the higher derivative terms in a Taylor
series, the FOSM method does not provide an exact answer. However, it can usually

give a useful approximate answer in many reliability applica{iéhs

It was mentionethat in the statistics terminology, mean is the first moment of the area
under the probability density curve and the variance is the second moment of area
abou the mean. Therefore, tleeconémomentterm indicates that each variable is

described only byts mean value and variance.
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24.1.1 FOSM Methodto Obtain the Reliability Index

In Section2.3.2.4 it was explained how the reliability index can be calculated for a
special case. In that special case, the limit state function is a linear function of
independent normal random variablese TFOSM method can obtain the reliability
index when the limit state function is a nonlinear function of normal randoiables
[6].
The limit state function can be linearised using a Taylor series expansieglegting
the higherorder derivativegas

T Q

"L o 2 L " . _
Q= e Qe = ® (2-65)

—n

Here,o° o hisHB hod is the expansion point, i.€aylor series is expanded at this
point. Moreover— denotes a partial derivative of the limit state function with respect

to the random variabl®. This term may be a function of the random variables. The
subscriptz means theandom variables in this function should be replaced by their
values at the expansion point. It is noted that in the FOSM method the linearisation is
carried oubnthe mean values of the random varialfdsTherefore:

T Q

—a

The mean value of this linear approximation of the limit state function is obtained as:

L Q
0L+ e 0Q* H MBH T—w AR (2-67)

—a

L

Sinceb® ¢ ,termO® 1. Therefore, the second term on the rganhd

side oftheabove equation is egluto zeroEq(2-67) can be written as:
e Q' [ MBH (2-698)
Eq. (2-68) indicates that foobtairing the mean value of the limit state function, the

mean values of eachhndom variable should be substituted in the limit state function.

The next step for obtaining the reliability index is to find out the variance of the limit

state function:
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o ot (@ T—,(bQ o (2-69)

—a

L

By expanding the above equation, two types of terms will appear, the first involving
squares and the second involving crpesductsas[6]:
T Q

(6] — ®
W

_.
1=

"o (2-70)

Based on the definitioof variance and@ovariance, E¢2-70) can be written as:

re . TTfQ 12 s (2-71)
('oH,-I_- Fon CL)|_|'J__ (J\)l_l£

—a
—a

Using thedefinition of covarianceEq. (2-71) can be written as:

T 1o,
_d) _d) 8 nooo» (2-72)
L He

—a
—a

Having obtained the mean valaad variance of the limit state, the reliability index

can be calculated as:

T " K MBH
B B TT_.;Q TT_.QQ e (2-73)

It should be noted that the calculated reliability indamrd alsothe probability of

failure) is notan exact valusincethe limit state function isor-linear[6].
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2.4.1.2 Limitations of the FOSM Method

Since only the mean values and standard deviations are used in the FOSM method,
this method is an easy method to calculate the reliability index. Howevanedthied

has some shortcomings such as
1 Random variables are assumed normally distributed;

1 The Imit state is linearised and higher derivative terms ifaylor series are

neglected.
9 Lack of invarianceroblem

The mainissuewith this method is an invariance problem, i.e. the value of the
calcdated reliability index in this method depends on a particular formulation of
the limit state function. In the other words, the equivalent limit state functions
have differenteliability indexvalues, whereas, changing tieemulation of the

limit state finction does not change the actual border between the safe and failure
domaingd6]. It can be shown that the obtained reliability index is different for the

following limit states:
QY Y
QY Y
Where'Y and"Yare the capacity and load variables.
2.4.2  First Order Reliability Method (FORM)

It was mentioned that the main issue witbtFOSM method is thevariance problem
To solve this problem, the Fir@rder Reliability Method FORM) was developed.
Same asthe FOSM method the limit statefunction is approximated by the firstder
Taylor expansionHowever,here instead of at the meathe limit state functions

linearised somewhere on the limtate surface, i.e., at a pomhere™Q 1T
Two stepsareconsideredn FORM to obtainthe probabilityof failure [11]:

1 Transfering the random variables ithe original space to the standard normal

space

9 Linearisation ofthe limit state function.
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After the two steps, aanalytical solution to thprobability integration will be easily
found.

2.4.2.1 Transformation of Variables

Generally the stochastic variables are not normally distributed. To calcthate
probaility of failure basedn Eq(2-64), the random variables ithe original space
(which is calledX-space) are transferred to standard normadpace (which is called
U-space). In thetandard normapace, all random variables are:

1 Uncorrelated
 Standard normadlistributed

The transformation from the originad-space to the standard normaispace is

performedfor two reason§l1]:

1) The joint PDF in the standard normal space is rotationally symmetric and it
decays in the dial and tangential direction¥herefore, the point on the limit
state surface that is closest to the origin has the highest probdbeiigity. As a
result, the point closest to the origin is an important point for appedkigthe

limit-state function,

2) Inthe standard normal spades possible to develop a formula for the probability

content outside a hyp@tane.

It should benoted that after the transformatjoine asymmetric joinPDF in the
original spaceKigure2.15) is replaced with symmetrimoncentric circled-igure2.16
showsthe pint PDFcontour and the limit state functionlispacelt is now easier to

calculate the probability of failure.
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Figure2.16. JointPDF contour and the limit state function thspace

Figure2.17 shows the limit state functions in bothspace andl)-space.

X U,

2

N\

Figure2.17. Failure functions irK-space andl-space

The transformation is based on the condition that the CDFs of the ravaidables
remain the same before and after the transformafibe. transformation can be

performed in several ways, e.g. by determirgigenvalues and eigenvect¢t2].

One ofthe useful transformatns is the Rosenblatt transformatiofil1], which is
expresse@ds

0 @ 6 (2-74)
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Therefore, the transformed standard normal variable is then given by:

Y 0 & (2-79)

After the transformation, the limit state function can be writted-gpacelt is noted
that the mathematical formulation dahe original limit state will change. The

probability of failure is:

C-

T OF (2-76)
-
wheree = is the jointPDF of random variables in the standard normal sp&aece
all the random variables are independentjdhe PDFis the product of the individual
PDFsof standard normalistribution and is thegiven by

P ... P
e = —Qw =Y 2-7
T Ve n C (2-77)

2.4.2.2 Linearisation of Limit State Surface

After transferring the random variablesthe original spacedo the standardhormal
space, the limit state function lh-spaceshould belinearised.This linearigtion is
performedto make the probability integration easier to be evaluatethd *FORM
method alinear approximation (the firsbrder Taylor expansiorgame ashe FOSM
methodis used However instead of at mean, the limit state function is linearated
the design pointwhich isdenotedoy ¢°. The design point is unknown and it will be
explained how to find it in Sectich4.2.3

In this section, the limistate function in the original space is denoed whereast

is denotedy "O= in the standard normal space.

At first, letd assume thahe design point isnown Thelinear Taylor series expansion

around the design poioan be written as

OF e 007 007 8% ¢ (2-79)

Whereo® o' * is the expansion point, supersciiygtands for a Transpose

operator and"0¢* is the gradient o0+ at¢® which is:
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w2 TG 1 G 1 G
n"0¢ ~——h———M h—= -
Y 1Y Y (2-79)
T
The alpha vector which is a unit vector is defined as:
0=
& O= & (2-80)

Wherea3zindicates the length of a vector.
It was mentioned thahe design point is a point on the limit state surftioerefore
00" m (2-81)
By plugging Eq(2-80) and Eq(2-81) into Eq(2-78):
Ox e A0V A 8% 0° A£00 & " g (2-82

2.4.2.3 Finding the Design Point

Due tothe linearisation of the limit statdunction the probability of failure is not
completely accurate. To minineighe accuracy los¥)= needs to be expanded at a
point that has the highest contributiorthe probability integratiofl1]. Thereforeghe

Taylor series is expanded at a point that has the highest value of probability density.
The point that has the highest probability density@a  mis denoted as the Most
Probable Point (MPP) or the design poiftherefore, it is required to maximisiee

joint PDF introduced in E(R-77), i.e.:

T n p € N \ p'?‘
|l A —Qw =Y 2-83
? Mc“ r] c 3 ( )
T
Since:
P ... P= P ... P =
—Qw =Y —Qw — Y 2-84
%[ f C ng“ n G ( )

Maximising the Eq.(2-84) is equivalent to minimisin@%p’\ﬁﬁQ Thereforethe design

point (¢°) is obtained as
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-
T (2-85)
| Bz _
T T T
It was mentioned thgk||stands for the length of a vector, i.e.:
g Y Y EOY Y (2-86)

Therefore the design point is obtained by solving tlogtimisation problem
(Eq.(2-85)).

Hasofer and Lind showed that the reliability index is the smallest distance from the

origin in theU-space to the failure surfaf®4]. Therefore:

I ORE o (2-87)

Figure2.18illustrates thegeometrical concept of threliability index.
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Figure2.18. Geometrical illustration of the reliability inddx

After obtaining the reliability indexhe probability of failure is obtained as:
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0 f (2-88)
Let s have@8)agank at Eq.
OF e A0V ® 8F ¢ &£00 & T g
Since) is a unit vector, the dot product between the parallel vectarsd¢® is the

length of0*. Based on Eq(2-87), the length ob” is equal toreliability index.
ThereforeEq. (2-82) yieldsto:

OF e £°00° &£ | »ilss (2-89)
Eq. (2-89) shows the linearised limit state function obtainedhesFORM method.

1 Optimisation Technique

It was mentioned that to obtain the design point, an optimisation problem should

be solved (E2-85)). A generic search technique for optimisatioan be

employed to determine the design p@sfll]:
0 O (2-90)

whered is the iteration counter, is the step size at thie iteration, and®

is the directiorvectorat thed iteration.In each iterationconvergenceriteria

should be checked'he design point isselected when the convergence criteria

are being satisfied:\wo convergence criter@re considered:
1) The trial point must be close to the lirstiate surface:

0
0

Q (2-91)
where"O is a scaling factoand itis usually the value of the limistate
functionatthe meanvalueandQ is a is usually selectezhual tol03 [11].

2) The trial point is required to be the closest point on the origin:

If the trial pointis the closest point to the origithe gradient of the limit
state function at the trial point shoyddssat the originln fact, at the design

point,¢ is parallel to the gradient vector.

The length of thei-vector in the direction of the-vector isequal tothe dot
product between these vectors (».es). As shown inFigure 2.19, the
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difference between the vectar 8 » and¢ can be assumed a reasonable

convergence criterion:
A ) ® » £ Q (2-92

whereQ is usually selectedqual to103 [11].
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Figure2.19. Second convergence criterion

Having obtainedhe design pointhe reliability index can be achievédsed on Eq.
(2-87).
2.4.3  SecondOrder Reliability Method (SORM)

Comparedo a FORM estimate of the relidity of a component, the Secoi@rder
Reliability Method (SORM) estimated the reliability by using a seeudér
approximation of the failure surface at the design p@xpansion using the first and
the second derivative terms in a Taylor series)

OF €007 00 = 0 g? 0" 8 07 8% 0 (2-93)

whereq ¢° is the Hessian matrix of secondder partial derivatives of the failure

surface at thelesign point, i.e.:
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The result of a SORM analysis may be given as the reliability index obtained from
FORM multiplied with a correction factor evaluatessed orthe secongrder partial
derivatives of the failure surface in the design point. More details of SORM analysis

canbe found in13].

It is noted thathe FORM methodgives sensible results when the failure functions are
not too norlinear. If the failure function ikJ-space is quite nelinear, thenthe SORM
methodprovides more accurate resylt9)].

Figure 2.20 shows the first and secomdder approximations of the failure surface

schematically.

U,

ST e ) A . Failure surface
) in U-space

U,

First order approximation
of Failure surface

Figure2.20. lllustration ofthefirst andsecondorder approximations of the failure
surface

2.4.4 Monte-Carlo Simulations

In the previousmethods iterative procedureare required to obtaithe reliability
index. Since in most engineering systems, variables are not normally distributed, these

procedues are quite complex. For example; both FORM and SORM
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transformations from the original distributions to corresponding equivalent normal
distributions are needed at each cycle of the iteration. Mordbeeasbtained solutions

are not exact, albeit the approximations are usually reasonable.

The MonteCarlo simulationcanobtain very accurate solutions for the probability of
failure. With the rapid development of low cost and fast computihgnte Carlo
simulation is beoming increasingly attractivg6]. Moreover, theMonte-Carlo
simulationmethods a powerful tooWwhen the failure function in the-spacehasmore

t h a n -poimt,e.e. there are several logatpbable failureegiong[10].

The nameCaérMoont ewas i ntroduced in the 1940
Enrico Fermi, John von Neumaand others) working on nuclear weapon projects in

the Los Alamos National Laboratory. The name is a reference to the Monte Carlo
Casino in Monaco since the use of randomness and the repetitive nature of Monte

Carlo simulation are analogous to thé\attes conducted at a casifj.

Monte-Carlo methods are widely used to simulate engineering, physical and
mathematical system&loreover, Monte-Carlo simulation methodare capable to

perform reliability analysisegardless of the nurebof uncertain parameters
Thefollowing steps are required for performing Moi@arlo simulatior{6]:
i1 Define random variables and their distributions
1 Generatesample values of the defined random variables
1 Evaluate limit state function for each set of random variables
i Estimate the probability of failure of each component
2.4.4.1 BasicSteps of Monte Carlo $mulation
In general, the procesncludes théollowing steps:
1) Assume there are@ basic random variables

2) Generate a random number uniformly distributed between 0 &ind. 1indexQ

indicates the simulation number.

3) For eachbasic random variablev (Q phci8 fa), find the value with the

corresponding CDF equal®® ®» o.
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4) Substitute the generated values of the basic random variablebanlimit state
function

5) Depending on the value of the limit state function, ObtairiGke as:

o mh QWL o«
o ph QWL n (=99
6) Go to step one and repeat this proceduidge number of times$ |.

7) Obtain thenumber of total simulations in which the limtate is less than zero
(failure happens)

S ok (2-96)

8) Calculate the estimation of the probability of failure as:

. & B OF
0 e -~ ———— (2_97)
V] 0]
Figure2.21 shows the frequency of the limit state functiauesin addition to the
safe andunsafeareasschematically.

frequency of g(X)

Safe Area

Failure Area

il .

gXx)=0

g(X)

Figure2.21. Schematidistribution of the limit state function

It should be noted that the probability of failure depends on the number of trials
(i.e.0). Thereforehe probability of failure can be assumed as an uncertain parameter.

Hence, he calculated in Eq(2-97) is an estimation ofhe probability of failure. It
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can be shown that the coefficient of variation of the probability of failure is calculated
as[6]:

56 de —= (2-98)

Thed 0 wrepresentdie coefficient of variation of the estimatiohthe probability of

failure. It is desirable to redudbe coefficient of variatiomo less than 0.10 obtain a
sufficiently accurate estimate diie probability of failure[6]. In most casesthis

coefficientis evenpreferredo besmaller than 0.0P1].

To achieve the desired level of accuracy, the number of simulations by the Monte
Carlo methodnust bechosen high enough to keep the coefficient of variation of failure
probability below 0.1.

2.4.4.2 Advantages and Disadvantages of Monte Carlo Simulation

Some advantages of using the Monte Carlo simulation methg¢6é]are

1 Variables canhave any distribution function. Even empirical distributions

without explicit analytical forms can be used.
1 There is no need to transfer variables into standard normal space.

1 A complex limit state function can batilised The MonteCarlo method is

consideredhe most powerful technique for analysegmplex problems.

1 In implicit limit state functions (limit state is not expressegblicitly based on

the random variables), using Mof@arlo simulation is the only optidal].
1 There is no need to calculate the gradient of the limit state at the design point

1 By increasing the number of simulationis)(the estimtaon of the probability of
failure becomes more accurate@hereas, in FORM and SORM methods, the

probability of failure is approximated.
However this method has some disadvantages:

1 A computer is needed for performing calculations.
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1 Alarge number ofimulationds needed to obtain a sufficiently accurate estimate
of the probability of failure, especially when the order of the probability of failure

is very low. Therefore, it may rega significant computational time.

1 Sensitivity analys of the reliability index to the random variableannot be
obtained15].

2.4.4.3 Other Monte Carlo Methods

It was mentioned that to obtain an accurate and reliable estimation of the probability
of failure, a large nutver of simulations are required especiétly estimation of rare

eventsto obtain a sufficient number of rdydailed samples

In many structual reliability problems, the probability of failure is afiorder of 1¢°
to 10#[16]. It was mentioned that for an accurate reshéicoefficient of variation of

the probability of failure should be less than 0.1.

If theacceptabl® 0 wis assumed equal to 0.0fased on E(q2-98), the number of

failed simulatiosis obtained equab:

T[Eirug% i € TTTW (2-99)

If the probability of failure is assumed equal 0%, based on E{-97), the total
number of simulatios required to obtain the accurate probability of failure is

approximatelyequal to
begrm -0 T pT (2-100
Depending on the complexity of the limit state function, the computational process

may become too timeonsuming and not feasible to use.

To reduce the number of samplesmetechniques are developed itaprove the
efficiency oftheMonte-Carlo simulatio to generate more sample points in the failure
region. These techniques allow decreasing the variance of the estimate of the
probability of failure without usin@ very lage number of simulation trialSome of

these modified techniques 4id]:

1 Importance sampling
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1 Adaptive sampling
1 Directional sampling
9 Latin hypercube sampling

For example, e importance samplinnethodattemps to increase computational
efficiency by generating samples in the hglobability density regions of the failure
domain.The simplest way tperform the importanceampling is to use a dgs point
obtained by the FORMsthemean of the sampling PDFhereforethe sampling PDF
is the original PDF shifted toe centred at the design pdi@}. More cetails about the

modified MonteCarlo simulation techniques can be foundili@] and[17].
2.5 Sensitivity Measures

Usually, several random variables exist in reliability analysis applicatlorssructural
reliability analysis, in addition to the value of the probability of failure or reliability, it
is crucial to know which of the basic random variables is more important in its
contribution to the probability of failureThe main reasons forepforming the

sensitivity analysis are:
1 Identify the factors which have the most influencearability,

9 Identify factors that may need more research to improve confidence in the

analysis

1 Identify factorsthatare insignificant to the reliability and can bensidered as

deterministic parameters.

Therefore, it is important to investigate the effect of each variable on the reliability
index. A study of the sensitivity measures helps to identify the variablgseahodel
that most significantly influence the reliability of the structtBemesensitivity and
importance measures have been reported in the literature which grosidable
additional information to help in decision making under uncertainty ane thes

discussed in the followinfy].

The sensitivity of the reliability index withespect to stochastic variables can be
evaluated by using sensitivity measures. One important sensitivity mestbe@pha

vector(U).
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Based orfigure2.18, the design point vector can be written as:
0 1) (2-10))

Since» is a unit vectarthe dot product between this vector and its transpose equals

to:
g p (2-102
By multiplying » into both sides of Eq2-101):
(2-103
g
Therefore:

T
o | 2-10
v (2-104

—a

Based on E@2-104), the numerical value of is a measure of the sensitivity of the
reliability index to inaccuracies in the value of at the design point. Thuthe
components irthe U-vector can be considered e relative importance of each

stochastic variable on the reliability indg3].
It can be shown that the variance of the limit state function is eq[i@]to
OOIOF e £°00° £ | | E | (2-105

Therefore, ér independent stochastic variables gives the percentage of the total

uncertainty associated with (anddy.

It can be shown that §.¢ m® 1the correspondingrror in the reliability index is
less than one percent. Therefore, the stochastic parameter related to this variable can

be assumed as a deterministic paranié@®r

In the reliability analysis contextsometimes it can be difficulivhich variables
represent load variables and which variabbggresent strength variables. It can be
shown tha{10]:

| T Load parameter

| T Resistance parameter
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There are other sensitivity measures suchrediability elasticity coefficientand
omission sensitivity factor3.he anission sensitivity factor was introduced by Madsen
to determine the relative error the reliability index by treating one of the basic

variables as deterministj&8].
2.6 Summary

This chapter presemthe kasicconceptsof the probability theory, random variables
and commonlyused probability distributions. Thelifferent approaches to structural
safetyare described andhe concepts of structural reliability theoaye explained.
Different sources of uncertainty assdeah with load and resistanceodelling are
described.

Different techniques for estimation of the rélidy, including FORM, SORM and

Monte-Carlo simulation anddvantagesiisadvantagesf each methodreexplained

Although FORM and SORM methods estimat the probability of failure by
approximating the nonlinear limit state function, they provadeneasure of the

sensitivity of the reliability index to the random variabtesisideredn the analysis

Monte-Carlo simulation techniques, on the other harah estimatean accurate
probability of failureif a large number of simulations generated. Howeves, large

number ofsimulations makes reliability analysisoretime-consuming
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3. FATIGUE RELIABILITY ANALYSIS

3.1 Introduction

Offshore jacket platformare one of the most common tgae offshore structures.
Theyare usually constructed as truss frameworks in which tubular members are the
structural element]. These tubular members are welded together to create a steel
frame, to transfer the gravitational and lateral loads to the pile foundgtjons

Fatigue is defined athe failure of a component under a repeated |tz never
reaches a level sufficient to cause failure in a single applicilorFatigue is the
process of damage accumulation in a member which experiences variable stresses due
to timevarying loading19]. Fatigue failure occurs when the accumulated damage is

exceeding a critical level.

Offshore jacket platforms are likely to fatigue damage dtiegtoyclic nature ofwave
loading on the structure. Thereforlgtigue analys of such structuress very
important in both the design and the assessment of platfératigue damage in

offshore jacket platforms mmost probabléo occur at the welded tubular joints due to:

1 Geometric discontinuityof the connections which producdsigh-stress

concentrations ithese intersections
1 Presence of small initial defecsthe weldoe due to the welding process

Therefore, tubular joints of offshore platforieae susceptible tiatigue damage. Due

to the highstress concentration in the welded intersections, under these cyclic wave
loads, theetiny defectsgradually grow into fatigue cracks, and significantly reduce
the capacity of the connectionghe crack propagation magach unacceptablsizes

throughthickness crackand mightead to failure of the tubular joints.

The main purpose ahis chapteiis to obtain the fatigue reliabilitgnalysisof the
tubular joints.Section3.2 introduces the fatigue process, how to model the wave
loading in the sea environment, and how to obtain the response of the structure to the

environmental loads by introducing the transferction concept.
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In Section3.3, stress analysis of tubular joints is considered. Different types of tubular
joints are introduced. The concept of Ispbt stress (HSS) and stress concentration

factor (SCF) is presented.

For fatigue analysisf a tubular jointfwo approaches are available: thé&l &pproach
and the Fracture Mechanics (FM) approggdhSection3.4explains the SN approach,
important factors that should be taken into consideration whenth&i8gN approach

(e.g, wall thickness), and fatigue damage calculation.

Fatigue analysis basemh the FM approach is explained in Secti@b. The crack
growth estimation, Paris lgwnd stress intensity factor (SIF) are introducedels
It is noted that in this studyhe FM approach is considered for performing the fatigue

reliability analysis.

Considerable research effort has been made gordibabilistic approaches to fatigue
reliability analysis of offshore jacketlatforms Section3.6 explains some of these
studies.Section3.7 describediow to perfornfatigue reliabilityanalysis for a tubular

joint in a jacket structur@d o carry out reliability analysis it is necessary to develop
appropriate probabilistic modeln this section, sources of uncertainties in fatigue
analysis are explained and the limit state function is introduced. It is worth mentioning
that in this chapter, the fatigue reliability analysis is considered at the component level,
i.e. the probabity of failure is estimated for a specific component (tubular joint). The

system reliability calculation will be discussed in Chapter 4 of this thesis.

Finally, the application of the fatigue reliability analysis to a jacket platform is
provided in Sectior3.8 A threedimensional structural model of the considered
platform is generated using SESAM software. A global fatigue analysis is performed
by SESAM and the generated stress results are ugegddirt the crack size for the
critical components in the considered platfoAhany given time, the reliability of a
tubular joint depends on the sizethe fatigue crack. B performing the reliability
analysis for the critical components, the probgbdf failure of each joint is obtained.

It is worth mentioning that in thi€hapter, Secti®3.2to 3.7 describe the theoretical
aspects of the fatigue reliability analysishereas, Sectio3.8 demonstrateshe
application of theheoretical aspects the considered platforand results that have

been developed by the author.
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3.2 Fatigue Stochastic Process

The theory of stochastic processes is treated in several textbooks R@h[2&] and

[22]. The basics of stochastic process can be explained by taking into account the time
history of a process such as showrrigure3.1. Thevalue of the stochastic process

at any specific time cannot be precisely predicted. However, it is possible to describe
the process by its statistical properties. A process is said to be stationary if the

statistical properties (e.g. mean value and stahdaviation) do not vary with time
[3].
f(@®

M A
y

Figure3.1. Time history of a stochastic process

Time, t

Many processes can be considered stationary mecigshe considered time interval
Is short enough. For example, the sea surface (water level) elevation can be considered

to be a stationary process within time intervals of three to six [fgjurs

The main characteristic @ stationary process is that it can be considered as being
composed of infinite harmonic components with different freqesrj6]. It can be
shown that the energy of a harmonic wave is proportional to the square of its amplitude
[5]. The energy spectrum shows how this energy of a harmonic wave is distabuted

various frequencies.
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Figure3.2. Energy spectrum for a harmonic wave

Figure 3.2 shows an energy spectrum for a harmonic wave, schematically. In the
literature, thewave energy spectrum is also called wave spectral ddbsitin this

figure,1 represents the angular frequency avd represents thevater surface

energy spectrum for a harmonic wave. The angular frequency is defined as
& ¢ (3D

where”Y and"Q are the wave period and wave frequency, respectively.

The zereorder momenof the energy spectrum (whichtlse area under thepectrum)
represents the total energy of the prodégsit can be shown that theercorder

momentof the energy spectrura also equal to the variance of the prodé§si.e:
d “Y—I ‘Q—I ” (3'2)

whered representshezercorder moment of the energy spectrand, represents

the variance of the water surfdé&g.

The spectral width parametgr) of a process (any stochastic process in general)
defined ag5]:

T P oo (3-3)

wherea M are the secondrderand faurth-order momerstof theenergy spectrum

of that process, respectiveljhe amount df varies between zero and one. When it is
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close to zero, the spectrum is narrow #meltime history of the process is relatively
smooth and regular. Otherwijsine spectrum is broad and a tirhistory s more

irregular in shapé¢s].

For a narronband process, the average zerossing periodior the water surfacgy)

is approximated bjs]:

==

Y ¢ (3-9)

In this chapter,he statistical properties of sea waves are modelled usingtshart
sea states. The duration of a sea state is normally takierealsours[5]. Within each
sea statethe water surfaceslevation € ¢ ) is modelled by astationary, Gaussian
stochastic proces$herefore, lie wave elevation is assumed normally distributed with

anexpected value of zero ( m) and standard deviation pf [5].

3.2.1 Response to the Environmental Loads

In a linearsystem, the spectrum of the response can be ebtdiy using a transfer
function. Linear systems are systems in which tiedation between the input
(excitation) and the outputgsponse) is described by a linear differential equgipn

In the North Sea, the surface waves are of major importance in the design of jacket
structures, wheesthe wind loads only represent a contribution of less thaonfi¥e

total environmental loadin[d.9]. Therefore, for an offshore structure, the ocean wave
forces can be consideredths excitation and the stresses in a member can be assumed
as the responskn general,he response peess at the same frequency as the excitation

process can be given [Bj:
® o VM ® o (3-5)

where"Y] is the transfer functionp 6 andd o6 are the excitation and response,

respectively.

The value of the energy spectrum at a given frequency is proportional to the square of
the amplitude of the harmonic wave at that frequejady Therefore, the energy

spectrum of the response process is ghsejs):
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Y1 SV s Y (3-6)
where"Y represents the response spectrum™gndpresents thexcitation spectrum

In this chapterthe water surface is the excitation (i¢@. o ) and stress is considered

as the response (i®. o). Therefore, Eq(3-6) is writtenas:
"Y1 SYI s YT (3-7)
where"Y represents the stress spectrum anepresents thevater surface spectrum.

Figure 3.3 shows the water surface spectrum?( ), the stress spectruriy( ),

and the transfer functiori{ ), schematically.

Sy(@) (T NV s

w . wj w

Figure3.3. Obtaining the stress spectrut { ), by using the water surface
spectrumTy 1 ) and the transfer functiofiy{ )

The major task of the frequency domain analysis is the determination of the response
of the structee for a unit sinusoidal wave asunction of the wave angular frequency

(i.e. transfer function).
3.2.2 Modelling of Wave Loads

The real sea does not contain the regular wave. Therefore, the sea may be described in

terms ofthe statistical properties of theasgurface elevation.

The wave period of a sastate can be defined as the time between two successive up
crossings througthe still water level (zero wgrossing period). The wave height for
each period is defineak the difference between maximum and minimum values within

that period5]. Figure3.4 shows the time history of the irregular sea surface.
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Figure3.4. A time history of the irregular sea surface

In a short timanterval (e.g. 3 hours), the statistical properties of thestsda may be
considered to be constant. Therefore, the theory of stationary stochastic processes can
be used to describe the s#ate. For this stationary processs following terms are

defined

9 Zero upcrossing period’Y):

The average value of the wave periods as showigure3.4
1 Significant wave height@):

The average of the highest etigrd of the wave heights as definedrigure3.4
1 Thewater surfacspectrum;y ]

Wave spectra can be obtained by analyses of recordedtinavéistories. For
design purposes, the model wave spectra are analytical expressions describing
the spectral shapfb]. Several spectra have been developed and th& mo
commonly used in the North Sea are PierStmskowitz (PM) and JONSWAP
spectrum. The PM spectruappliesto a fully developed sea, i.e. when the growth

of waves is not limited by the size of the generation area. Therefore, the PM

spectrum is usually usddr fatigue analyses in the North &4
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In the PM spectrum, the wave spectral denstty, is defined as a function of
significant wave height®@), mean zer@rossing period"y) and wave angular
frequency( ), as[5]:

o, T 0 p
YT B2 Qunp ¢ N 7 (3-8)

The parameter® and”Y are constant within each sea state

Eq.(3-8) is obtainedased on extensive oceanographic data and has been adopted
as thanost appropriate expressionsafasurface behaviour for a fully developed

sea.

Having obtained the water sur@acspectrum (excitation)the stress spectrum
(responsexan be achieved by using a frequency domain analysis. In a frequency
domain analysis (spectral approach), the stress range spectrum is obtained by using
water surface spectrum and the transfer funcas shown in Eq.(3-7). In this

approach, thevave statistics of the random s&a& considered a stationary process.

Mori s o n 0 s iseviglalyaiged iothe design of jacket structures for calculaliag t
waveinduced loading. Moi sonds equation provides r1 e:
selection of the dragd() and inertia § ) coefficients in combination with an

appropriate wave theof$9] as:

"0 %O 5 Y% ‘ :O 5 Wrg( (3-9)
In Eq(3-9):
1T " Mass density of water
1 6: Drag coefficient
1 © Effective diameter of the cylindrical member including marine growth
17 ™ Velocity vector of the water normal to the axis of the member
T 6 d Inertia coefficient,

q 7?]{ g Acceleration vector of the water normal to the axis of the member
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3.3 Stress Analysis of Tubular Joints

Due to the uniform and symmetrical cressction of tubular members, the stress
concentrations are very small for these members. However tubular joints, which are
welded connections, represent structural discontinuitiasgive rise to very high

stress concentrations in the intersection gga

Fatigue failure is a major problem in welded tubular joints due to-stigiss
concentrations at the weld toes of the intersections. Therefore, the proper design of
tubular joints against fatigue failures must be based on detailed knowledge of the

magnitudes of the stress at the weld toes of the conneffijons
3.3.1 Types of Tubular Joints

Offshore structures are made from welded tubular joints which are different from each
other with respect to size, shape, anddocadying capacity. These joints can be loaded

in any combination of three modes whiale axial loading, oubf-plane bending
(OPB), and implane bending (IPB). Due to the complexity of joint geometry and shell
behaviour of welded tubular joints that govern load response, local stresses-are non

uniformly distributed.Figure3.5 illustratescommon loads in a tubular joif8].

Chord

Figure3.5. lllustrationof different types of loading

Tubular joints are made in different shapes and their configurations and dimensions

are usually chosen based on structural requirenf@gntBubular joints consist of joints
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betweermain and secondary member tubes. The member whichlh@ger diameter
is called a chord, and the smalgzed member is denoted abrace[5].

Tubular joints are classified based on the geometrical configuration, thechlmald,

and the design types. The design types are categorifgld as

A) Simple welded joints: Simple (ordinary) welded joititatare used as planar or
multi-planar designs are tubular members without overlap of the brace tubes and
without any stiffeners or reinforcemeif$. Figure3.6 shows some typical planar

and multiplanar joint types.

B) Overlapping jointsAn overlapping joint is defined based on its geometry and its
force transfer. These joints are joined together at their connection withattte ch
Therefore, the loads are transferred between the braces through their common
weld [5].

C) Complex joints: Complex joints are the joints that have internal/external

stiffeners[5].
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Figure3.6. Simple welded joints, (a) planar joints, (b) a mpl&nar joint, (c)
offshorejacket platform

The nonuniform distribution of stress occurs both on the tubular joint surface and also
through the joint thickness. Namiform stress distribution leads to the existence of
stress concentrations, mostly alavith the chord and brace wekloeq3]. These stress
concentratioa cause the fatigue cracksoriginate and propagate. Ribve design and
assessment of structural components, stress analysis is carried out to determine both

the location and magnitude thfese critical stresses.

The location of the most critical hot spots is usuatlignown in advance. Therefqre
severalpoints(usually eight pointsaround the circumference of the tubular sections
are checked for fatigue, both on the chord laradte sides of the weld. For each point
the magnitude of theritical stress is specifiefigure3.7 shows these circumferential
points for a tubulajoint.
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Figure3.7. lllustration of fatigue check points

3.3.2 StressDefinition in Welded Connections

The presence of the weld at the complicated geometry of tubular joints causes major
changes in the stress field in the brace and chord members. In fatigue crack growth
analysis, critical stresses have to be determined for each joint. There are three main

sources of stress in tubular welded joif8k

1) Nominal stresses: These stresses occur in the tubular members due to the

members behaving as beam and column elements.

2) Geometric stresse$hese stresses occur due to the deformation of the brace and
chord walls at the connection. The difference in axial stiffness of the brace and
bending stiffness of the chord wall, which varies along the intersection, causes
major distortions of the stredeld. The magnitude and distribution of these

stresses are influenced by the overall geometry of the joint.

3) Notch stressesthe stresses which happen from the geometric discontinuity of
the tube walls introduced by an abrupt change in the section atetbetoe.
These stresses are also commonly referred to as local stresses and are a function

of weld size and geomet[$].
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Unlike nominal and geometric stresses, notch stresses goeopapated far through
the wall thicknessind, therefore, the resultingess field is highly localisef8]. Due

to the complexity and the variety @int geometries used in the construction of
offshore structures, the weld toe geoméiry. the weld toe radius arahgle) cannot

be made identical for each joicwnfiguration[3].

Due tothis difficulty in the determination of the notch stressasharacteristic stress
range is used for the fatigue analyj§E This characteristic stresange is known as

the hot spot stress ran{§g.
3.3.3 Definition of Hot Spot Stressand Stress Concentration Factors

The Hot Spot Stress (HSS) is the most influential fact@ontrol thefatigue stregth

of tubular jointg5]. HSSis the stress at the weld toe calculated by linear extrapolation
to the weld toe of the geometric stres8]. It is notedthat inthe S-N method, the hot
spot stress excludeke contributionto the stress concentration cadgy thenotch
effectof the weldgeometry[5]. Figure3.8 illustrates the definition of hot spot stress.

@ Stress

L 3

Notch
Stress

Nominal Stress

Brace

O | Weld toe

Hot Spot Stress

Chord

Figure3.8. Stress distribution in chord wall

The hot spot stress definition should be based on extrapolation from a point located
0.25T from the weld toe on the chord side, and 0.25t on the brace side where T and t
are the chord and brace thickness, respect[&lyurthermorethis distance shddi

not be less than 4 mff].
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In welded jointstwo different hot spots are found for the brace and the chord side.
The maximum stress value may be on the chord side or bracdefidedingon the
design andgeometry of the join{5]. The hot spot stresses must be caledlat

individually for the chord and brace.

The stress concentration factor (SCF) is defined as the ratio of the hot spot stress to
the nominal stress in thraceas|[5]:

"v§ "o 12X (3-10)

» 0

where, is the nominal stress and s the hot spot stress the brace.

Due to the complexity of the joint configurations, different guidelines provide different
values for SCFs. The DNV documdg8] states that stress concentration factors may
be obtained from relevant tests or analyses. Thie etgb requires the SCF not to be
less than 2.523].

Department of Energy Guidanft]d ef i nes t he hot spot stre:
around the brace/chord intersection of the extrapolatiothéoweld toe of the

geometric stress distribution near the weld toe. Thisspot stress incorporates the

overall effects of joint geometry but omits the stress concentrating influence of the

wel d i tself which r esul sdefinitionofdot$potstrads st r e
is now accepted as an offshore standard for stresgsenaf offshore tubular joints.

The American Petroleum Institufg5]d ef i nes hot spot stress
immediate vicinityofa t r uct ur al di scontinuityo. This
finite element analysis (FEA) method to obtain hot spot stregeneral, the hegpot

stress incorporates the effects of the overall geometry but omits the stress

concentrating influence afie weld itself which resulis a local stress concentration.

Accurate estimation of the SCF and hot spot stresses are required to ensure adequate
fatigue strength. The sensitivity of the fatigue strength to the values of the SCF is
illustrated that annderestimation of 18% of the value of the SCF may cause a 100%
overestimation of the fatigue life predictifs.
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3.34 Methods of Stress Analysis

Hot spot stress at the intersection of welded tubular joints governs fatigue strength of
offshore structure§3]. Therefore, the determination of this value is a crucial step

during the fatigue assessment of jacket platforms.

Due to the complexity of joint shapes and the shell behaviour of tubular joints, stress
analysis of tubular welded joint intersections is difficult. A wide range of techniques
has been developed and employed in assessing offshore structures. The meghods var

in their degree of accuracy in modelling different geometries and loading[8hses

Several methods have been used over the years for the analysis of stresses in welded
joints. The first attempts wengerformed to analyse bular joints using theoretical
methods for stress¢26]. However, the determination of stresses in tubular welded
joints is difficult through the use of theoretical methods. As a result, the stress analysis

is usually performe by using:
1 Finite element methods;
1 Experimental measurements;
1 Parametric equations.

3.3.4.1 Finite Element Methods

Stress analysis with the finite element methods (FEM) is the most accurate approach
to determine the stress distribution and hot spot stresufar joints[3]. However

FEM analyses are more expensive in comparison with other methods.
3.3.4.2 Experimental Methods

Most of the early information on the performance of tubular joints and tubular joint
stress behaviour was obtained by experimental measurements on stee[3hoteés
increased offshore activity in the North Sea in the 1958d to an increased need to
predict stresses in tubular joints more accurately, and diffeygarbache$3] were

being used to determine stresses in tubular welded joints using experimental methods.
Experimental methods relyon the measurement of strain and hence stress
concentration factors on scaled or fstlale model$3]. Elliot et al [27] studied a

range of tubular joint geometries and obtained detailed information on the distribution
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of stresses on the surface and also through the chord and brace walls near the

intersection.

Experimental methods on steel models normally give accuratétste$herefore,

results obtained using this technique are used as a benchmark for assessing the
accuracy of other methods. However, it is a very faoesuming and expensive
method because extensive strain gauging is required to give detailed inforomation

the stress distribution in the region of intef@t In addition, highcapacity loading

machines are required to provide measurable strains iadalé specimer|8].

Fatigue tests on larggcale tubular welded joints have been performed, for iyeans,
to characterize the fatigue behaviour of steels used offsAtitmugh conducting
these tests can be very expensive, crack growth behaviour in tubular welded joints is

complex and cannot beproduced by conducting tests on simple welded specimens.
3.3.4.3 Parametric Equations

Based on several independent studies, a few sets of parametric equations have been
published that have varying capabilities and degrees of accuracy in analysing various

joint geometries.

Parametric equations are those equations that are available for different joint types
(e.g. Y-joint, T-joint, etc.). These equations estimate the SCF values based -on non

dimensional parameters of the joint geometry. Theseditaensional paranters are:

T g [ c% oz (3-12)
where:
T a Brace diameter
1 © Chord diameter
1 o Brace thickness

1 4 Chord thickness
1T —4 Angle between brace and chord

There are several parametric equations such as the equations ofeaaf2g] and
Efthymiou equationf29]. For example, the SCF value for a simplgoiht under in
plane bending moment is estited by usinghe Efthymiou equation a9]:
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Y6 Opg vt t8& g 8 Okt 38 (3-12)

Parametric equationmovidea suitableanalysis route for obtaining SCFs. However,
available recommended equations are sniyable for simple planar jointand FEA
may be required for more complicatedgineering structuregach set of parametric

equations is limited in@plication in one of three way3]:
1 Restrictions in the types of joint geometry,
1 Restrictions on parametric validity range,

1 Restrictions on the loading configuratiare covered by any set of parametric

equations.

Different parametric equations will yield results that vary in accuracy, depending on
the joint geometry and the validity range. However, consistency in the predicted results
is also importanitn comparisorwith other parametric equatiorisithymiouequations
haveconsiderable advantages in consistency and cov§Bagefthymiou equations

also provided aetter fit to the SCHlatabase examined when compareattzer
equations. The Efthymiou equations are recondedrby different standds such as

API [25].

3.4 Fatigue Analysis: The SN Approach
3.4.1 Basics

The SN approach igraditionally used duringhe design of offshore welded tubular
joints and connectioni]. As the design stage assumesmitial crack, the estimated
fatigue damage based dhe SN approach is more consistent than the fracture
mechanics approag¢h9]. In this approach, the fatigue life of a tubular joint is oleéin

based on a single parameieg, thehot spotstress.

In the early 1970sAmerican Petroleum Institugerovided the first guidance on the
design of tubular joints against fatigue usingl $urves[3]. The same data uséu
producing the API curves were also the badithe curves in BS 62330], and DNV
rules[31]. Following the increasing availability of experimental data, design codes
have been revised and thaidance on fatigue design has been modified, based on

available data
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The hot spot stress range along the chord/brace intersection is obtained by using Eq.
(3-10). The SCF values can be obtained through FEMperimental testsor
parametric formulasAs it was mentioned in Sectich3.], the fatigue life is usually
checked 88 points along the brace/chord intersection. For each point, the stresses due
to the load cases (i.e. axial load, [RBd OPB) are superimposadd the maximum

HSS is selected for that specific jo[Bt.

Havingprovided the HSS range, the number of allowable cycles (N) corresponding to
the hot spot stress range (S) can be obtained by using the releMaour8e for
different structural detaildloreover for the prediction of fatigue life of tubular joints,
Miner 6 s withlinea cumulative damage summationsed[5].

The SN curves are based on a statistical analysis of experimental data. The data are

presented as linear relations betwéen"Q anda ¢ "Q) as[19]:

DeEMQ 0&€QW a 0€°Q N QQ , (3-13)
Where( represents theumber of cycles to failure for stress range is a constant
parametein the SN curve & representshie inverse slope of thel$ curveand, is

the endurance limitThe stress range levels below the endurance limit do not contribute

to fatigue damagd=igure3.9 shows a schematicI$ curve.

Stress range, MPa
(o)
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100 1
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(N}

104 10% 108 107 108 10°

Figure3.9. A schematic SN curve
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The numerical values for theMcurves are summarised in several guidelines such as
in DNV [23], API[25], ISO[32], etc.Figure3.10 shows the suggest&IN curveby

API for thejoints in air andoints in seawater with cathodic protecti@s].

1000

500 Cathodic protection

200 |—

100 [—

Hot Spot Stress (MPa)

@18x10°

50 —

20 |—

| | |
10 -
10° 10 10° 108 107 108 10° 10"
Cycles to Failure (N)

Figure3.10. The SN curve for a tubular joint with a thickness of 16mm (A%5])

Table3.1 shows the value of the basic desigN Surve provided by API for a welded
tubular joint[25].

Table3.1. Values of basic designS curve[25]

Environment 0 € QU a 0
_ 12.48 3 O pm
In air ”
16.13 5 0 pT
In seawater (with cathodic 12.17 3 0O p& pm
protection) 16.12 5 0 p® pm

It is noted that in the-8l methodthenumtber of fatigue cycles to failuris considered
asthe number of cycles that corresponds tdfitis¢ throughwall cracking[5].

Some important factoshould be taken into caodgration when using the IS curves
such as thickness effects, cathodic protection, corrosion fatigue, and variable
amplitude fatigue (Se€@] for more details).
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3.4.2 Fatigue Life Calculation

Inthe SN appr oac h, the fatigue damage is est
summati on. Mi nerds rul e assumes that eve.l

and the damages caused by various stress cycles are linearly adogeltigr ags]:
, 3
6] 5 (3-149)

where the cumulative damage, is determinedased orthe number otycles € )
overt which is the number of cycles to failurethéstress rangécorresponding with
each sea statgyccording to the 8l curve.In Eq(3-14) SubscriptQindicates the
number of sea state andis the total number of sea states.

The MinerPalmgren equation assumes that the failure occurs at a damage ratio of 1.

However, the acg#able amount foO is usually selectedetween 0.5 and 1[6].
3.5 Fatigue Analysis-The Fracture MechanicsApproach

The SN approachs widely used to design weldéabular jointsof offshorestructures.
Designstandards such as APl RPA [25] provideguidelines for fatigue analysis of
offshore structures using this method. One of the most significant shortcomthggs of
method is that it cannot consider the changes in crack sizgydatigue life and hence

it cannot be used in assessing the structural integrity of cracked tubular joints in service
[3]. Since the SN approach cannot mathematically predict the changes in crack size
during fatigue life, it cannot incorporate the results of argeirvice inspection of the
structure1].

On the other handhe fracture mechanics approach (FeBnrelate the increase of
crack size to the number of fatigue stress cyeled therefore it can be used to quantify
the fatigue crack growth procef33]. FM approach is widely used in the fatigue
analysis of the tubular joints in offshore platformi$ie FM approach can based
during the operational stage of a structioemake important decisions orspection

schedulingand repair strategid83].

Regarding fatigue damage, the inspection results include information such as observed

crack size which can be incorporated to update the fatigue reliability. Thisupdat
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convenient if the fatigue model is basedtbe FM approach which considers the

physical deterioration such as fatigue crack grda4h.

Fracture mechanig$M) analysis is the most powerful and useful tool available for
solving fatigue crack problems. It is a simulationthvcrack growth models for
mechanical evaluation of the strengths of cracked bodies or the behaviour of fatigue
cracks.The use of FM in thprobabilisticanalysis of structural components subjected

to fatigue loading is increasing, in the offshore oil gad industry3].

In the FM approach, some models (e.g. average stress f8&]etwo-phase model

[2], and modified average stress mda@él]) are developetb predict thdatigue crack
growth in welded tubular joints, subjected to service loadiingse models atmsed

on results obtained from finite element analgsid al® include empiricatesults The
accuracy of these modelspredictingfatigue crack growth is assessed bynparing

the predicted resultoptained from these ndels) with experimental resulf8]. In
general, the existing Fivhodels rely on using the overall equivalent stress range (for

variableamplitude loading) together with a suitable crack growth law.

In welded structuregatigue cracks almost always start at a weld defect. Once a crack
is initiated, it grows slowly as the stress cycles are repeated. It was mentioned that in
offshore structures the cyclic stress variations are primarily caused by waves loading.
When the aack size becomes critical, an unstable fracture ogdliry herefore, the

fatigue fracture includes three main stajggs
1 Crack initiation
1 Crack propagation (cragkowth)
i Unstable fracture

In welded jointsthe presence of defects such as slag inclusions, porosity, undercuts,
lack of fusion, etc.is unavoidable[7]. Since there are some defects from the
manufacturing stage the welded jointghecrack propagation represents a substantial
percentage othe total fatigue life of welded jointsln tubular joints of offshore
structuresthe crack growth period accounts for around 90 percent of the fatigue life.
The crack growth depends on the stremsditions at the crack tip. Hence, fatigue is
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governed by geometry, especially any change in the geometry which introduces a
concentration of the stress fldsj.

FM methods can be divided into two genaatiegories, namely linear elastic fracture
mechanics (LEFM) and elastpdastic fracture mechanics (EPFM). OneEM is

considered in this study which is briefly denoted as FM.
3.51 Factors Affecting Fatigue Behaviour

Several factors have effects on the fatigabaviour of an element. These factors can

be represented into two groups{7]:

1 Loading: Fatigue is a cumulative, tindependent phenomenon. Each cycle of
load will cause some damage. Therefore, the magnitude of load bgslagreat
effect on the fatigue performance of an elemés.mentionedbefore, for

offshore structures the main fatigue loading is due to ocean waves.

1 Weld Defects: Fatigue cracks in tubular joints originate from weld defects such
as inclusions, undeuts, lack of fusion.The «istence of these defecis
unavoidable. Those defects which are present in thedtighs concentration

regions may develop into fatigue cracks.
3.5.2  Crack Growth Estimation

Several relations for predicting the crack growth tadwe been proposed. These
relations are divided to two main categorie§ heoretical relations aranpirical laws

[5]. Many attempts have been made to develop a law of fatigue crack growth
theoretically, but none of the proposed expressions has general applic@llitye

other hand, thempiricalexpressiongwhich are fitted to available data) are valid to

the extenthatthe applications anepreserdd inthe datd5]. The scatter in the actual

data indicates that the empirical expressions may have satisfactory results in a limited
region or for a limited set of data. Therefdiese expessions can be utilised for that

specific region (or set of datf].

Figure3.11 shows a typical crack growth rate curi¥éis curve shows the relation of

the crack growth rate versus the stress intensity factor on a logarithmic scale.
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Figure3.11. A schematic crack growth rate curve

In Figure3.11:
Q@dQ G Crack growth rate, i.e. crack growth per cycle
wUu Stress intensity factdiSIF) range

wL :  Thresholdvalue ofw U

= =2 = =

0 : Critical value ofu, which fracturenappens
1 oh: Crack growth parameters

The aforementioned curve is charactedi®ythreedifferentregions In each region,
the fatigue crack growth rate shows different dependencies on the istezssty

factor rangd3]. These three regions are:
1 Region I (hreshold region

This region is characteed by a rapid decrease in crack growth rate with
decreasinghe SIE Behaviour in this region is dependent on microstructural
featureq3]. Param&rw U is a threshold stress intensity range below which the
crack will not grow In this researclthe threshold stress intensity is assuneed
equal zero. The effect of the value of threshold stress intensity upon calculated

crack sizas very small[37].
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1 Region Il (ntermediate region

The majority of fatigue life(up to 80 percent of tubular joints inoffshore
structures can be considered d¢acur in this region[3]. This region is
characteried by stable crack growth and can be describea lnyearequation

(in alogarithmic scalg

The most common relatishipin this region, in mathematical terms, is the Paris
equation which descrils¢he crack growth rate astroduced by Newman and
Raju aqd38]:

® 6 Vo (3-15)

where 6 and & are the crack growth parametexhich are constants for a

particular material and particular testing conditiansgl®is the craclsize[5].

In general, the Paris equation yields conservative rgSliitas can be seen from
Figure 3.11, the Paris law overestimas the crack growth rate in region | and

underestimates the crack growth rate in redjibn
1 Region lll (failure region):

The rate of crack propagationtims region increases rapidly until fracture. This
region corresponds to the unstable and rapadkgrowth and is characteed
byt h e ma fraeture taughbde$s].

3.5.3 Stress IntensityFactor

The fracture mechanics approach aims to define the local conditions of stress around
a crack, in terms of the global parametefsloads, geometry, etd5]. Different
approaches have been utilised in the analysis of fracture problems. These approaches
introduce various fracture mechanics parameters, e.g. energy release rate (G), J
integral, crack op@ng displacement (CODand stress intensity factor (K). The most

popular among these parameters is the stress intensity[tctor

A fundamental principle of fracture mechanics is that the stress field ahead of a crack

canbe characterised in terms of this single param&t¢s].
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It should be noted thah¢ concept ohot spot stress imapplicablein the analysis of
stresses near the crack tip. This is due texience of a stress singularityherefore,
fracture mechaniceely on analysingthe stress fieldn the vicinity of the crack tip,
rather than the infinite stress due to the stresakdnty at the crack tip. The nature
of the stress field depends on the deoof crack extension, loadingnddeformation

of crack face$3].

There are three maimodes including Model (opening mode)Mode Il (sliding
mode),and Mode Il (tearing mode).Cracks are extended or deformed in one or a

combination othesemodeqd3]. These modeare showschematically irfFigure3.12.

Mode I Mode 11 Mode 111

Figure3.12. Different modes of a crack deformation

In generalMode lis thedominant modéor most practical applications and tather

modesareless significant with negligible contributions to crack groy&h

The stress intensity factoS(F) is the parameter adopted to describe the elastic stress
field in a cracked body around the crack tip for any given mode of crack extemsion. |
general, SIF is &nction of applied stress, the size and shape of the crack, and the
geometry of the crackedmponen{3]. Therefore, finding an accurate solution for the

stress intensity factor is a difficult task.

A large number of studies abeen performed to obtain the value of SIF for various
amounts of load and crack shapgesgeneral, fomode | the SIF for a centre crack of

lengthgdy in aninfinite platesubjected to aniform stresdield (, ) is given by:

o LD (3-16)
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Figure3.13. A crack of the length af®in an infinite plate under uniform stress

It is noted thathe SIFin Eq. (3-16) is in the absence of all boundari@}. However,

cracks in welded tubular joints are usually in a complex stress field that is different
from the uniform stresf§ield in an infinite plate.Therefore, for surface cracks in
engineering structures, various correction factors have to be used to account for
boundary effects, crack shape, and loading georf@tr$IF for node lin the general

case igivenby:
0 O L,UD (3-17)

where®is the overall correction function which is also denoted as a geometry function
[3].

The correction factor can be obtained basedegerimental result®r enpirical
solutions Different analysis methods have bg@oposed to determine the correction
factor for cracked tubular welded joi8. The correction function takes into account
several aspects such as crack shape, a free front surface, finite plate width, a non

uniform stressiéld, etc [5].
3.5.4 Estimation of SIF for Tubular Joints

The proposed®IF solutionsin the literature are usuallpr plates Therefore, they
cannotbe applied directly tdubular welded jointavhich havedifferert boundary
conditions. Howeverthese solutionsanstill be used to provide estimates of stress
intensity factors fothe tubular jointdy applying the appropriate boundagndition

correction function§3].

87



The calculation bstress intensity factors for the cracks in tubular joints is a difficult
task due to the complex geometry and the stress distrib&basting analytical and
experimental data of the geometry function tubular jointsincludes a significant
scatter. he main reason is th#iere isno analytical solution available fdine stress

intensity factorfor a semielliptical surface crack in tubular joinfs].

Several studies have been performed to use experimental solutions to calculate SIFs
for tubular jointd39]. However, these solutions are based on several assumptions and

are valid for specific loading joint types.

Dover and Dharmavasari35] presented an empirical method to compute SIF-in T
joint and Y-joint. The method was derived by calibrating the corresponding SIF range
with the experimentally measured crack growth batged ofParis equation for a joint
with known fatigue material propertiesee and Bownesg$40] presented a simple
method to estimate SIF for sesmiliptical weld toe cracks in tubular joints by
aggregating the results of a large nemobf finite element analyses on-aracked and
cracked tubular jointsSeveralpolynomial relatios have been suggestddr the
geometry function imifferent tubulajoints under axial loadiPB, and OPBbased on

the experimental daia [1].
3.5.5 Fatigue Life Prediction

In the FM approachthe average increment in crack growth during a load cycle is
related to the range of the stress intensity fadtorpredict the fatigue crack growth
of a surface crack, in this study it is assumed that the crack growth per stress cycle

follows the Paris equiain.

Fatigue life assessment based on FM involves calculating the fatigue crack size after
a certain number of fatigue cycles. The stress intensity factor range is a parameter that
expresses the effect of load range on the crack. It describes theistdeasdociated

with the cracked body at the crack tip. The stress intensity factor range is obtained as

[5]:
Yo O 0 (3-18
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It was mentioned that Mode | is the dominant mode for most practical applications and
the contribution of the other two modes can be ign{8edrherefore Eq.(3-17) can

be written as:

O 0 QO Lo (3-19

By usingEqQ. (3-19), Eq.(3-18) can be written as:

)

Yo © 3, FO (3-20

By implementing a suitable crack growth law such as the Paris equation, the number
of fatigue cycles required to extend a fatigue crack from an initia{&iz¢o anysize

(&) can be calculated as:

Qw N

Qo °7Y
Qw N
Q0 Ow 3, W
Q0

6& 3, U ®

Qw

6 & U o 3,

Since the stress range is not constant in different load cyelgscan be replaced

by O3, , which is the expected value thie stress rangpt1].

In general, for predicting the fatigue life in the FM approach, the following steps will

be required:

Selection of a suitable crack growth law;

Use of suitable crack growth material constants (C and m);
Determination of stress ranges;

Estimation of correction factor;

Determination of stress intensity factor range;

= == =2 =4 -4 -2

Integration of crack growthatefor the applied loads.
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3.5.6 Unstable Fracture

An unstable fracture occurs when a critical combination of tensile load and crack
length is attaine¢b]. The unstable fracture may represent the end of the fatigue life of

a component. This section focuses on the main failure modes of unstable fracture and
simple methods focalculating the critical combinations of load and crack length.
Figure3.14 shows the load and displacement definition.

A

-+

Figure3.14. Definition of load (P) andlisplacementc)

There are three possible modes of fracftfe
9 Brittle fracture:

The structure behaves in a linedastic manner right up to the point of fracture.
In other words, the macroscopic behaviour of the body is brittle. In such cases,
the microscopic mode of fracture is usually also brittle and is known as cleavage

fracture[5]. Figure3.15 shows the brittle fracture behaviour for a metal.

Pll

|
i
| . .
/\L Linear-elastic
| behaviour
> A

Figure3.15. Linearelastic behaviour for a brittle fracture
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1 Elasticplastic behaviour
In this case, the structure shows some degree of macroscopic plasticity before

fracture. However, the final fracture, which may be preceded byath amount

of ductile crack growth, is by cleavage, i.e. it is microscopically bf&tle=igure

3.16 shows the lastic-plastic behaviour.

+ Fracture

P a

Elastic-plastic

behaviour
________ A —
7
//
/ . -
//v\ Linear-elastic
/ .
/ behaviour

> A

Figure3.16. Elasticplastic behaviour

1 Ductile fracturg(plastic collapse):
In this case, the fracture is ductile behaviour. As the load increases the crack

extends stably, until a point is reached when the rate of reduction dféaaithg
capacity due to crack growth is equal to the rate of work hardening. At this point,
the loal reaches a maximum value. If the load is not dropped, the system will

become unstable at this point, and the structure will fail by a combination of

unstable fracture and plastic collapSegure3.17 shows theplastic behaviour.

P a

- T \\~ ' Fracture

Instability
point

/

/ Stable situation
/ (Fibrous crack

/ starts to extend)

> A

Figure3.17. Plastic collapse behaviour
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3.5.7 Fracture MechanicsUsagein Unstable Fracture

The stress intensity factay ) for acrack in doaded body is a function of the stresses
acting on the body, the size of tbkack, andhegeometry of the crack and the body.
If the structure behaves abrittle fracture or dinear-elastic fashiorbeforefracture,

the fracture will initate from a preexisting crack or sharp defect when the stress
intensity factor reachescaitical value[5].

However, f the structureshows a significant amount of plasticity, the stress intensity
factor approach becomes invalid and an elgdastic fracture mechanigsmrameter
must be used to describe the crack tip stresses and straiparaheeters most widely
used are the-ihtegal and the crack tip openirgjsplacement (CTOD)There are
several methods for obtaining tiéntegraland CTOD However,the calculation of
Jintegral and CTOD will not be discussed in thestion. For more detail s, [42]
and[43].

3.5.7.1 Failure Assessment Diagram

The presence o& crack will reduce the plastic collapse load of the structure by
reducingthe net crossectional area. For long cracks in rather tougitemals,a
plasticcollapse will be the predominant failure mode, and this fact should be allowed

for in defect assessment.

The failureassessment diagra(RAD) combines the criteria for brittle fracture and
plastic collapse inta single pocedurd5]. To evaluate if a crack may cause structural

failure, the FAD method can be used.

Two parameters are considered in the FAD procedure; fracture paramgtand

plastic collapse parametel] which are defiad ad44]:
, 0
O 5= (3-22
Y — (3-23)
where

1 U : Stress intensity factom{ode I)

1 0 :Fracture toughness
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1 . :Applied stress (or load)

1 . :Collapse stress (or load)

The FAD establishes the relationship between brittle fracture (by fracture parameter;
0 ) with local plasticity (plastic collapse paramet#f). The pgastic colbpse could be

in the form of global or local collapse. The fracture parameteri¢ an indicator of
fracture under linear elastic conditions, while the plastic collapse parai¥gteo(ld

be defined asheratio of applied stress to the collapse stress, where collapse stress

refers to the remote stress that will catisespread of plasticit{45].

A simplefailure assessment diagram haseantempirical basi¢5]. All points inside
theFAD are considered safe; points outside of the diagram are (#8afeigure3.18
shows a simple FAD and safe/unsafe areas.

1.0

Brittle
Jfracture

08 e«

Fail

0.6
0.4
0.2
Ductile
Sfracture
0 0.2 0.4 0.6 0.8 1.0 1.2

Figure3.18. A typical failure assessment diagram

As Figure 3.18 shows for the high toughness material, the structure fails by collapse
when"Y is close to 1.0. Whereas, for a brittle material failureuog wherd is close

to 1.0. In intermediate cases, plastic collapse and fracture interact, and boiti'Y

are less than 1.0 at failuj46].
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To assess a particular flaw in a structure, one must determineutjieness ratio as

well as the stress ratio. The stress ratio for the component can be defined as the ratio
of the applied stress to the plastic collapse stress. Alternatively, the applied Sr can be
defined in terms of axial forces or moments. If the agsest point with coordinates

(0 ,Y) falls inside of the FAD curve, the analysis predicts that the component is safe.

Otherwise, if it lies outside the failure curve the structure will be uri4éfe

The FAD typically is gven by the equation of a curve@as "Q"Y). For example, e

failure curvecan beexpressed mathematically p46]:

P

1 TOA
~ O

Y (3-24)

Nl s

whereO Ardpresents secant function (i.e. 1 divided by the cosine).

More detailed formulas for the failure curve are provided by BS7910:01]3
BS7910 defines three differemaptions for FAD. The simplest FAD in the
BS7910:2013 does not require strei|min data. The more complicated options
(options 2 and 3) require more input terms of material and stress analy4ig. For
exampleoption 2 equires detailed stresgrain data, especially at strains below 1%
[47]. Option 3 requires elastic and elagilastic analysis to determineintegral

values[47].
3.6 Previous Studies on Fatigue Rability Analysis of Jacket Structures

In a probabilistic approach, fatigue lives can be expressed as distributed parameters
rather than as single nominal valuasd the probability of failure of any joint before

any particular time can then be estimat€dnsiderable workvas carried out on
probabilistic approaches to fatiguediability analysis of offshore jacket platformia

these studieshe following steps were taken into account:
1 Considering theincertainties affecting the fatigue capacityte tubulajoints
1 Assigning thdifferent distributions to thancertainparameters

1 Calculation othe probability of failure using different reliability techniques (i.e.
FORM, MonteCarlo simulation).
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Aghakouchak and Stiemdid] presented a reliabilithased LEFM (linear elastic
fracture mechanics) approach for fatigue analysis of structural elements in jacket
platforms. They developed a method that can be used for the reliability assessment of
existing structures through tlecorporation of the results of-service inspections.

They considered several uncertain parameters; including initial crack size, crack
growth parameters, and uncertainties in the estimation of the stress range and stress
intensity factor. They also apetl their methodology to a sample tubular joint in an

offshore structurél].

Rajasankar et.gl5] presentec reliability-based approach to assegghe structural
integrity of offshore tubular joints. The reliability analysis was carried out ubig
Monte Carlo simulation technique atiefirst-order reliability method (FORM). The

initial crack size, materigiropertiesand loading of the tubulgwint were considered

as random variables in the reliability calculation. The linear elastic fracture mechanics
approach was employed to evaluate the crack growth. The significance of each random
variable was also investigated pgrforming thesensitiviy analysis The sensitivity
analysis results showed thae reliabiity of the joint is significantly influencety

variation in the variablesrack growth paramet¢t5].

Ahmadiet.al[33] derived a fatigue limit state function basedllo®mFM approach and
investigated the effects of assigning different values to deterministic variables
involved in this limitstate function on the results of reliability anaysThe
deterministic variables were the material crack growth parame)eatd the critical
crack size. It was shown that the increase of the bigger material cods}deads to
decrease in the reliability index. Moreover, the increase of thelickhtess of tubular
membesincreases the reliability ind¢83]. Theeffects of stress concentration factors
on the reliability of thenulti-planartubular jointwerealso considered:he numerical
simulation was adopted to obtahe SCF distribution in the considered tubular joints
81 models of multplanar tubular DK¥jointswere generated and the SCF values were
obtained bysing the=EM software packag8ased on the FEM resultslag-normal
distribution was obtained with anean value 0f15.86 and COV (coefficient of
variation) of 1.05. Thereforé,wasconcluded that the typical value of SCF for planar

joints (which is around 2.5) is not appropriate for the mpléinar tubular jmts [33].
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Pillai and Prasaf84] described methodology fotheestimation of reliability of fixed
offshore structures with respect to fatigue and extreme stress. The failure criteria for
fatigue were formulated usinghe fracture mechanics principle. The total life of the
structurewasdivided into a set of stationageastates, occurring during storms and
described by directional power spectrufihe researchershowed that mong the
random variables included in the fatigue failure, the matpaemeterd) and stress

concentration factdnas the greatest effect tire probability of fatigue failurg¢34].

Kirkemo[48] reviewed the applications of probabilistic fracture mechanics to offshore
structures. Several uncertainties in loading, initial and critical defect sizes, material
parameters, and the uncertainty relatethé@omputation of the stress intensity factor
were considered. The failure probabilities based on FORM and obtained the sensitivity

factors for each variable were calculated.

Siddiqui and Ahmadi9] considered the uncertainties associated with the parameters
for performingthe fatigue reliability assessment of the tension leg platforms. They
considered two approaches for fatigue damage estimédtieis-N curve approach
andthe FM approach. The researchers developed the limit state functions based on
those two approacheso Estimate the reliability, they employed FORM #meMonte

Carlo simulation technique. They also perfornaesgnsitivity analysis to find out the
influence of each random variable on the probability of failure. Based on the sensitivity
analysis resultghe reliability analysis was very sensitive to the stress range and less

sensitive to the geometry functip49].

Karadeniz[50] presented a procedure for modelling the uncertainties in the fatigue
analysis of offshore structuresgardingthe reliability assessment. The uncertainties

in the fatigue damage were categoriset invo main groups. The first category
originated from stctural and environmental sources. All uncertainties in structural
transfer functions and the uncertainties occurring in the wave loaéiregoonsidered

The £cond category of uncertaintiessvrelated to the fatigue damage phenomenon
(uncertainties relted to the damage model). The reliability calculation for a jacket
type structure was performed as a demonstration. It was revealed that the inertia force

coefficient of Mor i son6s -damageantodebnd the par am
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foundation seenotbe the most dominant uncertainty sources in the fatigue reliability

calculation of jacket type structurfs].

Lin et.al[51] presented a reliabilithased approach to assagghe structural itegrity

of tubular joints with cracks in aging offshore platforms. Two different fatigue failure
modelswereestablished regarding the crack propagation size and equivalent fatigue
strength. The results of two reliability models were compdtesias showrthat the
reliability index obtained from the crack size model is much lower than that from the
equivalent fatigue strength model.hd reliability analysis by two different
maintenance schedulesqial inspection interval and failure probabilibreshold
wasupdated. The results showed that the reliability index of tubular joints could be

increased with enough inspection and maintenance me4sites

Dong et.al[52] predicted the fatiguesliability of welded multiplanar tubular joints

of the support structure of a fixed jacket offshore wind turbirteerNorth SeaHot

spot stresses at the critical location by summation of the single stress components from
axial, IPB (in-plane bending), and OPB (out of plane bending) were derived. The
effects of planar and mulpilanar braces were also considered. For this purpose; a two
parameter Weibull function was considered to model the-teng statistical
distribution of the hot spot €ss rangefb2].

It was mentioned that significant work was carried out on fatigue reliability analysis
of tubular joints inoffshore jacket platformdNeverthelesgp achieve the aim of this
research (improving reliabilityassessment of offshore structures using Bayesian
methods) it is required to develop a probabilistic approach to obtain the fatigue
probability of failure.

3.7 Fatigue Reliability Calculation

The tubular joints ingcket platforms are likely to fatigue damages dohigh-stress
concentration andyclic wave loading. A fatigue crack starts at the weld toe atohe
spotlocation and gradually propagates around the intersection and through the tubular
wall. Fatigueis a complicated phenomenon. As a result of the idaaliss and
approximations employed in the analysis process, fatigue analysis will be associated

with sore degree of uncertainty.
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Due to the existence of many uncertainties in the fatigue calculation process, a
probabilistic approach for fatigue assessment is a consistent basis for the inclusion of
uncertainties. Reliability analysisvhich is a probabilisticapproach has been
extensively usedn the design and assessment of offshore structoressess the
probability of failure Computation of fatigue reliability is also useful for planning in

service inspection.

Since the FM approach considers the chamgesack size during fatigue life, the
fatigue reliability analysis is performed based on this apprda@hperforming the
reliability analysis in the FM approach, the developed crack size can be considered as
a measure for the fatigue damage accumulatdich is a physical measurable
paramete{19]. The degree of accumulated fatigue damage in a joint can then be

updated based on the outcome of inspections.

This section shows how the fatigtediability analysis fora tubular joint in offshore
jacket platforms can be performed. For this reasorportant uncertainties are
represented by random variables based on their probability distributions such as mean
values and standard deviations. It is noted that the obtanodability of failureis
dependent on the chosen uncertamtydelling[19]. The probability of failure for a
component is then defined as the probability that an initial crack grows beyond the

critical crack size.
3.7.1 Source of Lhcertainties

Fatiguefailure isone of the most important issugsoffshore platformsSince the
environmental loading and conditions are random and-diependenta reliability
approach can be employesince the reliability analysis depends on the choice of the
items of uncertainty and their statistical description, uncertanggelling becomes

an important consideration for offshore structural ana[€ik

There are may uncertainties involved in thiatigue reliability analysis of tubular
joints of offshore structuregrigure 3.19 shows different sources of uncertainties in

fatigue analysis.
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Uncertainties in Fatigue

|

Structural Behaviour
Parameters

l

Parameters

l

- Structural mass
- Structural stiffness
- Foundation parameters

- Wave loading
- Sea state modelling (short term)
- Sea state modelling (long term)

Reliability Analysis
Uncertainties in Global Uncertainties in Fatigue
Analysis Phenomenon
Loading/Environment - SCF

- FM Parameters:
= Initial crack size
* Crack growth parameters

» Geometry function

Figure3.19. Different sources of uncertainties in fatigue analysis

The uncertainties in the fatigue reliability analysis can be classifiem timo

categories:

a) Uncertainties related to the glolzalalysis:

These uncertainties can be furthebdivided into two categories

1 Structural behaviour: These uncertainties affect natural frequencies and

structural transfer functionklncertainties such as:

U System stiffness: Major uncertainty sources in the system stiffness matrix

are joint flexibilities. Several tubular members are connected together at
joints of the structure by welding. In theory, these connections are
assumed as rigid connections, whert@sactual behaviour of the joints
under the wave loading displays some flexibility in the vicinity of

connections due to local deformations of memp&d§

Mass: The mass matrix contains uncertainties due to added masses
(structuré water interactions) and the structural m&€§. Moreover, the

live load of the deck during a service life is an uncertain value.

Foundation parameters: The other uncertainty source in offshore
platforms is the foundmin parameters. The soil parameters are
introduced by lateral and axial springs with their values are obtained from

geotechnical surve)[s0].
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1 Loading and environmental originJncertainties associated with wave
loading and te modelling of random waves are considered in this category.
Wave loading and the description of the sea state are the major uncertainty

sources in this group. The main uncertainties in this category are:

U Wave loadingThe fatigue damage in offshore sturets is mainly caused
by random wave loads. lgeneral wave loads oubularmembes are
calculatedusingMo r i s o n 0 €£q.(8-9))uUndceitamtres irf the wave
loading arisefrom the force coefficient® and0 ) and the marine

growth thickness

U Sea state modelling: Wave conditions are described within a set of
statonary shorterm sea states. For each sHertn sea statéhe water
level can be assumed to be a stationary Gaussian process with a zero
mean. Each sea state is characterised by the sea state parameters, i.e.
significant wave height®), Mean zero wgrossing period’{) and the
wave spectrum. There is always uncertainthaestimation of thessea

state parameters.

U Longterm uncertainties: The lorgrm stress range distribution is
defined based on a weighted sum of Rayleigh distributed stregssréor
each shorterm condition[19]. In the long term, the fatigue damage is
accumulated depending dine probabilities of occurrences of each sea
state. For each sea state, the letegm probabilities of the different main
wave directions are given with a wave scatter diagram for each direction.
A wave scatter diagram defines the occurrence probability for each set of

‘O and"Y values.
b) Uncertaintieselated tahe fatigue phenomenon:

This category of uncertainties is related to the fatigue phenomenon itself and it is
not related to the global analysi§here is uncertainty associated with the
modelling of the FMfatigue approach, regarding the init@bck size and the
fatigue crack growth material parameters. Moreover, there is uncertainty in the

estimation of geometry function.
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3.7.2 Predicted Crack Size

It was explained that in the linear elastic fracture mechanics approach, the Paris
equation can be used to describe the rate of fatigue crack gidvetldress intensity
factor range is obtained by using E8t20). By substituting this value in Paris equation

as in Eq(3-15), fatigue crack growthofr a load cycldecomes

o0 6w Mo 3, (3-25)

Due to the existence of several state conditions, the platforms are exposed to
several loading conditions. Therefore, the stress range in a platform is not constant and
it varies for each sea state condition. Therefthre stress range is replacedwibhe
expected value of the stress range, i.e.:

N ow N w 03,

~ (3-26)
Qw v . .
B — (0] O3, Qu
0w N w
Therelation between crack size ahgnumberof cycles for theropagatiorof a crack
can beobtainedby integration of Eq(3-26) as:
Qo 6 0V, 0 3-2
& UG " (327
By assumingodoes not change with crack s[8d4] and by integrating E¢B-27) from
the initial crack sized ), to the crack size at timg® ), the crack size value at tinde

can be obtained as:

6B o % o <= 8 oY, o (3-28)

3.7.3 Limit State Definition

In a deterministic approach for the design of tubular joints against fatigue failure, all
the loading parameters are taken at their mean values whilesib&ance parameters
are taken at values corresponding to mean minus two standard de\#fijons

Moreover, thegubular joints are designed in a way that the computed fatigue lives are

two to ten times higher than the pladngervice life of the structure. Due to the
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existence of several sources of uncertainty, both in the loading and fatigue resistance
parameters, a probabilistic approach to fatigue design is considered appropriate. In this

section, the fatigue limit state presented using a fracture mechanics approach.

To estimate the probability of failure of a componaffajlure event should be defined.
Failure is usually defined based on the concept of a limit state, which represents a
boundary between theafeand unsafe performance of a comporjéti.

A variety of criteria such as crackzsicriterion, equivalent fatigue strength criterion,
damage criteriomandfailure assessment diagrahave been proposed to describe the
fatigue failure for the tubular structures with cra¢k%]. Here, br the component
reliability analysis, the crack sizzan beconstdered as the failure criterion which is
acceptale for low toughness materidl]. This means that failure occurs, as soon as
the crack size is bigger than atical value. Therefore, the fatigue limit state function

is described:
QO ® (3-29

where® is critical crack sizeThe aitical crack size could be based on serviceability
criteria (e.gthrough the thickness crack or economic repair limits) or ultimate collapse
criteria (e.g. unstable fracturg)9]. Critical crack size is usually considered equal to
the wall thicknes§19].

In Eq(3-29), & is the crack size aftér cycles of loading whicls a function of the

random variables su@s initial crack size, fatigue material properties, etc(G2p)).

Laboratory tests have shown that a fatigue crack starts at the weld toe at the hot spot
location and gradually propagates around the intersection and through the tubular wall.
In thebeginning, there may be tiny cracks around the intersection, whichyugiall

and form a semelliptical surface crackl]. When this crack penetrates through the
thickness of the tubular wall, a major reduction in joint stiffness is observed. The crack
propagation through the thickness is congdeas the end dhe fatigue life of the

joint based on the limit state function providadeq(3-29).

Figure 3.20 shows the crack growth stages in a tubular joint. At stage (Bfigue
crack startat the weld toe at the hot spot location. This cracpagates through the

thickness of the tubular wall (stage II) which is assumed as the end of fatigue life of
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the joint. It is noted thatafter througkthickness, the joint can still work until real
failure (Stage Ill). However, this stage is wonsidered in the fatigue life of tubular
joints [52].

(I) Detectable crack (IT) Through thickness (IIT) Real failure

Section A-A

Figure3.20. Crack propagation stages in a tubulajoiat

By plugging Eq(3-28) into Eq.(3-29), the fatigue limit state functios written as:

a . . —

26 < p T & ¢ 8 OV © (3-30)
Having obtained the limit state function, the failure probability (the probability that
thecracksize exceeds a critical size)dsfined as

0 0 m B 1 (3-31)
whered represents the probability of failurejs called the reliability index artgl (.)
is the CDHcumulative distribution function) of the standard normal distribution.
The reliability can be calculated by using the probability of failure as:

Y p 0 (3-32

3.7.4 Reliability Calculation Methods

There are different methods to calculate the reliability and the corresponding
probability of failure, such as FORN®] and Monte Carlo simulatioff]. These
methods were explained in Chapter 2 of this study. Both methods have some
advantages and disadvantades.example, although FORM estimates the probability
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of failure by approximating the nonlinear limit state function, it provides a measure of
the sensitivity of the reliability index to the random variabjgls Monte Carlo
simulation techniques can estim#tieaccurate probaliy of failure; however, a large
number of iterations is required in this method. Therefore, the reliability analysis is

more timeconsumind6].
3.8 Application of the Fatigue Reliability Analysis to a Jacket Platform
3.8.1 Finite ElementModel

To demonstrate the fatigue reliability calculation of offshore structures, an exaimple
ajacketoffshore platforms consideredThe examplglatformis a fourlegged living
quarterthatis supported by a jacket structure with battered.l€ge configuration of

the platform is presented irable3.2.

Table3.2. The gructural arrangement of the example platform

ltem Description
Platform function Living quarter platform
Water depth 70m
No. of Legs 4
- Outside diameter: 91.4 cm
Foundation system - Pile thickness: 2.54 cm
- Pile depth: 64m
- Clay: 0-18.4 m

- Silt: 18.431.2m
- Clay: 31.256.1 m
- Sand: 56.166.0 m
Bracing type X brace

- Level1: (+) 3.0

- Level 2: ¢) 10.7

- Level3:¢)24.4

- Level4:¢)38.1

- Level5: ¢)51.8

- Level 6: ¢) 70.0

- 15.2mx 15.2m at level 1

Soil description

Jacket levels

Leg Spacing - 33.1mx 33.1m at level 6

Material Carbon Steel Grade S355 (Yield strength 355 MP
Mass of the deck 2200 ton

100-year return period | - Wave height: 12.2 m

wave - Waveperiod: 11 sec

Fatigue wave loading | See Sectio3.8.2
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A threedimensional structural model of the platform is generated using SESAM
software[4]. The model incorporates all primary members in the topside aratitet
such as legs, vertical and horizonbahcings, piles, deck main girdeend topside
truss membersThis is a space frantbatintegrates the jacket, the topsidad the

foundation sgtems in one combined structure

The members such as bdahdings, stiffeners, handrails, deck gratiagd barge
bumpers that do not contribute to the structural stiffness anebleatihg have been
modelled either as dummy elements. However, their environmental and gravity loads
are talen into consideratiorthe model geometrical properties conform to the jacket
asbuilt drawingsFigure3.21 shows the finite element model of the considered jacket
platform.

Figure3.21. Structural model of a jacket platform in SESAM software

3.8.2  Global Fatigue Analysis

A global spectral fatigue analysis is perfauiusing deterministic values for loading
and structural parameters. The spectral fatigue analysis is used for structures in shallow
to medium water depth41].

The stress ranges are computed using a stochastic frequency domain gpjproaeh

environmental loading isodelledin terms of a set of stationary sea states, each sea
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state being characterised by a significant wave heggimean zero uprossing period,
wave directionand a wave spectrum. Here, a Pierbtoskowitz wave spectrurid]
is assumed for each sea state. The probabilities of occurrence of the sea states are

obtained by a wave scatidiagram[5].
Table3.3 shows the wave probability in each direction for the considered platform.

Table3.3. Probability of occurrence for different directions

Wave aproaching direction Probability of @currence
North 0.065
North-west 0.066
West 0.029
Southwest 0.019
South 0.746
Southeast 0.024
East 0.018
North-east 0.033

Table 3.4 shows the characteristics of the sea states approaching fromarthevest
direction (scatter diagram). It is noted that the scatter diagrams are available for all
eight directions. Howevethe scatter diagram of only one direction is shown in this
section Table3.4). In total, 115 sea states are considered in this study for all divecti

which 11 of these sea states are from the northwest direction.

Table3.4. A wave scatter diagraof sea states (NorWwest direction)

Sea State O (m) “Y (sec) P{gg:ﬁ;g%’ gff t?;?g)nce
1 2.75 6.5 0.0019
2 2.75 7.5 0.0265
3 2.75 8.5 0.0054
4 3.25 7.5 0.0060
5 3.25 8.5 0.0123
6 3.75 7.5 0.0001
7 3.75 8.5 0.0087
8 3.75 9.5 0.0009
9 4.25 8.5 0.0013
10 4.25 9.5 0.0019
11 4.75 9.5 0.0006

Total probability of occurrence| 0.0656
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The result of the fatigue analysis is the hot spot stress transfer function of each joint in
the structural model whicls acquired by using the SESAM softwareor each
member end and wave direction, transfer functions for the forces are computed by
software. The transfer function is obtained by finding the stress range, at the location
of interest, for a range of wave frequencies and dividing the results by the wave height.
Figure3.22 shows the obtained transfer function by SESAM software for beam BM24
(BM24 location is seen iRigure3.24).

Transfer Function Results (Beam BM24)

6.0E+07

5.0E+07
=—t=() degree

4.0E+07 =—e=45 degree
90 degree

3 0E+07 === 135 degree

2.0E+07

Hot-spot stress range transfer function

1.0E+07

0.0E+00

Wave Period (sec)

Figure3.22. Obtained transfer function for beam BM24 (SESAM output)

After obtaining the transfer functions for edobt spot these transfer functions are
used with the sespectrum (PierseMoskowitz wave spectrum) to compute a stress

spectrum in each sea state (Bef)).

The wave loading for offshore jackstructures is considered naridgvbanded19].
For a narrowbanded Gaussian process, the stress ranges are Rayleigh disfsputed
The mean value of the fatigue stress range of‘treea statéwhich is a Rayleigh
distributed variable) can be calculated%®:

0% k1 bp T (333
Here,& is the material property in Paris law,is the Gamma functiors;,, is stress
range for{' sea statéQ 8 is the expected value operator, ani$ the root mean square

value of stress under thésea state, i.e.:
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) a Y1 Q] (3-39)

where & is the zereorder moment of the stress spectrum, ‘afid is the stress

spectrum

For calculation of the fatigue life, the total number of stress cycles needs to be
estimated19]. The mean number of stress cycles fatationary stress procesan
be obtained af3]:

6 Y 0 (3-35)

where( is the numberof waves in the'l sea stat€’Y is the lifetime of structure in
yearand’ is zero mean crossing frequency of stress process it ea state. The

value of zero meacarossing frequency is obtained by using B#4) as:

(3-36)

Q-| Q-|

P P
Y o
whered ha are thezerocorder moment andsecondorder moment of thestress

spectum, respectively3].

Since there are several ssiates in the sea environment (e.g. $able 3.4), the
concept of lhe equivalent stress rangan be utilised. Inhie ejuivalent stress range
approah (for the fatigue crack growth analysis of tubular welded joints subjected to
variableamplitude loadiny each individual stress range is considered based on the
probability of occurrence of the corresponding sea $&tg It is noted thathis
methoddoes not account for any load sequence, i.e. it assumes that this effect is
negligible. Using this approacthe expectedalue of the equivalergtress rangean

be predicted as:
oY, O3, 0 (3-37)

where’0Y, is the equivalent total stress range, is the number of sea states
(which is 115 in this study)yand™Qis the probability of occurrence of each sea state
(the fraction of time invhich the’Q sea state is observe®)y plugging Eq(3-33) into

Eq(3-37), the expected valuaf the stress range for all sea states is obtained as:
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(3-38)

The SESAM software can provitlee zereorderandsecondordermomentsg ha )

of stress spectrum for each sea state.

Figure3.23 shows the moments of the stress raiogesach sea stater beam BM24

(results for sea states N0.27 to N0.101 are not shown in this figure).

Moments of responss spectrum

Member: BM24
Seastate Dir m0
1 1 0.41423E+14
2 1 0.36695E+14
3 1 0.29%5085%5E+14
4 1 0.11599%E+15
3 1 0.915%37E+14
& 1 0.72550E+14
T 1 0.22445E+15
8 1 0.17722E+15
9 1 0.34735E+15
10 1 0.28251E+15
11 1 0.57420E+15
1z 2 0.26146E+14
13 2 0.235%61E+14
14 2 0.18B63E+14
15 2 0.7572Z8E+14
le 2 0.59618E+14
17 2 0.46398E+14
18 2 0.14555E+15
15 2 0.11328E+15
20 2 0.909%65E+14
21 2 0.22202E+15
22 2 0.17825E+15
23 2 0.29473E+15
24 2 0.44027E+15
25 2 0.36670E+15
26 3 0.12277E+14

102 7 0.11895E+15
103 7 0.9783%E+14
104 7 0.16173E+15
103 8 0.2E6453E+14
106 8 0.24581E+14
107 8 0.2023%E+14
108 8 0.776B9E+14
109 g 0.63%67E+14
110 8 0.51936E+14
111 8 0.15617E+15
11z g 0.12680E+15
1132 8 0.24852E+15
114 8 0.20602E+15
115 8 0.34056E+15

Position:1l CHORD-SIDE

ml

0.89449E+14
0.61748E+14
0.4055BE+14
0.1%513E+15
0.12831E+15
0.86634E+14
0.3132€E+15
0.21151E+15
0.4145€E+15
0.2%298E+15
0.€852%E+15
0.55589E+14
0.3%882E+14
0.26267E+14
0.12603E+15
0.8301€E+14
0.55595E+14
0.20268E+15
0.13573E+15
0.95053E+14
0.26603E+15
0.18630E+15
0.30797E+15
0.46006E+15
0.33745E+15
0.24879%E+14

0.13708E+15
0.98656E+14
0.1&30BE+15
0.56408E+14
0.40708E+14
0.27692E+14
0.12Z8EEE+15
0.87521E+14
0.60642E+14
0.213€7E+15
0.14803E+15
0.25018E+15
0.20500E+15
0.34549E+15

Hotspot:ﬂ

m2

0.20726E+15
0.11413E+15
0.63651E+14
0.36072E+15
0.20129E+15
0.11500E+15
0.459144E+15
0.2%054E+15
0.5E65945E+15
0.35814E+15
0.54134E+15
0.12672E+15
0.72562E+14
0.40834E+14
0.22533E+15
0.12506E+15
0.76151E+14
0.31508E+15
0.185%2E+15
0.11641E+15
0.36440E+15
0.22817E+15
0.37718E+15
0.56344E+15
0.37277E+15
0.53697E+14

0.17708E+15
0.11408E+15
0.18859E+15
0.12895E+15
0.73878BE+14
0.42437E+14
0.23349E+15
0.13412E+15
0.81053E+14
0.32744E+15
0.1978BE+15
0.38783E+15
0.24801E+15
0.405%8E+15

m4

0.14352E+16
0.550%96E+15
0.24177E+15
0.17413E+16
0.76411E+15
0.37813E+15
0.18653E+16
0.%2317E+15
0.18094E+16
0.98582E+15
0.295911E+1e
0.85108E+15
0.33591E+15
0.14%09E+15
0.10617E+16
0.47121E+15
0.23417E+15
0.11504E+16
0.571E9E+15
0.31193E+15
0.11205E+16
0.61142E+15
0.10107E+16
0.1509BE+1le
0.88789E+15
0.320357E+15

0.45065E+15
0.25109E+15
0.41506E+15
0.86988E+15
0.34237E+15
0.15268E+15
0.10821E+16
0.48253E+15
0.24143E+15
0.11781E+16
0.585942E+15
0.11553E+16
0.63432E+15
0.1048€6E+16

Figure3.23. Differentordermomens for stress range (beam BM3ESAM output)
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Having obtained these moments, thetrmean square value of strgs$ and zereup
crossing frequency of stress’ () is calculated by using H&-34) and (3-36),
respectivelyTable3.5 shows the results of fatigue analysis in terms oftresgange

for one specific direction.

Table3.5. Spectral moments of stress spectrum in one specific direction-{nest)

Sea State | 00t mean square value o Zero mean crossing
stress] (MPa) frequency of stress
1 22.57 0.17
2 20.83 0.16
3 19.45 0.14
4 24.62 0.16
> 22.98 0.14
6 28.41 0.16
7 26.52 0.14
8 24.97 0.13
9 30.05 0.14
10 28.30 0.13
11 31.63 0.13

After obtaining the @ot mean square value of strésseach sea statéhd expected
value ofthe stress rangtor all sea states in all directions calculated by using
Eq(3-38). Having obtained the root mean square vatistress| ) and zero mean
crossing frequency ( ) for each sea state, the fatigue crack size at each time can be

obtainedas

a . -
G P & T & 0% 0§ (3-39)

where 0y, and( for a narrow banded process defined by Eq.(3-38) and
Eq(3-35), respectively. By plugging E(3-38) and E((3-35) in Eq.(3-39), the fatigue

crack size is obtained as:

. . a . = a
W p?w“qul/lqoppZ

(3-40)
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The value oh and is obtained by using SESAM softwaikhe value ofQwhich
is the probability of occurrenceof each sea state is obtained from the availafalee

climatologydata for the considered platform.

By summation otermB VI "Q for all sea states, the predicted crack size
for eachtubular joint can be calculated as shawgq.(3-40). In Eq.(3-40), the values
of initial cracksize ¢ ), material propertiei¢d ), andthe lifetime of structure igear

("Y) are the same for all tubular joints. The only difference is vhkie of

B 0 "Q which is unique for each tubular joint.

In the next step, the valueBf 0 "Q is calculated for all tubular joints in

the considered platform to find out the most critical joints in fatigue analysis.

Table 3.6 demonstrates the five joints with the maximum value of the

B 0 "Q summation, i.e. the five joints which have the biggest value of
crack size.
Table3.6. Five tubular joints with the maximum value of e 0 Q
Member Name | Joint Name B o, "Q, MPa
BM36 Jt3 317.4
BM12 Jt3 303.6
BM34 Jitl4 270.8
BM24 Jtl4 258.6
BM35 Jt4 214.2

Figure3.24 shows the location of these five components in the considered platform.
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Figure3.24. Location of most critical components in fatigue analysis

3.8.3 Reliability Analysis

The purpose of this section is to calculate the fatggabability of failure for the most
critical joints in the considered example platforfiable3.6). To obtain the probability

of failure ofatubular joint, thefollowing steps are considered:

1 Assign an appropriate distribution for each uncertainty involvetieratigue
process

9 Define a desirable limit state

1 Obtain the probability of failure for each joint and the corresponding reliability
The abovementioned steps are explained in the follogvsubsections, separately.
3.8.3.1 Uncertaintiesin Fatigue Analysis and their Distributions

The reliability analysis depends on the choice of the uncertainties and their statistical
distributions[41]. Therefore, uncertainty modeliinis very important for offshore
reliability analysis.As providedin Section3.7.1that there are many uncertainties
involved in treating théatiguelife predictionof tubular joints suclas:

1) Uncertainties in global analysis:

9 Structural behaviour (e.gMass, stiffness, fauwdation parameters)
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1 Loading and environmental origin (e.@/ave loadingsea state modellifjg

2) Uncertainties related to the fatigue phenomenon:

1 Uncertainties related to the fatigue phenomenon (associated with the

modelling of the FMfatigueapproach, e.ginitial crack size)

To demonstrate the application of the fatigue reliability analysis, the following

uncertainties are considered in this research:

1) Uncertinties in global analysis

T

Uncertainties involved in global analysis ():

The mgor task in the frequency domain analysis is the determination of the
transfer function[5]. It is noted that the relationship between the wave
height and wavenduced force is nofinear due to the drag term in the
Morison equation (E¢3-9)). Therefore, the drag force should be
linearised. The linearisation of the drag term introduces uncertainties in the
responsenodelling for member§l9]. There are also uncertainties in the
calculation of hydrodynamic loading, finite element idealisation of the

structure, nonlinear sepile interaction behaviour, etd-igure3.19).

To consider all these uncertainties in global analysis, a single varabje
is introduced. Te obtained stress range from the gldaagueanalysis is
thenmultiplied bythis variable It is reasonable to assume to be a log

normally distributed variablgb5].

2) Uncertainties irthefatigue phenomenon

T

Initial crack size:

In the FM approach, one important variable which affects the fatigue life
of a component is the initial crack sid®]. The initial crack size which is
denoted as is not a weHknown parameter and theoe¢ there is
uncertainty associated with the modelling of the initial crack size. The
initial crack size is a manufacturing property. It is representing the process
defects such as inclusions, as well as damage caused during fabrication

[19]. Lognormal, exponentigand Weibull distributions have been used by
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researchers to fit the initial defect data. In this study, a lognormal
distribution is assumed for the initial crack siZalfle3.7).

It is noted that the surface defects are usually more critical than embedded
cracks as they are often located at stress concentratiorseamamal to

the principal stress. Experiemdias shown that almost all fatigue cracks
resulted from an initial surface defd@®]. Therefore, the initial fatigue

quality is expressed through the depth of the initial surface[flajv
1 Crack growth parameter

Crack growth data for welded joints is expressed through the material
parameters  andd) in the Paris equation. Crack growth data are
generated in the laboratory under constant cyclic loadimgsimple
specimens which is different from the real situation. There is always
uncertainty in the definition of reasonable distributions for the material
parameters based on available laboratory test rdddlis Ideally, larg
samples of data from field measurements or-dodle experiments are

needed to obtain the distribution of the material parameters.

To simplify the fatigue analysi§, is usually taken as a constant parameter
and all the variation in crack growth ratedonsidered in variabi@ (see
[31], [47]). The distribution of the material parameté) @pproximately

follows a lognormal distributiofiL9].
1 Geometryfunction

The value of the geometry function depends on the crack shape and stress
field geometry[3]. However, for the type of cracks in the tubular members

of offshore structures, the variation in magnitude of the geometcfidun

is not very largg35]. Therefore, the geometry function does not vary with
crack shape or siZ&1]. To simplify the problem, the shape of the fatigue
crack is assumed to be seefliptical ard remains semelliptical during

crack propagation. The geometry function is usually modelled as a

lognormal distributiorf56].

1 Uncertainties involved in local stress analysis ():
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The nominal stresses from the globadlgsis are multiplied with SCF to
account for local effects. Stress concentration factors are usually obtained
by parametric equations (see Secti®r8.4.3. Comparison of SCFs
predicted by parametric equations with test results show considerable
scatter (se¢28], [57], [58]). Therefore, the SCF value for each joint is
uncertain. Uncertainties associated with the modelling of the SCFs are

considered by definition of a random variable ().

Although both categoriesaffect the reliability analysis sincethis researchaims to
improve the reliability analysis using Bayesian methods to incorporate new
information (mainly consising of detection and measurement of crack gizdse
second category of uncertainties is more importéiherefore,it is convenientto
modelall uncertaities in global analysiwith a single variabl¢55].

Though assigning a single variable farombining all uncertainties in the global
analysis has somnitations, sensitivity analysis results show that the uncertaimnties
the fatigue phenomenare themost important source of uncertainty in the fatigue
reliability calculation of this example structufBable3.11).

Table 3.7 summarises the statistical characteristics of the uncertainties which are
considered in this studyDifferent guidelines and studies, introduce various
distributions for each uncertainfyor instance, the assigned distributions for the crack
growth parameters are based on available laboratory test results. Large sadgikes of
from field measurements or fedcale experiments are needed to obtain the distribution
of the material parameters. Therefore, different statistical characteristicen@amn,

and standard deviatiorf)jave been employed by experts which based on th

experimental results collected in laboratory tests.
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Table3.7. Statistical characteristics of random variables [N, mm]

Random Variable | Symbol Type Mean | COV Ref
Uncertainties| Uncertainties
in global involved in global - Lognormal 1.0 0.1 | [1]
analysis analysis
Initial crack size @ Exponentiall 0.11 1.0 | [19]

Crack growth 6 Lognormal | 8.1x10%? | 0.6 | [15], [51]

Uncertainties| Parameters a Fixed 3 — | [15],[51]
in fatigue -
phenomenon| Geometry function W Lognormal 1.0 0.1 | [1]

Uncertainties
involved inlocal - Lognormal 1.0 0.1 | [1]
stressanalysis

3.8.3.2 Correlations between theUncertain Parameters

Correhtionbetween the uncertain paramstisran imporant factor in performinghe
reliability analysis.Where two variables are correlated, a parametareasure their

correlation degree is needed

Crack growthparameters (i.ed andd ) are the most important inputs ihe crack
growth model and s@equently in through life failure probability calculations of a

structure containing a flays9].

Since the proposal of the Pafsdogan law in 1962sveral studies have been
performedto quantify these two parameteasdto find aut the possiblecorrdation
relationship between ther@ortie and Garrefperformeda comprehensive review of
these efforts until 19880]. Gurneysuggestd thata can be selected ia range

betweer2.5 to 3.6 for real structural stegddl].
There arédwo approachem dealing with these two paramet¢82):

1) In the fird approach6 anda are considexd as two correlated stochastic
variablesusing a correlation equation
Severalmodels are available in the literatureFor instance,Tanaka and

Matsuokasuggested the following correlation equation betweandd [63]:

't Wwuycoegtd (3-41)
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Baker and Stanlegerformeda testprogramme of 35 welded and naelded

test specimens and suggekthe followingequation64]:
ib By @dp a (3-42)

2) In the second approackwvhich is a common approacks is treated as a
deterministicvalueand6 is consideredas the stochastic variableommonly
modelled bya lognormal distribution Different recommended practicesch
as DNV[19], and BS 791(47] suggest this approach

In this work,the second gpoach {.e., adeterministicvaluefor & anda lognormal
distribution for ¢ is considerell There is almosho correlationbetween material
properties (i.e.0 anda ) andinitial cracksize[62]. Since thdfocusof thisresearch is
oninvestigating theeredibility of theBayesiammethodsno correlation is considered

between the uncertain paramster
3.8.3.3 Fatigue Limit State

A variety of criteria such as crack size criterion, equivalent fatigue strength criterion,
damage criterion, and failure assessment diagram, have been proposed to describe the
fatigue failure for the tubular structures with crafis). In this studythe crack size

can be considered as the failure criterion which is acceptable for low toughness
material[1].

The fatigue limit state is defined in E(B-29). According to this equation, failure
occurs assoon as the crack size is bigger than a critical vaByeapplying the

considered uncertainties in the fatigue crack size, the limit state furstoitten as:

06 B p % o T8 - - 0%, (3-43
where the statistical characteristics of the uncertain parameters are introdUakldin
3.7.
3.8.3.4 Calculation of the ComponentProbability of Failure

The fatigue probability of failure for each component baestimated by using both
FORM and Monte Carlo simulation methods. Tévantage of using FORM is
sensitivity analysis, whereas Monte Carlo simulation is performed to check the

obtained results from FORM.
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There are severgrogramsfor obtaining the probability of failuref a component

ARt p r o@pJrisaaniramework for utili;mg probabilistic models with reliability
analysis. It also came used in risk assessment. In this program, the considered
uncertainties are defined based on their distributions. Then by defining the desirable
limit statefunction, te probability of failur§and also the reliability}an be obtained
based on FORM or Mont€arlo simulatior{65].

As was mentioned in Secti@¥.4 to obtain an accurate and reliable estimation of the
probability of failure, a large number of simulations are requiredlidaining the

probability of failure usinghe Monte-Carlo simulation technique.

The acceptablé 0 wis assumed equal to 0.05. Therefore, based orf2E2f), the

number of failed simulations is obtained equal to:

TI8T Le L_ i 3 TTT (3-44)
€

The probability of failure ion an order ofLl0*. Thereforebased on E(R-97), the
total number of simulations required to obtain the accurate probability of failure is
approximately equal to:

€
6@6— — T pT (3-45)

Hence, the number of simulations is introduced equal f;n1Be Rt software.

Table3.8 shows the calculated probability of failure for the most critical components

in this platform after 5 yearS¥= 5 years).

Table3.8. Fatigue probability of failure for the most critical compotse('Y = 5)

) Probability of Failure
Member Nameg Joint Name - -
FORM Monte Carlo Simulation
BM36 Jt3 2.1x10* 1.8x10*
BM12 Jt3 1.7x10* 1.5x 10
BM34 Jt14 1.0x 10 8.3x10°
BM24 Jt14 8.1x10° 6.7x10°
BM35 Jt4 3.2x10° 2.7x10°
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Having obtained the probability of failure, the reliability index can be calculated by
using Eq(3-31). Table3.9 shows the reliability index for the most critical components

in this platformafter 5 years

Table3.9. Reliability index for the most criticalomponents’Y = 5)

) Reliability Index
Member Nameg Joint Name - -
FORM Monte Carlo Simulation
BM36 Jt3 3.53 3.57
BM12 Jt3 3.58 3.62
BM34 Jt14 3.72 3.76
BM24 Jitl4 3.77 3.82
BM35 Jt4 3.99 4.03

It is noted that the reliability analysis can be carried out for each tubular joint in the
considere@latform. However, only the results of the five critical components (which

were shown irFigure3.24) are presented.

Table3.9 shows the reliability index for the most critical components at a specific time
(after 5 year$. This calculation can be also performed for different years in the

platformbds | ifeti me.

The reliability index for the critical component (BM363) is calculted for different
numbersof years as the fatigue life of the structufable3.10 shows the reliability
index for the critical componeiBM36-Jt3) at different yearst can be seen that the

reliability index decreases with time (as the structure gets older and consumes its

design life).
Table3.10. Reliability index for theeritical componen{BM36-Jt3) at different years
Year in ServiceY) Reliability Index (FORM)
5 3.53
10 3.21
15 2.93
20 262
25 2.30
30 2.18
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3.8.4  Sensitivity Measurements

Since several random variables exist in reliability analysis applications, in reliability
analysis, in addition to the value of the probability of failure, it is crucial to know
which of the basic random variables is more important in its contributioheto t
probability of failure. Sensitivity analysed?2] are performed to find out the
importance of each variable on the reliability analysis. There are several measurements
to show the importance of each variable on the probability of failure (See Chapter 2).
One of these measurements tsector measure. lwas shown in Chapter 2 that the

C 0 mp 0 n e-mettsr can be cdhsidered as the relative importance of each variable
on the probability of failureTable3.11 shows thé¢ -vector measures for each random

variable.

Table3.11. Sensitivity measurement of the uncertain parameters on the probability of

failure

Uncertainty Category Random Variable Uvector
Uncertalntles_mhe Uncertainties involved in global analysis () 0.35
global analysis

o Initial crack size @ ) 0.45
Uncertainties related” crack growth parameterd 0.65
to thefatigue —
phenomenon Geometry functiond)) 0.35

Uncertainties involved in local stress analysis () 0.35

As explained in Chapter R-vector valuesndicate the importance of each uncertain

parameter on the probability of failure.

Therefore, based on the results of the sensitivity analysisl€ 3.11), among the
consideredandom variables, the crack growth parameter is the most important source
of uncertainty in the fatigue reliability calculation of this example strucius. is

followed by the initial crack size.

Sensitivity factors for all andom variables are positive which mgdhat these
variables are load paramete$eé Chapte?). This isbecause¢heresistance parameter
in this problem is a critical crack sizé ] whichis assumed as a constant parameter

equal to the joint wall thickness.
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3.9 Summary

Fatigue is an important failure mechanism in offshore structii@sgue damage
occurs due tahe cyclic nature ofwave loading on the structur€his wave loading
creates stresmnges at the hot spot regions and results in crack initiation. The crack
initiation is followed by crack propagatighrough the thickness of the tubular wall
which is assumed as the end of fatigue life of the tubular joints.

To carry out a fatigue analgdor a jackestructure, somassumptions are considered

in the fatigue model such as:

1 For a shorterm period the sea surface is considered as a realisation of a zero

mean stationary Gaussian process. The sea surface elevation is characterised by

the frequency spectrum and it is described by two parameters, the significant
wave height and zenmean upcrossing priod for a given wave direction.

1 The longterm probability distribution of the sea state&nown.

1 To use the frequency approach for obtaining the stress response, the wave loading

on structural membeis linearised.

1 Paris equatioms assumed as the basis of the fatigue crack growth model. The
Paris equatioms recommended for the fatigue analysis of offshore structures by
several codes of practice (e[@9], [47]). The crack gywth exponent() is
considereds a constant and the threshold stress intensigsismed to equal to

Zera

The fracture mechangapproach is used to obtain the crack sizethathtigue limit
state is defined based on crack sBeveral uncertainties are considered in the limit
state function. It is noted thabme uncertaintiege.g.@Hh) contribute in the limit
state functionexplicitly whereas ther uncertaintiessuchas wave lads, sea state

characteristics affect stress range.

The probability of failure for eadlubular jointis obtained by usingORM andMonte-
Carlo simulation.Sensitivity analyses are performed to shthe effect of each
uncertain parametarn the fatigue reliability results. Based on the analysis results,
uncertainties irthe crack growth parametand initial crack size have a relatively
greater effect on the reliability calculation.
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4. SYSTEM RELIABILITY CALCULATION

4.1 Introduction

In Chapter 3f this study only one failure modddtigue failurg for a single structural
component was considerddelevant uncertainties were introduced arung state
functionwas defined. Then by using the different reliability methods (e.g. FORM and
Monte-Carlo), the probability of failure for each tubular member was estimated,

separately.

Nevertheless, most of tldfshore jacket structures thereal situation are redundant
structureq7]. A redundanstructurehas more structural memisghan is necessary.
Therefore, if some of the structure members are damaged, the structure will not
necessarily fail or collapse, since the load can be redistributed among undamaged
members[7]. In offshore structures, members are connected and therefore, each
member has its own limit state function. In offshore structures, conventionally, system
reliability analysis is estimated based on either fatigue loading or extreme

environmental loadings6].

Due to thehigh level of redundancy in offshore jacket platforms, phebability of

failure of the whole system is more applicable thandmeponentprobability of
failure. In this chapter, a system reliability approach is presented to calculate the
probability of failure of a jacket platform considering a combination of fatigue and
extreme wave load# the development of a failuteee of these structures, the initial
failures occur by fatigue at the critical joints and the weakened structure collapses

under the extreme wave loading.

Section4.2 introducesthe fundamental of the struchl system and the reliability

calculation for each system.

Considerable research effort has been made on the application of system reliability

methods for offshore structure®ectiord.3 explainssome ofthese studies

Section4.4 explainshow to obtainthe systemprobability of failure for a jacket
structureconsidering both fatigue and extreme wave ldaut this purposeat first,

the fatigue probability of failurefeach component is obtained by usthg Monte-

Carlo simulation. Then, important failure paths are identified by using a searching
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processn which, components with the maximum change in the accumulated damage
areconsidered as the candidate jointshe path Finally, the system failure criterion

is evaluated and compared to the maximum acceptable probability of failure.

Sectiod.5demonstratethe applicatiorof the proposed approach to a jacket platform
and theresults of the system reliabilitA threedimensional structural model of the
considered platform is generated using SESAM softvi@reNonlinear pushover
analysis is also carried out to determine the capacity of the platform and the annual
probability of failure undethe extreme wave is calculatetio carry out the pushover
analysisUSFOS software is employ¢@7]. Section4.5alsodescribes the inspech

plan for a jacket platformnderwater inspection is an expensive activity &edcost

of the inspection is proportional to the numberin$pectiong15]. Therefore,it is
required to concentrate on fatigaensitive locations in the structuréarthermore,

different non-destructive DT) techniquesre explained inhis section.

It is worth mentionig that in thisChapter, Secti®¥.2to 4.4 describehe theoretical
aspects of the fatigue reliability analysishereas, Sectiod.5 demonstrateshe
application of theaheoretical aspects the considered platforand results that have

been developed by the author.
4.2 Different Typesof Systems

A system is defined assetof elementsvorking together as parts of a mechanism.

theory, here are two fundamental systejgis
1 Series systems:

A series system is a system in which failure happens when one of the elements in
the system fails. Aeries system is also named the weakest link system because
its failure corresponds to the failure of its weakest compdagriExamples of a
series system are chains and statistically determinate structures. If any member in

these structures fails the structure will falil.

1 Parallel systems:

On the other hand, in a parallel system, all elements of the system must fail for

the failure of the system.
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These two systems are fundamental. In reality, the failure of any complex sgstem
be represented in terms of a combination of these two sygféms

4.2.1 Modelling of Series Systems

The combination of failure elements in a series system can be understood from the
statically determinate (neredundant) struate. A structure witlk elements is a
statically determinate structure when the whole structure fails as soon as any structural
element fails, i.e. the structure has no lsadying capacity after failure of one of the

structural element®]. The ilustration of a series system is showrrigure4.1.

O () —

Figure4.1. Weakest link system modelled as a series system of failure elements

Let 6s consi der ¢ a etemanis.eThe falyesof eaoh elerhent is

modelled with its limit state function.
60 0 mh ‘Q phf8Fk (4-1)

whereO is the failure event of thé'ielementd represents the probability of failure

and'Qis the limit state function fathe i" element.

The series system fails if just one of the elements fails, i.e. the probability of failure of

the series system is the union of the individual element failure probabilities:

0 0Q m° Q0 m 8 Q m (4-2)

where 0 _represents the system probability of failure anig the union
Ym> mV

operator(see Chapter 2).

Figure4.2 illustrates the failure domain (hatched areas) for a series system with three
elements which is the union of the individual element failure domaurtkis figure,

X1 and X are uncertain pameters.
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Figure4.2. lllustration of the failure domains in a series system

4.2.2  Modelling of Parallel Systems

A parallel system is a system in which all elerséatve tdfail before the whole system
fails. Failure of the statically indeterminate (redundant) structures can be assumed as

a parallel system. A parallel system with elements is shown iRigure4.3.

MEL

nparallel

Figure4.3. Failure of a redundant structure modelled as a parallel system

Now, consider a structural system where the system reliability model is a parallel

system ot elements. The parallel system fails if all of the elements fall, i.e. the
probability of failure of the parallel system is the intersectiohefdividual element

failure probabilities:
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0 L 'Q M Q m,8 Q ™ 4-3)

where 0 represents the system probdabpilof failure and is the
intersectioroperator(see Chapter 2).

Figure4.4 illustrates the failure domaior aparallelsystem withtwo elementsvhich
is the intersection of the individual element failure domdmshis figure, X and X

are uncertain parameters.

A

It
~—
_____

Figure4.4. lllustration of the failure domains in a parallel system

4.2.3 Modelling of General Systems

In a redundant system with a large numbearashponents, failure of the system occurs
after a certain number of elements have failed. The failure event of such a system can
be represented in termsthiei mi ni mead t scou t o f [6]t Alreal reslyndante m
structural system generally has many-seits, i.e. different sequences of element
failure. Each cuset can then be modelled by a parallel system. If one of these parallel
systems fails then the whole system fails, i.e. the overall sgstiability model is a

series system of the failure modes or parallel systems. This is schematically shown in
Figure4.5.
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Figure4.5. lllustration of the systems reliability model as a series of parallel systems
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The probability of failure o& generasystem is then given by:

0 0 0'Q ™ (4-4)

where 0 represents the system probability of failukejs the number of

cutsets (failure sequence),is the number of elements in each sequencéarsl

the limit state function of the componefitin cutset No. i.
4.2.4 Reliability Calculation of the Systems

Dependng on the system configuratiprthe system probability of failure can be
obtained based on equatio@s?2), (4-3), and(4-4). When correlation exists between
the components, calculation of the system probability of failure (or system reliability)
is quite difficult [6]. The estimation of system probability is dependent on the

correlation of the elements.

Simple bounds can be introduced to find out the upper and lower bounds of the system
probability of failureintroduced intheabove equationdt is noted that there are some
better bounds for estimation of system probability of faisueh aDitlevsen bounds

[68].

For a series system, the probability of failure is within the following bo[66&]s
i Aghb O 0 p p 0O (4-5)

The lower bound corresponds to a situation that all failure components are fully

correlated. In this case, all the failure cases represent the same failure and all the
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components will fail if one of them fails. Therefahe maximum probability of failure
can be selected as the system probability of failure. The upper bound corresponds to a

situation that all failure components are statistically independent.

The eliability of a series system decreases w&itincreasing number of its elements.
For a given system, witafixed number of components, system reliability decreases

with decreasing correlation between pairs of elements.

On the other handhé simple bounds for a parallel system can be introducé s

0 O 0 i EI0 © (4-6)

The lower bound represents the case where the components are uncorrelated and the
system fails only when all the components fail. The upper bound represents the case
in which all components are fully correlated. In this case, the safest component

controlsthe reliability of the system.

The eliability of a parallel system increases widlm increasing number of its
components. For a given system, wahfixed number of elements, the system

reliability decreases withnincreasing correlation between pairsetéments.

4.3 Previous Studies on SysterRrobability of Failure of Offshore

Structures

Several researchstudiesin offshore reliability analysis & been focusing on
component reliability analysis where a fatigue limit state or an extreme wave limit
state was considered to calculate the probability of failure (See ChaptEor3).
statistically determinate structures, the reliability at the compogeat is sufficient

since the failure of one member will lead to the whole structure failure. However, this
is not the case for highly redundant structures sudifsisore jacket platformsrhe
failure of one oafew members does not necessarily resutécollapse of the entire
system.Therefore, for these structures, reliability analysis at the system level is more
applicable. Reliability analysis at the system level takes into account the failure of one
component on others and the entire systemvesode system.

Structural failure is a progressive process and a sequence of individual components is

required to fail before overall failuréfter the failure of the first element, the load
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shared by this member is-distributed to the remaining elemermisd the structure
continues to support loads until a sufficient number of elemental failures occur and the
structure fails. A failure path is defined as the failure sequence of members in the

structure until it collapses.

The @lculation of the systemlrability has many theoretical and practical challenges.
One of the difficulties is that for @dundant structure, a large numbesefjluences
leading to failureexistand it is not practical to include all of them in the analf&33.
However, onlyafew of the failure sequences have significant contributions to the total
failure probability. The probability of those failure paths and the method of
determination of the important failure paths are the basis of system rgliabgilysis

[69]. The system failure event is then calculated as the union of these identified

important sequencgg0].

Considerable research effort has been made on the application of system reliability
methods to fixed offshore structures. However, these efforts have mainly concentrated
on the reliability analysis of the structure under one failure mode, i.e. considering

either fatigue loading or extreme environmental loading.
4.3.1 System Reliability AnalysisConsidering Fatigue Failure

Wang and e&l considered fatigue failure as a common failure mode for offshore jacket
platftorms and calculated the system fatigue reliabidihalysis for this type of
structure. They proposed a new searching method for the system reliability analysis of
structures to identify the dominant fatigue failure paths and evalugbeaibability of

system failure through failure patiide main featre of their method was the system
decomposition. The system decomposition was implemented by dividing the failure
elements into two subystems according to the construction and fatigue failure
characteristisof jacket structures. It was shown that systBoomposition improved

calculation efficiency8].

Marquez and Sorensen studied the system reliability for offshore wind turbines
regarding fatigue failureThey formulated the limit state equations for components
fatigue failure based on-inear SN curves in offshore wind farm$hey tried to find
theimportant sequences of failure by utilising branch and bound technique and then

they calculated system reliability through a combination of important failure paths
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leading to system failureThe gstem reliability in a jacketype wind turbine
substructuravas estimated using a series sysfémj.

Shabakhty attempted to develop a system reliability approach to monitor the safety of
jack-up platforms under fatigue and fracture degradation. He assumed-alkgatici

shape to modehe crack propagation in depth and circumference of crack shape. He

used MonteCarlo Simulation to estimate the statistical crack size in accordetite

the fatigue limit state. The important sequences of failure were identified using branch
and bound dchnique and finallythe system reliability was estimated through

combination of important failure paths leading to system fajkég
4.3.2  System Reliability AnalysisConsidering Extreme Load Failure

A simplified system approackiasdeveloped by Bomel Ltd. in a joint industry project

to obtain environmental load factors for fixed steel offshore structyrgisbal failure
function was defined by the difference between the structural reserve strength
(resistance) and the environmental load, in which the reserve stigagévaluated

by deterministic pushover analyses. In this project, both load and resistance refer to

overall base shedr2].

Kurian and et al performed tlstructural reliability of an existing jacket platform, by
determining the system probability of failure and its corresponding reliability index.
They used pushover analysis to determine possible failure paths of the structure under
extreme wave loading.HBy established three failure paths of the platform under
extreme wave loading and ustt simple bound formula to determine the failure

probability and reliability indeX69].

43.3  System Reliability AnalysisConsidering both Fatigue and Extreme

Load Failures

In the abovementioned studigsthe focus of system reliability analysigas on
estimating the reliability considering either fatigue loading or extreme environmental
loading. However, for offshore structures, a combinatidghese two failure modes

more critical.Some studiegvereperformed by considering both fatigue and extreme

wave loadings.
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Karamchandanet al.considered a combination of fatigue and extreme loadingy
presented a formulation for a sequence dtifes for three different failure modes;
failure under fatigue, failure under extreme environmental loads, and combined
sequence of failure. To obtain the system reliability, they assumed that the initial
failures happen in fatigue and subsequent failacesir under extreme environmental
loads. Then, they applied the approach to a steel jacket platform. They found that for
an individual member (component level), the most probable cause of failure is fatigue,
but for overall structural failure, overload aac¢ombination of fatigue and overload

are more importantHowever, they assumed the platform fails after only-two
component failures, which is not a correct assumg#bh

Oakley et alproposed a simplified method of estimatitg system reliability of a
structure. They considered both fatigue and extreme loading. The members were
divided into groups, each group consisting of the diagonal bracings between any two
levels of one frame. e structure was assumed to fail when any group failed. Then,

they compared the simplified method results with results from a rigorous af@Bjsis

4.4 SystemProbability of Failure Considering Fatigue and Extreme

Wave

As mentionedin Section4.1, the reliability analysis can be calculated eithethe
component level or system level. The reliability analysis atahgonentevel cannot
reflect the reliability of the system as a whole. For statistically determinate structures,
the reliability of individual members is sufficient since the failure of one component
will lead to the whole structure failure. However, for highly reghmt structureghe
failure of one or &&w members does not necessarily lead to the collapse of the system.

System redundancy is the ability of the structure to redistribute the applied load after
thefailure of one of its elements. A redundant structsigapable to continue to carry
loads after the failure of its members. After a failure of a component, the load
supported by the failed element will be distributed to adjacent membBers.
considerable degree of redundancy is often built into the desigicladt structures.

The need for redundancy arises for several red3pns

1 The probability of the actual loads exceeding the design loads,
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1 The inevitable nature of fabrication defects such as welding defects at the joints,

1 Deterioration during service as a result of corrosion and fatigue initiating from

defects.

The ultimate capacity of the structure depends on thefaiste behaviour othe
primary members and joints, the structural configuratiand the degree of

redundancy.

Calculation of system reliability analysis for large structures with high redundancy
may be complex due to @mormousiumber ofpossiblefailure paths. It is pradically
impossible and not necessary to identifypabksiblefailure paths. Including all the
possible failure paths in the analysis is not feasible, since many of these paths have a
low probability of occurrenc§s9]. Therefae, identification of the dominant failure

paths is one of the major tasks in the system reliability analysis for this type of structure
[8].
4.4.1  Global Fatigue Analysis

The first step inthe estimation of the system reliability is to perform the reliability
analysis at the component level. As it was mentioned, fatigue failure is consatiered

the component level.

To evaluate the probability of failure of a componarfajlure event should beefined.

In this study, the fatigue limit state is defined based on the crack size, which is obtained
by the fracturemechanics approach. It is assumed that failure occurs, as soon as the
crack size is bigger than the critical value. Therefore, the fatigut state function is
described as:

(o RN R (4-7)

Where® represents the critical crack size. Critical crack size is usually considered as
the wall thicknes$47]. Failure occurs when the crack size is bigger tharritical

crack size, i.e. wheg 0.

By defining fatigue limit state function and uncertainties, the probability of failure can
be obtained by performing thonte-Carlo simulation method. In this study, Rt
software[65] is used to perform the Mom€arlo simulatio. The @lculation of the
component reliability was explained in detail in Chapter 3.
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For performing fatigue analysis, a spectral fatigue analysis can be employed. The
spectral fatigue analysis is used for structures in shallow to medium water [@dpths

In spectral fatigue analysis, the major task is the determination of the response of the
structure for a unit sinusoidal wave as a function of wave period (or wave frequency).
This function is called the resportsansfer functiorj19]. In spectral fatigue analysis,
transfer functions can be obtained for each sea state. The transfer function is
established by finding the stress range, at the location of interest, for a range of wave
frequenciesand dividing thestress rangeesults by the wave heiglftee Chapter 3

for more details.

For each sea state, the sea surface elevation is characterised by the frequency spectrum
(e.g. PiersorMoskowitz or JONSWAP spectruni}9]. Having the transfer function
and wave spectrum, the response spectrum (whible it spot stress spectrum) can

be obtained as:
"Y1 SYI s Y] (4-8)

where’Y 1 is the stress spectrurty;] is water surface elevation spectruim; is
transferfunction and is the angular frequency of the wawaving obtained the
stress spectrum, the stress range value can be obtained (see Chapter 3 for mare details)

4.4.2 Identification of Most Probable Fatigue Failure Paths

Complex structural systems consist of a large number of structural elements.
Therefore, the structure can failgaveradifferent ways. Because of the considerable
degree of redundangyhere is usually darge number of possible combinations of

element failures that can result in the failure of these structures.

Usually, few of these failure sequences have significant contributions to the total
failure probability. Therefore, in most structural reliabiléypalyses, a searching
process isequiredo identify important failure sequences, and the system failure event

is then approximated as the union of these identified important seq(iédces

After each componerfailure, all the surviving elements can be chosen to form the
next component to fail, the failure events can be represented in the form of a failure

tree with each branch of the tree representing a failure sequence.
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There are different techniques to idgnthe dominant failure paths. Identification of
the failure paths can be performed usamgncremental load method (Moses 1982),
unzipping method66], branch and bound meth¢ds], and truncated reimeration

method[76]. The basic concepts of these methods are sifidildr

The incremental load method uses an incremental elastic analysis of the sfi@jture
Using mean values of the random variables as the analysis basis, the most highly
stressed member is considered to have failed. It is then replaced by -tailpost
strength and the loading is further increased until the next element fails. The procedure
is repeated until a failure path is developed. Since the mean values of the variables are
used, the results obtained from this method are deterministic and the stochastic
characteristics are unable to be considered. The method is not suitable for the analysi

of offshore structures with a large number of uncertainties.

The branch and bound method repeats elastoplastic analysis of the structure to
determine the sequence of structure components most likely to fail, and hence to
develop the failure patH§0]. The main features of this method are branching and
truncation. The branching from each node of a failure tree generates new failure paths.
A new branch is generated by adding one more element to the selected path. Because
all of the surviving elements considered would be the next failure element, a large
number of failure paths will be generated. The truncation of failure paths starts after
the first complete failure path has been identified. Almost all the possible failuse path
can be identified in this way. However, this method, although theoretically rigorous,
is prohibitively expensive for the analysis of complex structures with high redundancy,
such as offshore jackets.

However, these methods have some shortcomings. FompéxaBranchandBound
Method, although theoretically rigorous, is prohibitively expensive for the analysis of
complex structures with high redundancy, such as offshore ja@etkim et al.
proposed a new searching technique, where the dominant failure modes are rapidly
identified through a genetic algorithm. Multiple dominant failure modes are then
recognised in the lessening order based on their likelihood. The searching pnalsess

as the contributions by newly identified modes become negligile

134



In this thesis the sequence of structure joints most likely to fail is established. The
probability of system failure is then estimated as the urfiarfinite number of critical
failure path events. Since other paths are neglected, the resulting estimate is a lower

bound of theprobability of system failure.

As described in Chapt&; the crack size of each component is expressed as a function
of basic random variables. The sequence of failures occurs if each of these individual
crack sizes reaches critical crack size during the lifetime of the structure.-Marite
simulation is use to computehefatigue failure probabilities of each component. For

identification of the important sequences, the branch and bound methdded

In thisthesis,for branching from a selected incomplete failure path of length, all the
surviving elenents of the structure are candidate elements and new paths are formed
by combining each element to the chosen path respectively. As only some of the
branches will be developed into complete paths eventually, it is not necessary to
combine all of the surving elements to develop new branches. Therefore, it is
important to select a limited number of surviving elements to develop a limited number

of new branches to reduce calculation consumgi6h

The starting points the irtact structure in which none of the elements have fadgd.
performing component reliability analysis for timact platform, the joint with the
highest fatigue failure probability iselected as a starting component for further
branching.After the faiure of the first component, the applied loading will be
transferred by the remaining members, i.e. redistribution of the load through the
structure occurs. In the damaged structure, each remaining member has already some
accumulated fatigue damage, ancedo the redistribution of the stresses in the

structurethe rate of damage accumulation will chafitf.

Two criteria are introduced foineselection of the next probable jointfelure which
arethe change ratio in damage amcttumulatedlamage of surviving elements. The

procedure is repeated until a failure path is developed.
(). Change Ratio in Damage

This criterionstates that only those joints, which halarge change ratio in the
damage (aftethe failure of the critical component), are selected. The change
ratio of the damage of joifafter thefailure of joint 'Gs defined a$8]:
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whereO is the fatigue damage of a specific memfmemberQbefore theQ
joint fails,O; is the damage after tfe joint failure. The change ratio of the
damage of all thentactelementss calculated. The failure paths are chosen based

on the following criteriorj8]:
i | & & wi (4-10)

wherg is the selection ratithat isused to control the number of surviving
elements. If considered equal to zero, it means that all the surviving elements
are included,; if its assumed equal to one, only the surviving element with the
highest change ratio of the damage rate is selected. In this|stuslgpnsidered
equal to 0.7.

Elemen Accumulated Damage

The accumulative damage of the surviving element is a supplement to the above
criterion for considering that some surviving elements with large accumulative
damage but less change ratio of the damage rate would also develop a path with
a considerable failure probability. The deterministic accumulate damage of the
i surviving element of the surviving structure corresponding to the failure path

is calculated by setting all random variables to their mean vEl0gs

A failure path that results in structural collapse is called a complete failure path and

further branching from this path is terminated while an incomplete failure path is taken

up for further branchin{Z]. Figure4.6 shows a failuréree in which various branches

illustrate different failure paths of tistructure.
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* System Failure

First Component Failure Second Component Failure Third Component Failure Forth Component Failure

Figure4.6. Development of the failur&ree

44.3  Extreme Wave Load Analysis

For performing extreme wave (environmental) load analysis, the load and response of
the structure should be modelled. The extreme load can be introduced by a random
magnitude, which relates wave load to the-¥6@r wave height. In this study, the
extremewave is a wave corresponding to an annual exceedance probabilits? of 10

(100-year return period wave).

In this analysis framework, failure is assumed to occur by yielding at a section which

is a function of axial force and the bending moment at the sechfter the first

failure, the force distribution in the structure changes, which leads to an increase in the
stresses of the adjacent members of the failed member. The changes in the stress
depend on the structure configuration, the location of thedfellemberand the post

failure behaviour of the failed member.

Pushover analysis is established to perform extreme wave load analysis. This analysis
provides an insighinto the loadbearing performance of the platform, indicates the
weak links, failure mdes and thepostfailure behaviour of the structure. The
procedure adopted for the pushover analysis consists of thgedd@torm load, for
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the extreme environmental condition, which is incrementally introduced to the
platform. The environmental load is gradually increaseddade member yielding or
buckling and to eventually lead to the global collapse in the platfneprogressive
collapse analysis of an offshore structure is usually carried out usinglia@anfinite

element program.
4.4.4  Probability of Failure under Extreme Wave Load Analysis

One approach to estimate the probability of failure under extreme wave load is in terms
of structure capacity74]. The capacity of the structure is determitgdnonlinear

pushover analyses.

The previousstudies for jacket structurdsmveshown that the ultimate capacity, or
collapse capacity, of the structurean be related directly to the totsseshearon

the structure$19]. Therefore, the extreme limit state can be written in terms of the

base shear demand that needs to be checked against the base shear capacity at collapse.
Therefore, the limit state can be defined74:

Meoi 064 Y 0°Y (4-11)
In this equationQ, ¢, 6 1 8PEESENtS the limit state function under extreme wave load,
0"y andoé 'Y areuncertainparameters that refer to the batear capacity

andbaseshearoad respectively. The platform fails when the exerted load is greater

thanthe platform capacity.

Therefore, the extreme probability of failure is the probabilitiQof beingless

than zero:
0 0°Q m 0O°Y 0"Y 4-12

The structurdias a random capacity (Y ) which is the largest load the structure
canwithstand without system failure. The value of capacity depends on the capacities
of the members in the system. In this study, the base shear capddity ( ) will
beassumed as lognormal random variable. A COV of-P8% is consistent fgacket

platforms[74]. In this study, COV is considered equal to 0.20.
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4.4.5 Global ResponseSurface

To establish the probability distribution of the annual maximum-baear load acting

on a given structure, a propgscription of the environmental situation is negdédl

The global response surfacethodrelates the environmental load to the wave height
[78]. For a given wave period and current speed, haseshearload can be

approximated aflL9]:

8 Y ® &0 (4-13

Here,and are deterministic constants describing how base shear varies with wave
height[74]. To determine the response of the structure, 40 sets of environmental loads
(wave heights) are generated based on Gumbel distribatidnstrgtural analysis is
carried out. From the analysis, 40 sets of base shears are obtained. The coefficients
and are determined using MATLAB Curve Fitting Tda@®].

The parameteap, is a factor representing the uncertainty involved in estimating base
shear from wave height when we use deterministic amoundsafal . is modelled

as a lognormal random variable witin@anequal to 1.0 and COV equal to 0[23].

Having obtained the base shear capacity and base shear load, the probability of failure

for theextreme load can be obtained by ugimgMonte-Carlo simulation.
4.4.6 System Failure Criterion

An incomplete failure path will beompleted when theystem failureoccurs The
common criterion of system failure is a major loss of global stiffness. The global
stiffness is measured by the increase in deflection atahteof the deck due to a
unitincrease in load. It is observed that usually, there is little change in stiffness during
the first few member failures but after ttadlure of several members, a large change

in stiffness often occurred. This large change in stiffness is used to deteons
failure[78].

The other criterion for system failure could be using target reliability levels in design
codes. Several codes and standards such as Eur@jdend DNV [81] introduce
target reliability levels fothe differenttypes of platforms.Target reliabilities are

required to be met ithe assessment of offshore platforms to make sure that certain
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safety levels are achieved. The values of target reliabitiipend on the consequence
and nature othe failure. The consequence of failure is evaluatedcerninghuman

injury, environmental impacand economic lo94.9].

For examplethe target annual reliability for a redundant structure with hingh
consequence of failure corresponds to the probability of failuredfiB). Therefore,

in this study, a maximum acceptable probability of failGre () equal to 1¢ per year

is used. It means that at each step of failure path development (afteluitesof each
component), the annual probability of failure of the platform uatexxtreme wave

is calculated and compared to the maximum acceptablelpfidp of failure. If the
annual probability of failure in each step of tadlure path is less thaby g, the
platform is considered a safe system. An incomplete failure path is assumed to fail
when annual probability exceeds the maximum acceppableability of failure, i.e.:

(4-14)

ogeEEowa
4.4.7  Estimation of the System Probability of Failure

To calculatethe system probability of failure considering both fatigue and extreme

wave load, theonditionalprobability of extreme loads can be used. These conditional

probabilities are multiplied by the probability of fatigue failures, and the products are
summed to obtain the system probability of fail§82]. Therefore, the sysin

probability of failure can be obtained as:

0 "0 00 0 OwO (4-15)

In this equation) "O is theprobabiltyof f ai® ujei nfsiin fatigu
"0 is an event in which no component fails in fatigue (Intact c&9a$, an event in
which only one component O&daiilss ainn efvaetnitg ui
platform fails under aextremewave andd ‘Qw O is theprobabilityof failure under

extreme |l oadbngoighwvenf ahheddnin fatigue.
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By expanding Eq(4-15), the systenprobability of failure can be written as:

0O 00O 00O U0 U OLPO
i (4-16)

00O 0Oowd E
Here, the probability of failure for each fatigue failwase § "O ,0 "O hetc.), is
obtainedbasedon theMonte-Carlo simulation (by using fatigue limit state function)
and for each fatigue failure ca3ée conditional probabilityd ‘O w$@, Is calculated
based on extreme limit state function by using Mdabéelo simulation. The total
probability of system failure over the entire range of fatigue failure is then computed

using Eq.(4-15).
4.5 Application of the Proposed Approach to a Jacket Platform

To apply the methodology described in Secdofy a jacket platform is considered.
The considered structure is a fdagged living quarter, steel jacket platform. It is
located in a water depth of 70 m. The choice of this platform is motilsstide degree

of structural redundancy, which is believedoeatypical jacket platform.

Figure4.7 shows the flowchart of the proposed approach for a jacket platidren.

following subsections explain th flowchart.
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'
L /
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______________ '_ I -

‘ Failure Path Development ‘

Figure4.7. Flowchart of the proposed approach for the considered jacket platform

4.5.1 Platform Modelling

The considered jackgtatform in ChapteB is used here as shown kigure4.8. A
threedimensional structural model of the platform is generated using SESAM
software[4]. The model incorporates all primary members in the topside and the
jacket. This is a space frame, which integrates the jackettoffg@de and the
foundation systems in one combined structure. The model geometrical properties

conform to the jacket asuilt drawings.
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Figure4.8. Structural model of a jacket platform in SESAM software

The main characteristic of the jacket platform is givemable4.1.

Table4.1. Main characteristics of the considered jacket

Item Description
Platform function Living quarter platform
Water depth 70m
No. of Legs 4

- Outside diameter: 91.4 cm
- Pile thickness: 2.54 cm

- Pile depth: 64m

- Grouted to jacket legs

Foundation system

- Silt: 01m
- Clay: 2184 m
Soil description - Silt: 18.431.2m

- Clay: 31.256.1 m
- Sand: 56.166.0 m

Bracing type X brace

Jacket levels SeeTable3.2

Material Carbon Steel Grade S355
Mass of the deck 2200 ton

- Wave height: 12.2 m

100-year return period wave - Wave period: 11 sec

Fatigue wave loading See Sectio’.8.2
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4.5.2 Intact Platform

At first, it is assumed that the platformnsanintact condition, i.eno failure happened

and all components are in safe conditions.
4.5.2.1 Extreme Wave Load Analysis

Monte-Carlo simulation is employed to calculate the probability of failure under
extreme load inheintact case, i.e) ‘0 ws®¢ 0 GO this purpose, thextreme limit
state function is used (E¢-11)). In this function,6 Y ando6 Y should be

calculated.

To obtaind ¥y o e@bushover analysis is performed. To carry out the pushover
analysis, USFOS software is employg¥]. USFOS is a finite element program
specifically developed for estimating the ultimate strength of space fstnuctures

and identifying the associated collapse mechanisms. The software is capable to
perform nonlinear collapse analysis, in which, the structure and members are

incrementally loaded beyond their yielding capafs].

Based on the USFOS analysis results, the collapse base éh¥ar ( ) of this
platform (in intact case) i®und as13.1 MN. Figure 4.9 shows the finite element

model of the platform in pushover analysis.

Plastic Utilization

Figure4.9. Structural model for pushover analysis, the first step of analysis (left)
and the collapse of the jacket in the last step of analysis (right)
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For calculation of load base shear, E313) is used which relates base shear to wave
height.To determine the response of the structure, 40 sets of wave loads are generated
based on Gumbel distributipand structural analysis is thearried out. From the
analysis, 40 sets of base shears are obtained. linéisis a Gumbel distribution with

A p @and scalparameter() of 1.2 is considered feonaximum wave height®

[83].

By performing dinearregression between wave height and base steammount of

wand is estimated equal to:
w Tdouv | pRo (4-17)
Table4.2 shows the characteristics of random variables in extreme wave load analysis.

Table4.2. Statistical characteristics of random variables in extreme wave analysis
(intact case)

Random Variable Type Mean cov
oY Lognormal 13.1 MN 0.20
(%) Lognormal 1.0 0.25

O Gumbel O = 12.0,

| Fixed 1.93

) Fixed 0.035

Figure4.10 shows the distributions of the load and capacity bases shears.

Capacity
Load

0.25 -

S
N
T

o
o
o

0.1

Probability Density Functicn (PDF)

i !
0 5 10 15 20
Base Shear (MN)

Figure4.10. Probability density functions for load and capacity base shear
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Usingdefinedvariables inTable4.2 and the extreme limit state function (E4:11)),
by performing the Monte&Carlo techrique with 10" simulations(using Rt software
[65]), the probability of failure of the platform under extreme wave loadinghe

intact case is obtained as:
0 OwdQE 0 OO p T (4-18)
4.5.2.2 Spectral Fatigue Analysis

Spectral fatigue analysis for thacketplatform is performed using SESAM software

[4]. The stress parameters are computed using a frequency domain approach. The
environment isnodelledin terms of a set of stationary sea staii@syhich each sea

state is characterised by significant wave height, peraotl direction. The
probabilities ofoccurrence of the sea states are usually obtained by measurement and
summarised as a wave scatter diagram. In each sea state, a-Nieskowitz wave

spectrum is assumed (for more detail, see Ch&pter

Table 3.4 shows the characteristics of the sea states approaching fromarthevest

direction.
Table4.3. Charateristics of sea states (Nowtbstdirection)
Sea State Sri]%?g;i?gt Elr\gve Domli'r:(a(r;te ré;:riod, Fractio% of time,

1 2.75 6.5 0.0019
2 2.75 7.5 0.0265
3 2.75 8.5 0.0054
4 3.25 7.5 0.0060
S 3.25 8.5 0.0123
6 3.75 7.5 0.0001
7 3.75 8.5 0.0087
8 3.75 9.5 0.0009
9 4.25 8.5 0.0013
10 4.25 9.5 0.0019
11 4.75 9.5 0.0006

For each member end and wave direct®BSAM computes transfer functions and
spectral moments. Having obtained the spectral moments, the standard deviation and

zero mean crossing frequency of the stress for each sea state can be cdkadated
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Chapter3). Table 3.5 shows the results of fatigue analysis in terms of diness

spectrum for one specific wave direction.

Table4.4. Spectral moments of stress spectrum in one specific direction{nest)

Sea State Root mean square Zero mean c1rossing
stress, (MPa) frequency,
1 22.57 0.17
2 20.83 0.16
3 19.45 0.14
4 24.62 0.16
5 22.98 0.14
6 28.41 0.16
7 26.52 0.14
8 24.97 0.13
9 30.05 0.14
10 28.30 0.13
11 31.63 0.13
It is noted that theermB 0 "Q is calculated by summing all sea states in all

directions §eeChapter Jor more details
4.5.2.3 Calculation of Fatigue Probability of Failure for Each Joint

Now, the probability of failure of each joins obtained usinghe Monte-Carlo
simulation.To performthe Monte-Carlo simulation, fatigue limit state function and
fatigue uncertaintieneed tobe defined. Fatigue limit state functiaintroducedin

Eq.(4-7). Table4.5 represents thiatigueuncertaintiesconsidered in this study.

Table4.5. Statistical characteristics of random variables, Units [N, mm]

Random Variable Symbol Type Mean | COV | Reference
Initial crack size () Exponential 0.11 1.0 [19]
Crack growth parameters 0 Lognormal | 8.1x10"* | 0.6 | [15], [51]
(Material properties) a Fixed 3 - | [15],[51]
Geometry function @ Lognormal 1.0 0.1 [1]
Uncertalntles_mvolved in i Lognormal 10 01 [1]
global analysis
Uncertainties mvolyed in i Lognormal 10 01 [1]
local stress analysis
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After performing the Mont&arlo simulation, the probability of failure for each joint
is obtainedTable4.6 demonstrates the probability of failure the most five critical

components in this platform.

Table4.6. Fatigue probability of failure for the most five critical components

Component Name Buo "Q (MP3 Probability of Failure
BM36-Jt3 317.4 0.022
BM12-Jt3 303.6 0.018

BM34-Jt14 270.8 0.0100
BM24-Jt14 258.6 0.0079
BM35-Jt4 214.2 0.0026

Figure3.24 shows the location of critical components in fatigue analysis.

Figure4.11. Location of the most critical components in fatigue analysis (piles were
not shown)

4.5.2.4 Calculation of Probability of Failure for the Intact Platform

The platform is intact when no compone) (fails inthefatigue loading. Therefore,

the probability of being intact is:
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0QE 6 OOD 6 Qi OQRQE Qi d'QRMW, 6 Qi ©'QQ

(4-19)

0 Qtohap O p 0 8 p 0 p 0

In which, 0 is theprobability of failure of thei™ component in fatigue and is the
number of components in the jacket platform. After calculaiiri@: o ¢psabability

of failure considering both extreme wave load and fatigue load, in the intactscase,
calculated as:

00000 O0ODOWIHAE 6 GDO (4-20)
4.5.3 Failure Path Development
4.5.3.1 Modified Platform

Based orlable 3.6, the most critical component (BM3R3) is selected as the first
component in the failure path. The modified platform is a platform in which this

component (BM3&Jt3) has been removdeigure4.12 shows the modified platform.

-
- -
P ~s

N

Figure4.12. The modified platfornftopside angileswere not shown)

4.5.3.2 Checkthe SystemFailure Criterion

After removing the critical component, the system failure criteria should be checked.
For this purpose, the probability of failure under extreme wave load(4E®)) is

compared to the maximum acceptable probability of failure (&44)). As it was
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explained in Sectiort.4.6 the maximum acceptable probability of failufer a

redundant structurie considered equal tdy ¢ 5 10,

If the platform fails (i.e. the anual probability of failures biggerthandy ), the
system probability of failure is obtained based on(Ed.5). Otherwise, the following

process is continued which includes:
4.5.3.3 Extreme Wave Load Analysis

In this step, another extreme wave analysis is performed for the modified platform
(platform withod component BM3&Jt3) in USFOS software. The same process as
Section4.5.2is repeated fothe calculation of theprobability of failure. The only
difference here ithat due to removing one specific componérity in this step

(12.95 MN) is less than threviousamount of6 Y in intact case (13.1 MN).

Monte-Carlo simulation is performed and the probability of failure uredreme
wave load given one component failed in fatigue is obtained)(O agb, ). After
obtainingd ‘O cgd, , the probability of failure under both extreme wave load and

fatigue load (in a case that only one component fails in fatigeaJcaulated as:
00006 0 Oowg (4-21)
Figure4.13 shows the probability distributions of load and capacity in the intact and
two damaged caseBigure4.13 shows that the platform capacity decreases when the
number of failed components in fatigue increases. Therefore, the conditional

probability of failure increases by increasing the numberadéd components in

fatigue, i.e.:

0 Ow®6 8. 6 0 Ow®6 . 8. 6 (4-22)
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Figure4.13. Probability density functiasifor load and capacity base shear in
different damage scenarios

4.5.3.4 Spectral Fatigue Analysis

The next step is finding the next critical component in the failure path. For this purpose,
another fatigue analysis is carried out (fiee modified platform). The results of the
spectral fatigue analysegsethe standard deviation and zero mean crossing frequency
of the stress for each sea state.

4.5.3.5 Calculation of Probability of Failure f or Each Component

The pobability of failure for eals component is obtained by usiatatigue limit state

(Eq. (4-7)) and Monte Carlo simulation.
4.5.3.6  Select the Next Critical ComponentCis1

The next critical component in the failure path is selected based on the selection criteria
explained in Sectiord.4.2 It is assumed that the probability of failure of components
is independenof each other, i.e.:
06, 8 6,6 0 6 8 06 0 6 (4-23)
After repeating the searching process, fatigue failure paths are obtained.
4.5.4 System Probability of Failure (Specific Failure Path)

The failure path is completed when the whole structure fails. Itvegioned that the

platform is assumed to fail when the probability of failure of the modified structure
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under an extreme wave (i.€ Ow®06,, 8, 6; ) is greater than the maximum

acceptable probability of failuré ( ).

The pobability of failure of a platform considering bo#ixtremewave and fatigue
loading can be obtained based on @el5). The probability of failure foeach failure

path is obtained as:

v O 00O U Owd
0 Q¢ 60 OO 0OWPQE 6 HDO
0 6 0 OhgH (4-24)
06,6 0O0wd, 6 E
06, 6,8, 6 0 Owd ., 6. 8, 6
The dove equation can be written as:
00 VDO O0ULO0ULO8 00O (4-25)

In Eq.(4-25), ¢ is the number of components in a complete failure path, i.e. number

of componentshatshould be failed before the system failure.
45,5  SystemProbability of Failure i All Failure Paths

For a redundant structutbere areseverahlternate sequences leading to collapse. the
event that the structure failure occurs is the event that one of these collapse sequences

occurg[70].

Including all the possible failure paths in the analysis is not feasible. Therefore, only

the dominant failure paths are considered in the system reliability estimation.

To find out the dominant failure pathes,searching technique isquired,in which,
components with the maximum change in the accumulated damage are considered as
the candidate joints in the patldentification of the failure paths can be performed
using the unzipping method66], branch and bound methdd5], and truncated

enumeration method@6].
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The described methodology in Secgsah4 and4.5is a procedure to calculate the
probability of failure for one specific patho calculate the total probability of failure,
a complete failure tree should be produced based on the sequéhedailures and

the probability of failure of all failure paths.

The important sequences of failure scerssai@ found using the branch trig3. The
branch tree is established through the failure probability determined for the fatigue

failure mode.
To find out the dominant failure paths

1) The starting point is the intact structure (none of the elements have fBied).
performing component reliability analysis for ihéactplatform, the joint with
the highest fatigue failure probability selected athe firstcomponenin the
sequence

2) After the failure of the first component, redistribution of the load through the
structure occurs. In the damaged structure, each remaining member has
already some accumulated fatigue damage, and due to the redistribution of the
stresses in the structutbe rate of damage accumulation will change.

3) To develop the failure path, theext candidate joint in the failure path,
components with the maximum change in the accumulated damage are
considered.

4) Depending on the considered value fowhichis used to control the number of
surviving element$Eq. (4-10), several components would be considered as the
second component in the failure path.

5) A failure path that results in structural collapse is called a complete failure path

and further branching from this path is terminated

Figure4.14 shows the important failure sequences identified through the branch tree.

Each branch represents a possible failure path, and each node is the failed component.
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Path No.1

Intact Case
+ P (Ext|Intact) = 4e-5
Path No.2 Path No.3

Path No.4

!

l

C,: BM36-Jt3

+ P(C;)=0.022
« P(EXI/C;)=5e-5 <P,

Cy: BMI2-Jt3

« P(C;)=0.018
« P(EXI/C,)=5.1e-5 <P,

Cy: BM34-Jt14

= P(C;)=0.01
« P(Ex{/C;)=5.1e-5 <P,

C,: BM24-Jt14

« P(C;)=0.008
+ P(EX{C))=4.9¢-5 <Py

C;: BM35-Jt4

+ P(C,)=0.13
* P(Ext|C;NC;) =6.2e-5 <P

C,: BM11-Tt4

« P(C,)=0.076
+ P(EXI/C;NC;) = 6.1-5 < Py

C,: BM36-Jt3

. P(C)=0.12
+ P(EX/C,NCy) = 6.2¢-5 < Py

C;: BM23-Jt15

+ P(C,)=0.033
* P(EXIC;NCy) = 68-5 < Py

+ P(EXI/C,N - NCy) = 10.56-5 > P

+ P(EX(/C;N - NCg) = 10.3e-5 > B,

FAILURE

FAILURE

Cy: BM23-Jt15 Cy: BM34-Jt14 Cy: BM491-Jt9 C3: BM36-J63

* P(C;)=10.001 + P(C;)=0.014 * P(C;) = 0.062 * P(C;)=0.025

* P(Ext|C,NCyNC;3) = 7e-5 < Py, * P(Ext|C{NC;3NC3) = 6.9¢-5 <P * P(Ext|C{NCyNC;)=8.7e-5 < Pyyy * P(Ext|C;NCyNC;) = 6.8e-5 < Py,

¥

C,: BM24-Tt14 Cy: BM36-Jt3 Cy: BM47-Jt21 C,: BM35-Jt4

* P(C,)=0.03 + P(C,)=0.061 * P(C,)=0.112 + P(C,)=0.115

» P(EX(|CiN - NCy) = 7.7e-5 <Py o P(EXt|CiN -+ NCy) = 7.5e-5 < Py « P(EXt|CyN - NCy) = 10.4e-5> Py » P(EXI|CiN -+ NCy) = 7.4e-5 <P,y

¥ v i
Cg: BML11-Jt4 Cy: BM23-Jt15 Cs: BM491-Jt9
FATLURE

* P(C5)=0.008 * P(Cs)=0.003 + P(C5)=0.01

* P(EX(|CiN - NCs) = 8.88-5 < Py * P(EXt|CyN - NC5) = 8.66-5 < Py * P(EX|C{N - NC5) = 8.58-5 < Py
Cg: BM12-Jt3 Cg: BM24-Tt14 Cg: BM4T-J121

* P(Cg)=0.04 + P(Cg)=0.01 + P(Cg)=0.04

+ P(EX(/C;N - NCg) = 10.1e-53> P

FAILURE

Figure4.14. Branch tree obtained fdatiguefailure and system failure under
extreme wave load

For instance, for developingath No.1, the critical component in the intact case is
selected (se€able4.6). In the next step, the failed component, and the corresponding
member(i.e., BM36Jt3) areremoved andinotherfatigue analysis is performed for

the modified platformTable 4.7 shows how the damages for different components

would change when the critical component in the ¢htease (i.e.BM36-Jt3 is

removed.

Table4.7. Change in the damage ratio after reing the critical component

macCase | iR SRR o Chenge ndamage a
Damage Damage . O; Os
Component (0) ©, ) i —5
BM36-Jt3 5.76
BM12-3t3 5.44 4.2 0.23
BM34-X14 4.3 11.5 1.67
BM24-Jt14 4.01 3.85 0.04
BM35-Jt4 3.99 12 2.01
BM491-Jt9 3.8 3.83 0.01
BM11-J4 3.78 3.84 0.02
BM506-Jt9 3.57 3.63 0.02
BM47-3t21 2.75 2.76 0.00
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BM23-Jt15 2.58 2.64 0.02
BM29-3t15 2.44 1.48 0.39
BM519-J21 2.29 2.32 0.01
BMS509-X9 1.74 1.73 0.01
BM493-J8 1.68 1.7 0.01
BM496-X9 1.67 1.68 0.01
BM508-J8 1.61 1.64 0.02

BM8-Jt4 1.35 1.33 0.01
BM32-Jt4 1.27 1.38 0.09

As Table4.7 showsthe next component in the sequerc8M35-Jt4 since it haghe

maximum change in the accumulated damage

To find out the third component in the failure path, the same calculatienfsped
The incomplete failure path will be completed when the system failure o¢sees
Sectiord4.4.6.

Figure4.14 shows thedentified dominantailure sequence#s shown inFigure4.14,

for thefirst, secondand faurth failure pathssix component failurearerequired for
the system failurde @ in Eq. (4-24)), whereas for the third failure patfour
component failures are required.

For each failure path the last probabilityin Eq. (4-24), i.e,

0 Owd , 6 8, 6 Is greater than the maximum acceptable probability of

failure,0  as shown irFigure4.14.
4.5.5.1 Dominant Failure Paths

Four dominant failure paths are generated for the presented jacket platform in Section
4.5. For all failure paths, the described procedgure 4.7) is employed. The
probability of failure for all failure paths is shownTable4.8, Table4.9, Table4.10,
andTable4.11.
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Table4.8. The system probabilitgf failure for the first failure path

P(Ext| POR=[P
Sequence Component PCzézg CrézrgQ (Ciz é Z Q] x
L [P(Ext|CiZ é Z §]

No component P (intact) = 0.934 4x10° 3.74x 10°
failure
One component Cr

. . . _ 5 5
]E?:"ls)m fatigue, BM36-Jt3 P (&) =0.022 5x 10 0.11x 10
Two components | Cy: P(GZz G)=0.022 5 5
fail in fatigue, (i=2)| BM35-Jt4 | (= min[P(Q), P(G)]) 6.2x10 0.14x10
Three components| Cs: P(Gz é Z ¢ =0.001 5 5
fail in fatigue, (i=3) | BM23-Jt15 | (= min[P(G) , é , 9P| ‘X0 0.007x10
Four components | Ca: PGz é Z ¢=0.001 5 5
fail in fatigue, (i=4) | BM24-3t14 | (= min[P@G) , é , o)P| "X 10 0.0077x 10
Five components | Cs: P(Gz é Z ¢ =0.001 5 5
fail in fatigue, (i=5)| BM11-Jt4 | (= min[P(G) , é , 9P| S8X 10 0.0088x 10
Six components Ce: P(Cz é Z ¢ =0.001 5 5
fail in fatigue, (i=6) | BM12-3t3 | (= min[P(G) , é , )P | 10-2X107 | 0.011x10

00 000 0G0 0DU'O 8 000 =4.03x10°
Corresponding reliability index (  n P 0 "Q ;) | =3.95

Table4.9. The probability of failure for the second failure path

P(EX POR =[P
Sequence Component PCzézg Crézrg (Ciz € 2 Q] x

§ [P(Ext|CiZ é Z ¢
No component P(intact) =0.934 4x10° 3.74x 105
failure
One component fail§ Ci: _ 5 5
in fatique, (i=1) BMio.3 | P(C) =0.018 5.1x 10 0.09x 10
Two components fail Cy: P(Gz G)=0.018 5 5
in fatigue, (i=2) BM11-Jt4 | (= min[P(G), P(G)]) 6.1x10 0-11x10
Threecomponents | Cs: P(Gz é 2z ¢ =0.014 s 5
fail in fatigue, (i=3) | BM34-Jt14 | (= min[P(G) , & ,qpP| ©9%10 0.10x 10
Four components fai| Ca: P(Gz é z ¢ =0.014 s 5
in fatigue, (i=4) BM36-Jt3 | (=min[P(Q) , &, )P| X0 0.11x10
Five components fail| Cs: P(Gz é z € =0.003 s 5
in fatigue, (i=5) BM23-t15 | (= min[P(Q) , &, g)P| °S8X10 0.026x 10
Six components fail | Cs: P(Gz é z ¢ =0.003 5 5
in fatigue, (i=6) BM24-3t14 | (= min[P(Q) , &, gpP| 10-3%10 0.031x 10

00 VOO VGO DGO 8 00 Q=421x10°
Corresponding reliability inde nPOQi) | =393
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Table4.10. The probability of failure of the third failure path

PEXY POFR =[P
Sequence Component PCizéez ¢ Crézrg (Ciz é Z Q] x
! [P(Ext|CiZ é Z (]
No component P(intact) = 0.934 4x10° 3.74x 105
failure
One component Cr
. . . _ 5 5
E?:llf)ln fatigue, BM34-Jt14 P(G)=0.01 5.1x 10 0.051x 10
Two components | Cy P(Gz G)=0.01 5 5
fail in fatigue, (i=2) | BM36-Jt3 (= min[P(G), P(Q)]) 6.2x10 0.062x 10
Three components | Cs: BM491- PGz é Z ¢=0.01 5 5
fail in fatigue, (i=3) | Jt9 =minP@G) . eg)) | &*10 0.087x 10
Four components | Cq4: P(Gz é z ¢=0.01 5 5
fail in fatigue, (i=4) | BM47-0t21 | (= min[P(G) , é , ypH 10-4X10° | 0.104x10
00 000 06O 0DUVO 8 0 U'(Q=4.04x10°
Correspondingeliability index { P PO Q)| =3%

Table4.11. The probability of failure of théurth failure path

P(Ext| POR=[P
Sequence Component PCzéezg Crézrg (Ciz e 2 Q]x
! [P(Ext|CiZ é 7 §]
No component P(intact) = 0.934 4x 105 3.74x 105
failure
One component Cr
I . . _ 5 5
1(‘?:|If)|n fatigue, BM24-Jt14 P(G) =0.008 4.9x 10 0.039x 10
Two components | Cz: P(GZ G) =0.008 5 5
fail in fatigue, (i=2) | BM23-Jt15 | (= min[P(G), P@)) | 0 X0 0.048x 10
Three components | Cas: P(Cz é Z ¢ =0.008 5 5
fail in fatigue, (i=3) | BM36-Jt3 | (= min[P(G) , é , 9P| 88X 10 0.054x10
Four components | Cq: P(Cz é Z ¢)=0.008 5 5
fail in fatigue, (i=4) | BM35-Jt4 | (= min[P@G) , & , )P| "X 10 0.059x 10
Five components | Cs: P(Cz é Z ¢ =0.008 5 5
fail in fatigue, (i=5) | BM491-J19 | (= min[PG) , é , 9P| X 10 0.068x 10
Six components fail Cs: P(Gz é z ¢ =0.008 s s
in fatigue, (i=6) | BM47-Jt21 | (= min[P(G) , é , 9P| TO-1x 107 | 0.081x10
0 "0 00O OGO DUG'O 8 00 °d4.09x10°
Corresponding reliability index (  » P 0 Q) | =3.%
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4.5.5.2 Total System Probability of Failure

In terms of series and parallel system&ilure path which is sequencef individual
failures that lead#o structural collapstéorms the parallel systenThat means all the

components in the failure path need to be faieftbreoverall failure occurs.

Due to the high redundancy of the jacket structures, seateralate sequencfailure
paths) leading to collapse exist. The event that the structure failure occurs is the event
that one of these collapse sequences oc@inerefore the combination oéll these

sequences represelatseries system.

In other words, it is assumed that the structural system is a series of parallel systems,

in which each parallel system represents a failure path.

Sincea correlation exists between the important failure pgatie calculation of the
exact amount of the system probability of failure is quite difficult. The estimation of
system probability istherefore dependent on the correlation of theportantfailure
paths In this case,hte system probability diailure is determined using the bound
formulas €.g.,Simple bound, Ditlevsen bounds, etc.) loe series systems.

Simple boundsare usefulto find out the upper and lower bounds of the system

probability of failure.In the simple bounds, only two situais are considered:

1 Failure paths are fully correlated.

1 Failure paths are statistically independent.

For a series system, the probability of failure is within the following bo[6&]s

i Aghb © 0 D p 0 O (4-5)

The lower bound corresponds to a situatiowhich all failure components are fully
correlated. In this case, all the failure cases represent thefadmne, and all the
components will fail if one of them failS herefore,the maximum probability of
failure can be selected as the system probability of failure. The upper bound

corresponds to a situatiomwhichall failure components are statistically independent.
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The eliability of a series system decreases w&itincreasing number of its elements.
For a given system, withfixed number of components, system reliability decreases

with decreasing correlation between pairs of elements.

The upper and lower bound of the probability of failure (simple bound) can beabta
based on Eq4-5) as:

a %)ﬁd)l:) O 0 O p . p v O (4-26)

Where0 "0 is the total system probability of failure add "O represents

the probability of failure for each path.

Using Eq.(4-26), the system probability of failure of the jacket platformeatculated
betweerthe below ranges

@@ppm 0 "0 P@ pm (4-27)

However, due to thexistenceof correlationsdbetween the failure paths, it is better to
use other bounds formuldsr estimation of system probability of failure such as
Ditlevsen boundg§l0].

TheDitlevsenlower boundfor the series systens obtained ag58]:

T Qp
ﬁ‘ b [ Mo 1 g' RN (4-28)

Qc Qp

TheDitlevsen uppeboundfor theseries system is obtained[&8]:

T T

0 0 6o LAZ 151 {gq (4-29)

In the above equations:
aoahy 0 ThT I oA

n n nor (4-30)

Where:
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(4-31)

It is noted thafor the lower Ditlevsen bound, the upper bounds of 1 h 1
are used and for the upper Ditlevsen bound, the lower boumds of h f 7 are

used[10].

As it can be seen from the above equations, to use the Ditlevsen bound formulas, the

correlation coefficients between tHeminantfailure paths are required.
Table4.12 shows the components in tdeminantfailure paths.

Table4.12. Components in the dominant failure paths

Existence in failurgaths
Component
Path #1 Path #2 Path #3 Path #4

BM36-Jt3 n n n n
BM35-Jt4 o n
BM23-Jt15 | n n n
BM24-Jt14 | n n n
BM11-Jt4 n n
BM12-Jt3 n n
BM34-Jt14 | - n n
BM491-Jt9 | --- n n
BM47-Jt21 | -- n n

Since thejacket platforms are highly redundant structures, calculation of the
correlation coefficients between different failure paths (e:g,., the correlation
between path 1 and path i8)difficult. To estimate the correlation coefficients, the
similarity coefficients for binary data can be u$d4d]. The similaritycoefficientsfor
binary data are calculated th® number of cases in which a component sxgboth
cases over the total number of ca@. For instancethe similarity coefficient for
paths No.1 and No.2 is 5/7.

Table4.13 shows the similarity coefficients for the dominant failure paths.
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Table4.13. Similarity coefficients for the dominant failure paths

UX T[&p pw T@p TLIJ @ CLIJ n&U O-Q) X

Having estimated the correlation coefficients, valugs aind/ are calculated using
Eq. (4-31). Table4.14 shows the valugs and/ for the failure pathsThe table is a

matrix that is shownin the lower triangl@nd’ is shownin theuppertriangle

Table4.14. Calculated valuesfr

[
3.53
3.06

and’

1.61
1.61 -

r | 353 3.06
228  2.79

2.28
2.79
2.50

2.50

Table4.15 shows thebounds for n
using Eq.(4-30) and(4-31).

I hi n for the dominant failure pathsy

Table4.15. Theupperand lower bounslof ther 1 ht I
Failure path . . C e s s ) .
O n n a wan hn n n
1,2 Wf P T pP® pm pP® pm P& pm
1,3 PH p T G pm G pm o pm
1,4 @ pm W P TT W P TT P p T
2,3 Bt pT s p T B pTI p& p T
2,4 ¢® pr ¢t pt ¢® prTt & pT
3,4 Vd pT & prTt v pT Wy pTI
Having obtained the bounds for 1 ht 1 , the lower Ditlevsen bounds
estimated using E¢4-28) as:
0 O 1I8ppnt 18Topm P& pT
8T pTl o p& pTm
T§TwpT P T® TWBVO P T

0 pa@ pm
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The upper Ditlevsen bounslestimated using E¢4-29) as:

0 O T8 p pmm T80 pPpT TqT PN TSWPT
PB Pt AOWH pTB pT
Gdw® pnhcopmnhg pm
0 O P pT

Therefore using theDitlevsenbounds formula, the system probability of failure of the

considered jacket platform is estimated in the below ranges:

p@ pm O O p® pm

It is seen that the Ditlevsen bouna®vide anarrower range thathe simple boursl
(EQ. (4-27). Since theDitlevsen boundsonsider the correlation between the failure
paths, theyare much more precise thdre simplebounds, but require the estimation
ofr 1t hi nm [10].

4.5.5.3 Limitations

Jacket platformsare typically redundantstructures and structural failure is a
progressive process. A sequence of individual member failures is required before
overall structuralfailure. Usually, several sequences leading to collapsaist
Estimation of the system probability of failure is a diffidaisk due to:

{1 Forredundanstructuresthere areseveralkequences leading to failure
1 Itis not practical to includall the sequences the analysis

Sinceafew of these failure sequences have significant contributions to the total failure
probability, a search technique is used to identify important failure sequences

In general, here are some limitationa the estimation of the system probability of
failure[8]:

1 The possible failure paths ffacketstructures with high redundanespuld be
enormous

1 Some important failure paths might be ignored if rapichcation criteria iae
used.

1 The procedure for estimathg the system probability of failureis
computationally expensive.

1 Due to not consideringall possible sequencesthe system failure is
approximated as the union of the important sequences.
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1 Due to notconsidering the correlation between the dominant failure paths,
simple boundsare generally too wide

1 To find out a narrow range for system probability, better bounds such as
Ditlevsen bounds However, sincethe seconarder calculation (i.e.,
n o hi N valuegis required which is a timeonsiming task.

4.5.6 Inspection Plan

Fatigue is a complicated phenomenon and there are several sources of uncertainty in
the fatigue calculation process. Therefore, small changes in basic assumptions can
have a significant influence on the predicted crack size and consequently on the
probability of failure. Due to the uncertain parameters involvedh fatigue
calculation proess, there will be uncertainipoutwhen and where fatigue cracks will

occur in a structure.

Inspection activities can be performed to find out the level of degradation and to assure
that existing defects in the structure do not exceed the criticatisiagg the service

life. Inspection program usually involves checking of any structural damage, adequacy
of the cathodic protection system, corrosion damage, extent of marine growth, sea bed

scour, damage to tubular joints due to overloading or fatiguw& grawth, etc.

Since the focus of this study is on the fatigue degradation in the tubular joints, this
section considers the inspection methods to find out the fatigue cfaekgurpose of
the inspection is then to detect a crack that is likely to hdereeloped during the

structurd s | i[IBlet i me
Inspections can be divided into two categories:
1 Close visual ingection to detect hidden damage

1 Close visual and nedestructive testing to detect developing crackbkidden

damae

For both categorigsprior cleaning is usually carried out before performing

inspections.
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4.5.6.1 Non-Destructive Test

The inspection methods involve visual inspection or more detailed inspection methods.
The inservice inspections are commonly carriedluapplying the NofDestructive
Tess (NDT).

Different NDT techniques may be relevant for different types of offsktetures.
Magnetic particle inspection (MPI), eddy current inspection (ECI), alternating current
field measurement (ACFM), and flooded member detection (FMD) are some NDT

methods usually used for detecting cracks in offshore strudtijres

MPI is a suitable technique for detecting surface flaws. In this techraguagnetic

field is induced in the body to be examined, either by passing a large electric current
through it or by attaching magnets. Iron filings in light oilveaiter suspensioare
applied to the surface. The iron filings will gather around the defects and make them
visible [1].

ECI is frequently used for inspection of fatigue cracks during service life as this
method can detect cracks throujie coating. However, if defects are detected, a
further assessment by MPI is recommenddu practical advantage of MPI is that it
does ot require a clean surfa¢g]. ACFM may also be used in and out of waidre

use of ACFM requires minimal cleaning and the method can be applied over paint and
other coatings up to several millimetres in thickri858$. FMD is considered efficient

at hot spots where potential fatigue cracks are likely to grow infidlad members.
4.5.6.2 Probability of Detection

The findings and the reliability of the inspection results highly depend on the method
employed for inspection and the quality of crew involved \\®]. The success rate
of inspection techniques to detect and measure th& siae varies. For any given
NDT method there is always a critical crack size below which a crack may not be
detectedlt is noted that there is a certain degree of uncertainty for a measured crack

which depends on the accuracy of the equipment used arskitls of the operators

[1].
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The reliability of a specific NDT method is described by the ability to detect an existing
crack as a function of the crack size and by the uncertainty associated with the sizing
of an identifiedcrack[19].

The detection ability (quality of NDT methods for detection of cracks) of the NDT
methods is defined througthe Probability of Detection (POD) curves which
corresponds to the distribution function of detectable crack&ize

Different industrial pragcts haebeen carried out to obtain the POD curves for various
NDT techniques such §86], [87], and[88]. Some guidance on POD and uncertainty
of sizing of defects is also included in BS 7940], NORSOK NO0O06 [89], and
DNVGLRP- C210[90].

NORSOK NO006 presented POD curvéor inspection on the following for{g9]:

DO@  p p+ 432
W
In this equation:
17 &: Detectable crack depth
7 ©: Median value for the POD
T « Distribution parameter

where the values fab andwdepend on the NDTechnique

Table4.16 shows the typical values fay andAfor different inspection techniques in

offshoreplatforms. The corresponding POD curves are showaiguare4.15.

Table4.16. Distributionparameter for MPl methd@5]

Description @ w
At ground welds or similar goocbnditions above water 0.40 1.43
Normal working conditions above water 0.45 0.90
Below water or less good working conditions above wat 1.16 0.90
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Figure4.15. POD curves for MPI method in different conditions

Each inspection method is associated with a given probability of detection depending
on the size of the crack and depending on whether the inspection is carried out above
or below water.

The distribution of the detectable crack can be also modelled by an upward bounded

exponential distribution g82]:
e s D
0L Cw p Quwn o (4-33)

where® is model parameters (mean detectable size) which may be determined by
tests and different for each technique. The value of the mean detectable size is typically
between 1.4 to 2 mnMean detectable depth 95 mm was considered for a POD
curve with exponential distribution based on data from 3411 underwater NDT

inspections of tubular joints in jacket platforf8g].

It is noted that the actual conditions durthg inspection nay be different from the
testing conditions which are the basis of developing the POD curves. The quality of
NDT methods depends on the conditions dutimginspection. For example, the
underwater inspections of jackets, are carried out under difficodtitons, due to the
presence of marine growth, bad visibility, wave motions,[88]. Before performing

an underwater inspection, a tirnensuming cleaning of the welded joints is needed

which causes the high costs of undatsv inspections.
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4.5.6.3 Use ofInspection Results

Due to the existence of several uncertainties in the fatigue process, the predicted
fatigue crack size might not represent the real crack size. Offshore platforms are
periodically inspected throughout their tifee. Regarding fatigue damage, the

inspection results involve the detection and measurement of fatigue cracks. The
inspection results can be used to revise and improve the estimation of the crack size.
In general, a Bayesian procedure is utilised to gtheg fatigue crack size distribution

in the light of inspection results. The Bayesian methods for updating the crack size

distribution will be explained in Chapter 5.

When no crack is found, there may be a case that the fatigue model is conservative,
however, if no crack is found, there is a probability that tieeecrack but iis not

detected.
4.5.6.4 InspectionTime

The object of structural inspection is to control the probabilities of faflbié
Generally, wo approaches exist for the inspection time (inspection intervals). The first
approach is to set the inspection interval to adfixeand e qu al peri od
every four years. The interval is defined based on the consequence of failure of the

platform.

The other approach which is called tiediability-based inspection approahto set

the annual failure probability thriesld to be a fixed value and the inspection is carried
out when the failure probability is more than the threshdlte members of the
structure are classified into different categories depending on their contribution to the
system reliability. The minimurtarget reliability of the members of each category is
fixed depending on their importan§¥s]. Several studies have been carried out in
reliability-based inspection planning and its implementation for offshore platforms
(See[91], [92)).

The optimum time to make the inspection is when the probability of failure reaches
the target annual probability édilure. Figure4.16 showsthe inspection plan for a

tubular joint in case of no crack detection.
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Figure4.16. Inspection plan for a specific joint assuming no crack findings at
inspections

4.5.6.5 Prioritising the Inspection Locations

The cost ofaninspection is directly proportional to the number of inspections carried
out and the quality of personnel and equipment employed for the inspgion
Therefore,it is required to concentrate onbn thefatiguesensitive lgations in the
structures. Athecomponent levethefatigue sensitive locationare thdocationsthat
have low estimated fatigue lives. Howevertlat system level, critical components

are those¢hathave a big effect on system reliability.

Due to thesignificantcosts of inspections, the identified failure paths can be used as a
database fothe inspection plan. By identifying these dominant failure paths, the
critical joints that have a greater effect on the system probability of failure are selected

and therefore inspection canfoeused on these joints

For the considered platform in this syt is observed that the most probable failure
paths of the considered platform pass through the top bay. Therefore, the inspection
effort should focus on the joints in the upper bay because the failure of these joints
would initiate or propagate a faikisequence, resulting in system faildrable4.17

shows the importance of each critical component on the system reliability.
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Table4.17. Importance of the critical components in the system failure

Component | Location Existence in failure paths Inspection importance
BM36-Jt3 | Top bay a:s;;?hi)possmle paths Crucial

BM23-Jt15 | Top bay Exist in 3 possible paths Important

BM24-Jt14 | Top bay Exist in 3 possible paths Important

BM35-Jt4 Top bay Exist in 2 possible paths Relatively important
BM11-Jt4 Top bay Exist in 2 possible paths Relatively important
BM12-J3t3 Top bay Exist in 2 possible paths Relatively important
BM34-Jt14 | Top bay Exist in 2 possible paths Relatively important
BM491-Jt9 | Top bay Exist in 2 possible paths Relatively important
BM47-Jt21 | Top bay Exist in 2 possible paths Relativelyimportant

4.6 Summary

In this chapter, a system reliability approaskdeveloped to calculate the probability

of failure of a jacket platform considering fatigue and extreme wave loads. To specify
a formulation forthe fatigue limit state, the fracture mechanissised toobtain the
crack size. A joint fails whethe cracksize exceeds the critical crack size. Different
uncertainties in fatiguareintroduced and therobability of failure of each joints

obtained by usinghe Monte-Carlo simulation.

Due to thehigh redundancy ofhe offshore jacket platform, thegrobability of failure
of the whole system is more applicable than ¢benponentprobability of failure.
Important failure paths are identified by using a searching algorithrmvhich,
components with the maximum change in the accumulated daamagensidered as
the candidate joints in the path.

By removing the candidate joint, which is assumed to fail in fatigue, the probability of

failure of the structure under extreme wave loading increases.

The gstem failure criterion is evaluated by comparthg platform strength and
loading distributions in terms of base shd@ardefine a probabilistic formula for load,
theglobal response surface method is adopted to relate the environmental load to the
response of the structutdonlinear pushover analyssalso carried out to determine

the capacityof the platform. Having calculated the structure strength and loading

distributions, the annual probability of failure undeextreme wave is calculated and
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compared to the maximum probability of failure. ®hthis probability exceeds the
maximum acceptable probability, the platform is assumed to fail

To estimate the system probability of failure, four significant failure sequemees
identified in the branch tree leading to structural collapse. The systdralplity of
failure is approximated based on the union of the probability of failure of the important
paths usinghe simplebounds formula.

The results of the system reliability analysis show that the calculated system failure
probability in acombinaton of fatigue and extreme wave loads gieasiuch lower

failure probability than theomponent probability of failure fatigue loading.

Since the components in the failure paths have a great effect on the system reliability,
an inspection strategyproposed based on the effect of each component on the system
reliability. This allows alternative inspection plans to be evaluated and compared to

the regular inspection plans.
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5. BAYESIAN INFERENCE

51 Introduction

In Chapter2, the concept of reliability analysisexplained and the application of the
reliability analysis at the component level and system lsvdemonstrated for an

offshore platfornin Chapter3 and Chapted, respectively

Reliability analysis, which is a probabilistic approach, is a consistent basis for the
inclusion of uncedinties. Since the reliability analysis results depend on the choice of
the uncertain parameters and their statistical description, uncertainty modelling

becomes an important consideration for reliability analgds

As it is explained in Chapte2, three different definitions of probability exist in the
literature; classical definition, relatifeequency definition, and Bayesian definition.
This chapter mainly focuses on Bayesian inference. Bayesian infeserace
statistcalinferencenwhichBay es 6 t heorem i s employed to

a hypothesis when more information becomes available.

The main purpose of this chapter is to explain Bayesian inference and to investigate
the effects of different assumptions and methods.

Section5.2 introduces the Byesian framework and the terminology in this context.
There are two main approaches for updating the distribution of an uncertain parameter;
the analytical approach and the numerical approach. These two approaches and their

advantages and disadvantagesagsointroduced irthis section

Section 5.3 provides some of the previowgtudies that havéeen performed to
incorporatethe information from inspectioresultsto update théatigue crack model

and thereliability analysis results

The application of Bayesian updating is demonstrated in SebtbnThis section
investigates how the crack size distribution in a tubular joint campdated len
additional information such as inspection results becomes availdi#énspection

data is used to improve the previous estimate of an uncertain parameter which is crack
size. The updating process is carreed in both analytical and numeaicapproaches

and the results of the two approaches are compéareekal situations, due to the

expensive cost of the underwater inspection, there are a few inspection results
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available for each tubular joint. Sectidn4 also demonstrates how to use the
inspection results of similar tubular joints to update the crack size distribution for
different locationsAfter updating thecrack sizedistribution, the reliabity analysis

can be updated using the crack size distribution. An application of updating the

reliability as a function of time iglsopresented in Sectidh4.

Several important parameters (e.g. selection of the prior distribution, inspection
outcomes, POD curves, and the number of inspections) have effects on the updated
distribution of the uncertain parameter. The sensitivity of the Bayesian updating to the

inputs is investigated in Secti@nb5.

It is worth mentionig that in this Chapter, Sectid?2 and Sectiorb.3 explainthe
Bayesian frameworkvhereas, Sectidh4and Sectiod.5demonstratéheapplication
of the Bayesian approacto the consideretlibular jointthat ha been developed by

the author.

5.2 Bayesian Framework

5.2.1 Basics

Thomas Bayesl(f02 1761 was a British mathematician wi® well knownfor his

paper fAAn essay towards sol vi 98], whichpr obl e
was published two years after his death. In this wibikas stated that the probability

of an eventfirst event)conditional on anothewent(second eveniy simply the ratio

of the probability of both events to the probability of ssezondevent, whichis the

definition of conditional probabilityIt was shown that conditional probability can be

expressed regardless of theer in whid the events occur

In the area of statistical analysis, theretareemain approache®r the definition of
probability; Classical, Relative frequen@and Bayesianinferenceapproach These
approaches are explained in Chapter 2. The first two mettaodse only applied to

an event whose random experingeate available. On the other hand, Bayesian
inference allows the definition for the probability of an event or a statement, in which
a random experiment is not available. This offers a different diorew$ probability

for thedegree of belief, which is regarded as plausibjfg].
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The Bayesian theory has had great advancement after the significant work by Jeffreys
[95], Cox [96], and Jayne$97]. Since then, different Bayesian methods have been
devebped and widely applied to many different areas of engineering, especially in
statistical phgics (e.g[98] and[99]), structural dynamici00], and medical sciences
(eg.[101] and[102]).

Bayesian inference is very useful in structural engineeAsgnentioned in Chapter

3, there are many uncertainties in structural engineering applisagioch as an
offshore platform. For examplad excitation, such as timarying wave, cannot

be predetermined. Material properties such as yield stress are difficult to determine to
a precise level. The size of cracks in welded connectsosiso uncarin. There are

also mod#ing errors, such as SCFEStress Concentration Factoassumptions
Therefore,the Bayesian method is useful for explicit action of the nhioag and

quantification of theincertainties

The idea of Bayesian updating is similar to our thinking process. We have a perception
of a specific matter based on our experience. When a new event happens (i.e., new
data is obtained), it modifies our perception. In other words, our perception idynot on
determined by the latest piece of information but also depends on the original
perception. In Bayesian analysis, the original perception is regarded as the prior
information and the new piece of information is utilised to update our perception or

mathenatical model.

In general, rodel updating is performed for two main purposEse first oneis to
identify physical parameters, e.g., stiffness of a structural element. Using these
parameters, the condition of the element can be monitored from time toF@me.
example, a reduction indicates possible dantagee member. However, reduction
may be due to statistical uncertainty. Therefore, it is necessary to quantify the
uncertainty of the estimation #uat one can distinguish whether the parameter change
is due tothe deterioration of the structural memi@d]. Another purpose of model
updating is to obtain a mathematical model to predict the behaviemr element (or
system). In this case, parameters may not necessarilyybeghe.g., coefficients of

regressive models.
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5.2.1.1 Conditional Probability

Considerd and6 as two events. The conditional probability of evengrovided the

occurrence of evert is given by:

.. 0O 06 . o,

00D Th QW6 m (5-D
Conditional probability does not necessarily imply a reasmsequence relationship.
However, if the conditional probability is large, there is a possibility of evédrging

a consequence 0f or the opposite.

The law of total probability is usually &g in the context of conditional probability. If
eventd is subdivided inte¢ mutually exclusive eventsd(hd 8D ), then the

probability of event is given by[103]:

06 06, 0 06 0O (5-2)
Therefore, Bayesd theorem can be obtainei

x .. 0O, O 06D 06

VO® E T B o 006 (5-3)

The law of total probability is also used for continuous events. In this casg-Bq.

is written as:

Oy Q6
QG s i
O T 0dgy Q0 Qo (5-4)

where"Qw and™Qw is the probability density function that describes the random

variablewandaw respectively.
5.2.1.2 Bayesian Inference

When additional information such as experimental @gatdinspection results become
available, the obtained information can be used to imptloegrevious estimate of
uncertain parametershe framework for updating the distribution of estimated
parameters is callethe Bayesian frameworf104]. A Bayesian framework is a
powerful tool for uncertainty management. Bayesian inference provides a normative

and formal method of belief updating when new information, becomes avéil@ble
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In the Bayesian framework, the uncerigparameters are treated as random quantities
[94].

The distribution that describes our knowledge after pa@ting new data is called

posterior distribution. The posterior distribution of the uncertain parameter given new

infor mati on i s available can b®]:obtained
Qs— 0— 0QUWaQdi Qf i
Q- "Qw DET da Qi wo Q¢ ¢ (5-5)
With:
"Qw Qus— Q— Q— (5-6)

In the Bayesian context:

1 —represents the uncertain parameter which its probability is affected by new

data;

1 "Q— represents the prior probability distribution, and it is the estimate of the

probabilty of the uncertain parameter before the new tasvailable;
1 wrepresents the new data;

1 "Q—gb represents the posterior probability distribution, which is the probability

of —givenw(i.e., after taking account of the valuecgf

1 "Qos— represents the likelihood function and it is the conditional probability of
observingwgiven—
1 ™Qw represents the marginal probability of the data. It is obtained by integrating

out the parameters from the joint probability. It does noeddmn theincertain

parametesince it has been integrated out.

In general, numerical integration is required to obtain the normalisation
constant;Qw . However, in some cases, it can be obtained analyti(adg Section
5.2.2. The normalisation constant is a constant that ensurgso$iterior density

integrates equal to orj@4], as it must be a valigdrobability density.

Therefore, it is not necessary to calcul@le to evaluate properties of the posterior,

and s othdd@mn ia thid context can be expressed simply as:
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Q- ° Q- "0— (5-7)

Where the proportionality is considered with relation-tdéience, Bayes theorem

essentially states that:

0 €10 o' UORIID ¢ QD1 "Qf | (5-8)
In the Bayesian framework, the likelihood function and the prior distributions are the
basis for parameter estimation and inference. The prior distribifenexpressethe
previous knowledge about the uncertain parameter before new information is
available. The likelihood functioriQas— is defined to describe how likely is the data

to happen for a given uncertgmarametef106]. The likelihood function describes

how the data depends on the parameter values.
1 Likelihood Function

The likelihood function;Qas— represents the contribution of the measured data in
establishing the posterior distribution of the parameter of interest. It reflects how
likely the measurements are observed from the model with a parteet of
parameters. The likelihood function can be constructed given the class of
probabilistic and physical models of the problem. If a large amount of
measurements (data) is available, the likelihood function will be the dominant

factor for the Bayean inference.
1 Prior Distributions

The prior distribution indicates the prior information of the parameters of interest
and it is based on previous knowledge tbe u s e r 6 enentj Tthe grior

distribution plays an essential role in Bayesian analysis.

Prior distributions are classified as either informative or-mdarmative (also
known as referenaa vague)The latter is intended for use in situations where there
is na enough knowledge about the uncertain parameter. The tenmfoomative

is misleadng since all priors contain some information, so such priors are generally

better referred to as vague or diffys87].

A nonrinformative prior distribution contains little information about the parameter
of interest[108]. When no expert opinion is availables., knowledge about the

parameter being estimated is recommendedo usea nonrinformative prior
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distribution[109]. It should be noted that this rarely the case in practice, and
usage of nosinformative priors in such cases can leadptmor results[108].
However, it can be used when the analyst wants to use a prior that has little impact
on the posterior. Neimformative priors, in general, are intended to let the data
dominate the posterior distribution. Using a fwoformative prior distribution
causeghe Bayesian inferende rely only on the likelihood of the datdhe most
common nornformative prior forasingleparameter inference is teffreys prior.

The functional form Jeffreys prior depends on the likelihood fun¢fiog].

In some applications, when there is not enough knowledge about the parameter, the
norrinformative prior distribution is selected as a constant. However, this type of
prior distribution does not satisfy threquiredproperty of the PDRProbabiity

Density Function)i.e., that its integral throughout the parametric space is unity. In
general, a prior distribution that does not satisfy this property is referred to as an
improper prior. IBr example, a uniform distribution over the whole real ik

have an infinite integral. In mangircumstances, this is not a problem, as an

improper prior can still lead to a proper posterior distribuid].

In contrast,the informative priors contain substantiwgormation about the
possible values of the model parameter. The informative prior distribution is used
when there is enough information about the uncertain parameter before collecting
data. he use of informative prior distributions includes a consid@grégement
concerning plausible values of the parameters based on external inforfh@#pn
Informative prior distributions can be based on pure ¢adnt, a mixture of data

and judgment, or data alone. Of course, even tihecsien of relevant data involves

a substantial degree of judgement, therefore, the specification of an informative
prior distribution is never an automatic procedyt®7]. Derivation of the
informative prior distribution is rtoa straightforward task due smmepotential
biases that have been identifiebh reliability problems, informative prior
distributions can be constructed using physical theory, computational ajehygbis
expert opinions€.g.,see[106] and[110]). In assessing probability distributions

based on expert opiniomany potential biaseaust be minimise{L06].
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O 0 Ha g a remphasised that is best to interview subjects fate-face, with
feedback and continual checkify biases, conducting sensitivity analysis to the
consequence of the analysasd avoiding verbal descriptions of uncertaimhey
suggestusing multiple experts and reportireg simple aveage, but it is also
importantto acknowledge imperfections in the process, and that even genuine
expetise cannbguarantee the derivation of a suitable pfidr].

If there is ndrue prior, sensitivity analysito akernative prior assumptions is vital
and should be an integral part of Bayessanalysis. The phras&community of
priord hasbeen used in the clinical trial literature to express the idea that different
priors mayreflect different perspectivg$01].

5.2.1.3 Different Uncertainties

When quantifying uncertainty for an unknown phenoamssr a complex system, it is
helpful to consider such uncertainty as either epistemic or aleatory. Epistemic
uncertainty is due to our lack of knowledge and could be reduced by extra information.
On the other hand, the aleatory uncertainty is related &renh chance variation in

the system, and cannot be resolved except by direct observation. The distinction
between aleatory and epistemic uncertainty is informal rather than precise, particularly
within the view that all uncertainty stems from a la€knowledge and understanding.
Within the Bayesian formulation, the prior distributioan be considered to be an
epistemic uncertaintyhilstthe likelihood functiorcan be considered to beaeatory
uncertainty{112].

There arégwo main approaches for obtaining the posterior distribution of an uncertain

parameter which are:
1 Analytical Approach(ConjugatePriorg

1 NumericalApproach

5.2.2  Analytical Approach (Conjugate Priors)

Within the Bayesian framework, the parametes treated as a random quantyd

the posterior distributionf the uncertain parametisrobtainedv i a Bayesd t heo
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Based on Eq(5-5), to obtain the posterior distribution, we need to compmie to
normalise the posterioFor this purposehe numericalintegralin Eq. (5-6) must be

computed Wich is integral with respect to the prior.

Based on Bayesd theorem, the posterior

likelihood function to the prior distribution up to a constanprportionality.

In this sectionthe idea of a conjugate pria introduced The basic idea is, given a
likelihood™Qas—, a family of prior distributionscan be chosem a way that the

integralin Eqg.(5-6) can besolvedanalytically (closegorm).

A prior distributionis said to be conjugate to a s$aof likelihood functionf the
resulting posterior distribution is in the same probabilityritiigtion family as the prior
distribution[113]. This familyis chosen in a wathatthe updating yields a posterior
that is also in the same family as the prior. Conjugate modetoavenienbecause
the exact distribution of the posterior is easlygtained,and it has an analytical
solution.The use of conjugate priors allows all the ssto be derived in closed form.

Conjugate priors have appealing computational properties and for this, risescare

often used in practice. Conjugate distributions are useful because the prior and
posterior distributions have the same form so theritanion of the new data through
theupdating process can be easily quantifiy. Since the posterior distributioase
already known, the conjugate distributions provide tractable analytical results.
Therefore, numerical iegration to calculat&qg. (5-6) is not required. The use of
conjugate priors allowsbtaining the posterior distributions analytically. In the
conjugate method, the posterior distribution can be easily updated when news data
available Commonly used conjugate prior distributions are showfainie5.1 [114].

More discussionenthe conjugate priors can be found in Appendix A.
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Table5.1 Common conjugate priors

Likelihood| Uncer t ai n H Prior Distribution| Posterior Distribution

Binomial Success probability’ () Beta Beta

Poisson Rate () Gamma Gamma

Normal Mean () [note:,, known] | Normal Normal

Normal Variance { ) Inverse Gamma Inverse Gamma

[note:* known]

Normal Inverse

Normal Inverse Gammg
Gamma

Normal Mean and VarianceX(, )

Exponential| Rate () Gamma Gamma

It is noted that ot every aleatory model will have an associatedjugate prior, and

it is sometimegequiredto use a noitonjugate prior even when a conjugate prior is
available[108]. Although for the complex models, the computational aersitions
are more commarthere may be little choice to use conjugate pridmsyvever there

are other reasons not to use conjugate priors.

It is important to note that conjugate priors involve making relatively strong
assumptions. Indeed, conjugate piorinimise the impact of the data on the posterior.
Therefore, it is important to perform sensitivity analysis to assess how strongly the
posterior is influenced by the prior. If the posterior is not influenced strongly by the
prior, then it can be used thimore confidence. On the other hand, if the posterior is
affected intensely by the prior, great care should be taken to assess whether an expert
is comfortable with these priors. Otherwise, it is better to consider other kinds of priors
or gather more da to lessen the effect of the prior. In practice, we rarely have

conjugacy.

Since in the following section, the exponential distribution is chosen for the likelihood
function of the fatigue crack size, the conjugate prior for this distribution is exghlaine

in Section5.2.2.1 See Appendix Aor other @mmon conjugate priors.
5.2.2.1 Exponential Model with Unknown Rate

Suppose the likelihood of the data is exponentially distribuidte exponential

distribution is defined as:

Qs 1 Q (5-9)
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Which the unknown parameter here is the rate paramgteF@r anexponentially
distributedvariable, the expected value (mean value) is:

om A P (5-10)

Based onTable 5.1, the conjugate priordistribution of uncertain parametes) (is

Gamma distributionThe probability distribution function ddéamma distributions:
"Q — Q (5-11)

Wherg andf are shape and rate parameters, respectively. For a Gamma distribution,

the expected value and variance of the parameter of interest is:

(5-12
o
Now,| e aséusne new data provided (which is shown . By using Eq(5-8), the

posterior distribution is proportional:to

O_gh © oy O

Q_w 8 _Q ol - Q (5-13)
Q_sw ° _ Q
Which indicates:
DET O0QY VBTG pA (5-14)
Based on the Bayesodo rule, the posterior

prior. Therefore, it is important to find out the effect of these two distributions on the
posterior distribution. Detailed sensitivity analysis for the considered application is

explained in SectioB.5.
5.2.2.2 Quantity of Additional Data

Imaginel  additional data is provided. The posterior distribution is obtained as:

00 e 0 (5-15
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Which indicates:

0£i 0QF VdBaw 0 A O of (5-16)

Let 6s assume t her e i ghaauncedainpatempaameterardd | i Kk

one estimation of the rate parameter whicknewn as ;.. Prior values of andt
(which are shown by and ) are selected in a way that the expectation value
becomes equal tq;:

X ovadah

51
o_ |T_||“£= (5-17)

To demonstrate the effect thfe number of additional data, it is assumed:that
- T&®xa3B P&

Now, considerthe quantityt number ofnew additional data is providedhe

posterior expected value for the uncertain parameter is obtained as:

0 | " - (5-18)
= I I 0 o | ¢ 0 af

The contribution of the mean value of the prior and data on the posterior mean can be
understood from the denominator of E&.18). It can be seen that by increasing the
guantity of new data, the mean value of the ddta4s a bigger effect on the posterior

mean value.

Figure5.1 shows howvihe posterior distribution of the unknown parametgchanges
when new data is availablk.is assumed that the meaalueof these new =ults in

all cases is equal to 1.0e., of" p.
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Figure5.1. Effectof the number of additional data
As can be seen froigure 5.1, the data has a great effect the posterior. Data
quickly dominatesthe prior as the quantity of additional data increasesable 5.2

shows how the posterior mean vashift towardthe data mean valuaith more
additional data.

Table5.2. Effect of No. of additional data on the posterior

Mean value | No. of additional | Mean value of thg Mean value of the
of the prior data new data posterior
0 =1 ‘ P& @
‘ p8) 0 =2 (q— p ‘ p@ l]J
0 =5 ‘ PP p
0 =10 ‘ p8to

Moreoverthe posterior value of theriance of the gamma distributioroistainedas:

| | 0
W ©

L i 0 o (519

Regarding the square power of the denominatdheasumber odata ( ) increases
the variance of decreases. Therefore, by providing more new data, the uncertainty of
the parameter of interest will be decreased (the posterior becomes narr@dwer as

increass).
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5.2.2.3 Effect of Prior Selection

In general,the prior estimationof an uncertain parameteelies ont he expert o
understandingf the problem. Ithere is noenough knowledge about the parameter

of interest,the nonrinformative priorscan be utilisedFor usinga noninformative

prior foragamma distributin,) andr should be chosen close to z§t®?2]. Figure

5.2 shows the posterior distribution feine norrinformative and informative priors

when two additional dataare available. Figure 5.2 illustrates that the posterior

distribution is sensitive to the prior selection.

2.00
—— Non-Informative Prior distribution (Std = 2.98)
Posterior distribution based on Non-Informative prior, (Std = 0.67)

_5 — Informative Prior distribution (Std = 0.47)
E 1.50 —— Posterior distribution based on Informative prior, (Std = 0.40)
Z
c
b=l
—
3
2 1.00
s
]
a]
z
a
2 050
e
[«

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Model parameter (A)
Figure5.2. Effect of prior selection on the posterior ( = 2)
Figure5.3 shows the posterior distributions in cas¢hef availability of fiveadditional
data.This figure indicates that|thoughtheselection of appropria prior is important,

if enough new daté available the posterior distribution is nary sensitive to the

prior selectionposterior distributions converge)
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2.00
—— Non-Informative Prior distribution(Std = 2.98)
Posterior distribution based on Non-Informative prior, (Std = 0.44)

c —— Informative Prior distribution (Std = 0.47)
2 150 —— Posterior distribution based on Informative prior, (Std = 0.33)
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Figure5.3. Effect of prior selection on the posterior ( = 5)

As it can be seefrom Figure5.2 andFigure5.3, the posterior distribution has a bigger
uncertainty(i.e. bigger standard deviatiom) case a noinformative prior is selected

which isreasonable.
5.2.2.4 Summary

Estimating the distribution ohe uncertain parameter using Bayesian inference and
conjugate priors is popular. The use of conjugate priors allows the results to be derived
in closed form.The exact distribution of the posterior is already knownthe
conjugatemethod, the posteriglistributionsareobtairedwithoutrequiringnumerical
calculation to determintihe normalisation constant. Different conjugate modetse
introduced inthe literature Based orthe Baye® 1, thd pmsterior distribution is
proportional to both priodistribution and new information. It was shown tHay
increasing thejuantityof available data, the posterior distribution shitiwards the

new data. Moreover, uncertainty is reduced when more data is available.
5.2.3 Numerical Approach

The main shortcomingf the conjugate method is that in some cases, the uncertainty
parameter does not have an associated conjugate prior. For example, generic databases
often express uncertainty in terms of a lognormal distribution, which does noé have

conjugate priotikelihood function[108]. To use conjugate methods, the likelihood
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function and prior distribution must have specific standardilligions as presented

in Table5.1. In some cases, likelihood functions do not have known distributions.
Therefore, usingheconjugate method does not provide precise posterior distributions.
Moreover, the conjugate approach contains assumgtiatsan influence the results.
This influerceis more predominanespecially when there is sparse data that cosflict
with the prior distribution$108].

On the contrary, the numerical method provides a more general approach for
predicting posterior distribution3he normalisation faair in Eq.(5-6) is calculated
numerically. In numerical methods, prior and posterior distributions do not have to
have the same functional forms. When the prior distribution is not conjugate, the
posterior distribution cannot be presentedimanalytical form (closedorm) [108].
Therefore the posterior is not a standard distribution. Sampling from astandard

distribution makes the updating procedure computationally more expensive.

However, due to not considering any assumption or siicgdion in performing the
updating process, the obtained posterior distribution imdineerical method is

usually expected to be more accurate.
5.2.4  Other Updating Approaches

For using probabilistic models engineering applications, it irequired to consider

the relevant uncertainties in the analysis. The probabilistic models can be updated
when new information becomes availalBayesian methods have been identified as
the most suitable for evaluating the probabilistic models requwedstructural

integrity management problems.

However, here are some other approaches {Bagesian) for updating probabilistic

models.Some of these approaches are:
1 Maximum Likelihood Estimation (MLE)

MLE is a method oéstimatingan uncertain parameter, given some observed
data. It is achieved hbyaximisingalikelihood functionso that, under the
assumedtatistical model, thebserved dats most probable. Theointin
theparameter spadbat maximses the likelihood function is called the

maximum likelihood estimatd 15].
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However, this approach has some shortcomings. For instance, imagine an
inspector claims to be able to detect the presence efistdice material flas

from an external visual inspection. If the inspector correctly identifies the
presence of such flaws from the first 5 trials, what probability should be
assigned to the inspect®iclaim? A MLE approach would identify a point
estimate of 100% accuragy16].

Markov Chain Monte CarlgMCMC):

Bayesian inference problems can sometimes be very difficult to solve
depending on the model settingsd(, assumptionsand dimensionality. In
large problems, exact solutions require Mygeomputations that often become
intractable and some approximation techniquestbe used to overcome this
issue and build fast and scalable systgit3].

Based on th®ayes theorefto obtainthe posteriarthreeterms argequirad:

a priordistribution a likelihoodfunction,and anormalisation factorThe first

two can be expressed easily as they are part of the assumed model. However,
the third term requires to be compused

Q6 Qes— 00— Q— (5-20)

Although in low dimensios this integral can be computed without
difficulties, it can become intractable in higher dimensionsdme caseghe
exact computation of the posteridistribution is practically infeasible, and

some approximation technigues must be used to get sol{tibnjs

Markov Chain Monte CarldMCMC) approach is developeid overcome
thesenumericaldifficulties. MCMC approachis a samplingbased approach
MCMC methods create samples from a continuansiom variable,
with probability densityproportional to a known function. These samples can
be used to evaluate an integral over that variable, asxpected
valueor variance.Practically, arensemblef chains is generally developed,
starting from a set of points arbitrarily chosen and sufficiently distant from
each other. These chains atechastic processe$ walkers which move

around randomly according to an alghm that looks for places with a
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reasonably high contribution to the integral to move into next, assigning them
higher probabilities.

Random walk Monte Carlo methods are a kind of randionulationor Monte
Carlo method. However, whereas the random $asrgf the integrand used in
a conventionaMonte Carlo integratioarestatistically independent, those
used in MCMC arautocorrelated. Correlations of samples introdheeneed
to use theMarkov chain central limit theoremhen estimating the error of
mean valuesThese algorithms creakarkov chainsuch that they have

anequilibrium distributiorthatis proportional to the function givdth17].

5.3 Previous Studies on Bayesian Updating Applications in Offshore

Structures

It was explained thaayesian inference s method of statistical inference in which
Baye®theorem is used to update the probability fouacertain parameter when new

information becomes available.

Bayesian inference is used in many applicationsedicine, insurance, finance, and
engineerind118]. However, this section only introduces some of the previous studies

on Bayesian updating applicationsatigue crack propagation structures.

Fatigue is ae of the important mechanisms of deterioratiostructuresubjected to
repeated or cyclic lahpatterns. The design fatigue reliabilisyusuallyestimated by
combining reliability analysis methods with fatigue life or fracture mechanics models.
To maintainstructural safety and monitor the fatigue riskserviceinspectionge.g.,
nondestuctive tests)are required at regular intervalBhe data obtained from the
inspection can bmcorporatedvith thefatiguemodel toupdate the reliability estimate

during the service life using Bay@hkeorem.

Several studies have beparformedto combinethe information from inspection to
updatethe fatigue reliabilitymodel Madsen developed the idea of updating failure
probability using thenformation from nordestructive inspection with the Bayesian

approach119].

Zhao and Haldar extend&dla d s anetidod They proposed a linear elastic fracture

mechanicsbased reliability model which would incorporate uncertainties from many
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different sources, including uncertainty in the results obtained from the non
destructive inspections. They investigated the efféthe® uncertainties of detection

on updatingand used the updated reliability index for inspection schedule,
mainenaice and repair decisions. The updated information on the reliability was used
as a decisiomaking tool ago what to do next, in terms of wther to do nothing,
reschedule the next inspection at an earlier date, or repair or replace the structure
immediately[120].

Zhang and Mahadevan proposed a Bayesian procedure to quantify the modeling
uncertainty, including thencertainty in mechanical and statistical model selection and
the uncertainty in distribution parameters. The procedvas developed using a
simple example and themasapplied to a fatigue reliability problebyy considering

the uncertainty in the statisal distribution parameters. The fatigue failure criterion

for a structureavas defined based on the dtasize. The failure probability analysis

was updated byncorporaing the newinformation from nondestructive inspections

performed on the structuf@21].

HerediaZavoni andMonteslturrizaga[122] developed aBayesian framework for
updating the probability distributions of thencertain parameters of a fracture
mechanics model amatacksize in tubular jointsThe new information that they used
was thanformation from inspection reports afixed offshore structuré.hey defined

an error model, as the logarithmic difference between measured crack sizetdering
inspection and crack sizegalicted by the fracture mechanics modéiey assumed a
normal distribution witha known mean and uncertain variarfoe the error model
Using conjugate modelshe distribution of the error varianaeas modeled byan
Inverse Gammalistribution. By consideing these assumptions, they developed
analytical model for the updated distributions of the parameters of the fracture
mechanics model antie crack size. Thgillustrated thecapabilities of the model

usingexamples using thieacture mechanic®rmulation for crack growtiil22].

Peng et al. developedganeral framework for probabilistic prognosis and uncertainty
management under fatigue cyclic loadiig3]. They consideredeseral sources of
uncertainties in the Bayesian updating framew®Hey also introducedneequivalent

stress level model for the mechanibased fatigue crack growth analysis, which
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serves as the deterministic model for the lap joint fatigue life prognidses) they
designedan insitu lap joint fatigue test with prastalled piezoelectrisensors to
collect experimental datdhe proposed methodologyas thendemonstrated using

the experimental data under both constant and variable amplitude logd#i8hs

Garbatov and Guedes developed a Bayesian approactateigpme of the uncertain
parameters governing the reliability assessment of maintained floating structures
[124]. They obtained the predicted fatigue crack size by expanding theEPdogan
equation. They used a fatigue limit state based on the critical crack size. They
consideredmaterial properties and inspection quality asuheertain parameters in
their study Assuming different crack sizes as the results of the inspection, their

approach was able to update the crack lefidti].

Zarate et al. presented a framework to update and predict crack length as a function of
the number ofcycles in structural elements subjected to fatigL25]. Their
framework included two main sections: a model updating section to identify the
probability density function of the fracture mechanics parameters, andgaosis

section to estimate the crack length of the specimen as a function of the number of
cycles. The stress intensity factor range was assumed as an unknown parameter, and it
was modelled as a polynomial equation function of the crack length. Theopub/
coefficients were then treated as random variables and their joint probability
distribution, together with the probability distribution of other fracture mechanics

parameters are computed using Bayesian inferjdi2&4.
5.4  Application of Bayesian Updating

The purpose of this section isapply the explained Bayesian methg¢olsth analytical
and numerical}o the tubular joints in a jacket platform and update the crack size

distribution by incorporating the new information from the inspection results.

It is worth mentioning that the considered inspection results (i.e., crack measurements)
in this researctare artificial and are used to demonstrate the different Bayesian
approaches. Nevertheless, the proposed methods can be applied for the real inspection

results when they are available.

There is no need to consider further assumptions from the considpred&)n case

of accessibility to the reatlata In this case, instead of using tigpothetical
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distribution for the measured crack size, a distribution can be assigned to the real data.
For instance, in Sectioh4.1.2 it is assumed that a norndiktributionwith a mean

value of 2mm and a standard deviation of 0.2oan beassigned to the inspection
results.In case of accessibility to the real datlae real valugs for the meanand

standarddeviationwill be used.
5.4.1 Crack Size Distribution in a Particular Tubular Joint

Fatigue damage accumulates during the strt silifetem@ as the crack size increases.

The accumudtion of damage due to fatigue causes deterioration of the platferm
structural capacity and increases the probability of failUieerefore offshore
platforms are periodically inspected to assess the state of damage. Regarding fatigue
damage, the information from inspection consists mainly of detection and

measurement of crack sizes.

Regardless of the inspection outcofdetection or nbdetection of acrack, each
inspection provides additional informatiomhich can be utilised to updatthe
probability distribution of crack size in a joitdsing the updated distribution, it is also
possible to update the estimation of joint reliabilayd consequently system

reliability.

The main purpose of this section is to compare the conjugate and numerical methods
for updaing the crack size distribution inspecifictubular joint when new information
is available For this purposey particular tublar joint is considered and the crack size

distributionis updatedy using both conjugate and numerical methods
5.4.1.1 Crack Size Distribution

The first step of updating the crack size distribution is to select an appropriate prior.
The prior crack size distniltion can be assumed based on theoretical considerations,
expertso6é opi ni ons ,reppradcirttheditarguddr26]. Amoageall , o r
theparameters influencing the reliability of a structure, the crack size distribution plays
a dominant roleln Chapter 3, the fatigue limit state was defined based on the crack

size as:

FORNA IR (5-21)
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whered is the critical crack size and is the crack size at tine The probability of

failure is:
0Q m VLW O (5-22)

A reliable estimate othe real crack size dr#bution is almost impossible arttie
calculated failure probability is very sensitivethe selection othis distribution The
failure probability isinfluencedby theright tail of the probability density functioaf

the crack ge. This tail depend on the type of distribution and sensitive to minor
changes within the dafa27]. It can be showthatcalculatedorobabiliies of failure
differ by several orders of magnitude depending on the cizekistribution assumed
[128]. Figure 5.4 showsdifferent crack size distributions and the critical crack size,

schematically.

Probability of failure

(Area under probability
density function)

Probability Distribution Function

Crack Size ap
Figureb5.4. Different crack size distributions

Thereis no wellestablished rule fothe selection of thecrack sizedistribution.
Difficulty in the selection of the crack size distribution comes from several reasons

such as:
1 Several sources of uncertainty in the fatigue phenomenon
1 Lack of statistical data on crack size

1 NDT devices cannot detect all cracksd they do not give the actual sizelod
cracks
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Different distribution functions such as exponen{ede[127] and [129]) or log
normal 6ee[130]) have been employed lexpertsbased on the experimental results
collected in laboratory testh this study, to resolve these difficultiestire selection

of the crack size distribution, a sampling method is usatielsampling methodtoth
detected and undetected craeke consideredt was shown in Chapter 3 thtte
fatiguecrack size at a specific time is a function of uncertain parameters such as initial

crack size, material parameter, geomdtnyction and theexpected value of stress

range:
G O p % G T 6 ovy 6 (5-23)

where:

1T o: Initial crack size

1 o: Crack size at timé

1 & ando: Crack growth parameters

1 & Geometry function

1 oYy : Expected value of the stress range

1T -: Uncertainties involved in the stress range

1 0: Number ofload (tres$ cycles

Distributions of the uncertain parameters were explained in Chapieab® 5.3

presents the distributions of the uncertain parameters.

Table5.3. Statistical characteristics of random variables [N, mm]

RandomVvariable Symbol Type Mean | COV
Initial crack size @ Exponential 0.11 1.0
Crack growth parameters 6 Lognormal | 8.1x10%* | 0.6
;?gssrt?;?]ge;s involved ithe - Lognormal 1.0 0.2
Geometry function @ Lognormal 1.0 0.1

In the considered sampling methodaaye number of simulatior(8 ) is generated

using random samples from the probability density function of eawtertain
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parametens providedn Table5.3. A large number of simulatiorsseused to include

all relevant combinations of thesacertain parameters

For each set of random samples (e.g. for thedmple sety.J6-f  @anddy, the
crack size® ) is calculated based @&u. (5-23). Here, the total number of simulations

(6 ) is selectedas 10. A Python code is used to generate samples from random
variables and to obtain crack size distributiff®l]. Figure5.5 shows the flowchart

of obtaining the prior crack size distribution and also updating the crack size

distribution for both analytical and numerical methods.

{ Initial crack size (a,) ] [ Material property (C) ] { Stress range uncertainty (ss)] [Geometry function (Y)]

! I ] !
N = 10° random numbers N = 10° random numbers N = 10° random numbers N = 10° random numbers
(ag) 1, (@g)s -+, (20) 100000 C1,Cy s C100000 (&5)1: (€s)2r s (E5) 100000 Y, Y5 Yiooooo
\ [ [ \
'
- m m 2
a, ={a, *+ (1 _5) XYM xmT2 X CxN X (e,E[AS™])} 2-m
!
(ag)1 Cr (&) 11 > (a)y
........ N,

(@) 100000+ € 100000+ (£5) 100000+ ¥ 100000 ——  (@)100000

Analytical Method ; | . Numerical Method

Fit an exponential distribution to crack Using the crack size histogram as
size as a prior distribution a prior distribution

\ New data:
‘ Inspection results

Analytical solution for the posterior ] [ Posterior: Non-standard distribution

Figure5.5. Flowchart for updating the crack size distribution

5.4.1.2 Analytical Method

After generatingy = 10°simulations fotthe crack sizec§) based orEq. (5-23), the

crack size cumulative distribution function (CDF) can be obtained. Having obtained
the CDF of crack size, the besstributions for crack size can be selected using fitting
techniques (goodness of fit).

It is worth mentioning that PGsimulations of crack sizareenough for assigning a
distributionto thecrack sizeMor e number s donodt make sigr

result.
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Figure 5.6 shows the results of the cumulative distribution function (CDF) for the
simulated crack size, exponential, and lognormal distributions by &Ry program
[65]. Based orfigure5.6, the exponential distributios selected as appropriate prior

for the crack size distribution.

1.0
=
3
z 0.8 —— Simulated cracks
8
‘2 —— Lognormal distribution
3
L: 0.6 —— Exponential distribution
2
=
2
z
A 04
)
2
k|
g
5 0.2
)

2 4 6 8 10
Crack Size (mm)

Figure5.6. CDF for the simulated cracks, exponential and lognormal distributions

Figure 5.7 shows the histogram of simulated crack size distributions based®on 10
simulations after five years and the fitted exponential distribution.

-=-~ Best exponential fit for crack sizewith Mean = 1.11 mm
c 10 — Histogram of the Simulated crack size
o
3
c "\
2 08\
§ \
5 kY
2 06
z \
(L]
a A
2 o4 N
= Ay
2 N
2 AN
2 AN
o 02 “u
0 f—— ————————————————==========x<
0 1 2 3 4 5 6 1 8

Crack size (mm)

Figure5.7. Histogram of the simulated cracks and fitted exponential distribution
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As it can be seen froffigure5.7, the fitted exponential distribution overestimates the
probability of smaller cracks, whereas it underestimates the probabiliyggér

cracks Therefore, the results of the analytical method includeserror

Thefitted exponential distribution is us@d an appropriate distribution for the crack

size (before updating) with a probability density function as:

Gs. _Q (5-24)

Where_ is the rate parameter that is assumed as an uncertain parameter that will be
updated when new information is available. BaseBigare5.7, one point estimation
of _is obtained as:
p
I (5-29
- PP p

It is noted that the value of depends on the sample size.

In this study, the uncertain parameter is the ragxpbnential distributiof), whereas

the new information is the inspection results which contain the measurement of the
crack sizg® ). Bayesian inference is employed to describe how the uncertainty in
changes from the prior distribution to the fgo®r distribution by incorporating the

new information As can be seeinom Table5.1, for the exponential distribution with
uncertain parameter_), the conjugate prior and posterior distributions foare

Gamma distributions.
91 Prior Distribution

In this study, Jeffreys neimformative prioris used to describe the prior distribution
[108]. The Jeffreys noimformative prior for the exponential likelihood is a gamma
distribution. In Jeffreys nemformative prior for the exponentidistribution, both
shape|(;,; 9:.and rate parameters,( J.are selected close to z¢i®8]. Moreover,
these parameters are selected in a way that the expected valbecoimes equal
to_ ,ie.

| minp | P
(5-26)
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T New Information (Inspection Results)
It is assumed that teninspection results 0 p m of crack sizes

(e, @ ohay Mhdy ,areavailablelt is assumed that these inspections are

independent of each othét.normal distribution with a mean value of 2mm and a

standard deviationf 0.2mm is assigned to the inspection results.

1 Posterior Distribution
Having provided new information, the distribution of the uncertain parameter can
be updated by using the Bayesian framework. The posterior distribution of the

i's obtained by wusin

uncertain par amet er

The parameters of the posterior dissitibn (which is a gamma distribution) are
obtained by using E¢5-16) which are:

| o n 1 f
Figure5.8 showsthe prior and posterior distributions for the uncertain parameter

B & (5-27)

(@)
25 /N --~ Prior distribution for ()
’ff Y --- Posterior distribution for(A)
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Figure5.8. Prior and posterior distributions for theacertain parameter

Based on Eq(5-24), cack size distributiondepends on the rate parameter
However, the rate parameter is an uncertain parameter withis&ibution that

depends on and' . This is schematically shown Figure5.9.
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Rate parameter, A

O

Crack size, a

Figure5.9. Dependency of the crack size on the distribution of the rate parameter

9 Predictive Distribution for Crack Size

After updatingthe uncertain parametér), the crack size distributionan be
updated based anpredictive distribution. Ther@dictive distribution for the crack

size can be obtained HLS8]:

| i
"6 (5-28)

Figure5.10 shows the crack size distributions before and after updating. As shown
in the figure, the updated crack sizetdmition has a mean value b®7mm, which

is close to the mean valuetbk observationg2mm).

: === Crack size distribution before updating, (Mean Value = 1.11)
08 \_‘ --- Crack size distribution after updating, (Mean value = 1.97})
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Figure5.10. Crack size distributions before and after updating
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Figure5.11 summarisesthe conjugate method for updating tiage parameter_f

andcrack size distributios

[ Ng;m = 107 crack size based on Sampling Method ]

}

Fit an exponential distribution to crack size
flar) = he™

l

! : : i — ‘| Rate parameter |
| A 1s an uncertain value with Gamma distribution . updating i
= ___1
A« Gamma (a, f3) i
Prior parameters: New data:
1 i . .
®prior = 0.001, Bprior= Aprior X T ; Niy,s observation of crack size:
= g (@m), @)z, e, @)

Posterior parameters:

— . — Nms
Qposterior = Aprior + NETLS’ ﬁposten’or - ﬁpn‘or + Zf:l (am)i

Updated (predictive) crack size distribution

Crack size
Tposterior .
Aposterior X Bposten’o‘r updatmg

f(at) = I _____________ 1

o8 jort1
(ﬁposterr’or + at) posterier

Figure5.11. Updating the ratparameter and crack size distributions in the analytical
method

5.4.1.3 Numerical Method

In the numerical method, the posterior is not a standard distribution and it cannot be
presented imnanalytical form. Therefore, the normalisation constant in(&®) is
calculated numerically. In this method, the posterior distribution is obtained by using
Eq.(5-5).
9 Prior Distribution
As it wasearliermentionega large number of crack sizas ( =10) is generated
by using random samples of uncertain parameters. In the numerical method, instead
of fitting any distribution, the histogram of the simulated crack size is used as a

prior distribution.Figure5.12 shows the histogram of the simulated data which is

used as a prior distribution for the crasike.
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— Histogram of the Simulated crack size
1.0

0.8

0.6

0.4

Probability Distribution Function

0.2

0'00 1 2 3 4 5 6 7 8
Crack size (a), mm

Figure5.12. Prior crack size distribution in thmumerical method

9 Likelihood Function

Due to the uncertainties in the fatigue phenomenon and crack size measurements,

the crack size is not a certain parameter. The uncertainties involved in the fatigue
process and also in the crack size measurements can be assumed basedsoa expert
beliefs. mMer ef ore, the | ikelihood function i :
take into account the involved uncertainties. The likelihood function can be

represented as a noormalised normal distribution §526]:

0 Agp ——— (5-29

Whered represents the measured crack sizeés thepredictedcrack size ang

is theassumedstandard deviation of crack size (due to measuremeninaie|
uncertainty). For example, if the measured crack size is obtained eqoal to

p&IG A, itds very probable that the actual

mm. In this case, it is unlikely that the actual crack size is greater than 3 mm.

Thevdueof, i s esti mat ed lnyentdabot uecarfietin thi® s | u d
study, two different values fqr are considered to check the effect of the likelihood

function on the posterior results:
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i Case (I): An accurate model for the predicted cracke and perfect

measurementn this case, it is assumed that the model can estimate the real

crack size with reasonable accuracy. Moreover, the measurement is performed

with a highquality tool. Therefore, a small standard deviatipn ( T@®a &)

is corsidered for the likelihood function.

U Case (ll): A less accurate model for the predicted crack size and inaccurate

measurementn this case, it is assumed that the model can predict the real

crack size with less accuracy. Moreover, the measured sizEkare not very

reliable. Therefore, a bigger standard deviation ( pa &) for the likelihood

function is assumed.

Figure5.13 shows the lilkelihood function for both cases when a crack is measured

equal to®d

are assumed for Case (I) and Case (ll), respectively.

1.0 PR --- Likelihood Function, Case (I)
¢ RS g .
iy v --- Likelihood Function, Case (ll)
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ca a. As it was mentioned, standard deviations of 0.5mm and 1mm

Figure5.13. Likelihood functions for both accurate and inaccurate models

9 Posterior Distribution

According to Bayesd theor em,

t he

poster

distribution and likelihood functioras shown in Eq(5-5). Note that, in the

analytical method, the posterior distribution is updated only once by summing all

the crack size information as shown Hqg. (5-27). However, in the numerical

method, the posterior distribution needs to be updated for each observed crack size.
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Therefore, the probability sfiribution function of crack size is updatéd times

sequentially by using E@5-5). Following steps should be performed to obtain the
updateccrack size distribution:

U Step 1: Use the crack size histogram as a prior distribution

U Step 2: Choose the measured crack size & 1), ©

U Step 3: Obtain likelihood function distribution by using Eg29)

U Step 4: Calculate the normalisation constant by using5=5).

U Step 5: Obtain the posterior distribution by using (Gep)

U Step 6: Replace the prior with the obtained posterior and go to Stepi2-1)

The updating procedure for the numerical method is computationally more expensive
than the analytical metdoThe obtained posterior is assumed as the prior distribution

for the next updating process.

To demonstrate how the crack size distribution is updated in the numerical method,
the same observations are considered (ten observations with a mean valoeaf®m
a standard deviation of 0.2mniigure5.14 andFigure5.15 show the posterior crack

size distributions aftethe updatingprocess for both likelihood cases.

Probability Distribution Function

Crack size distribution after inspection # 1

A ==~ Crack size distribution before updating
7 === Crack size distribution after updating
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Crack size distrlbution after inspection # 2

200

175

i === Crack size distribution before updating
“ === Crack size distribution after updating
]

|
AN

1
Il
'

Crack size (a), mm

202



Crack size distribution after inspection # 3

Crack size distribution after inspection # 4
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Figure5.14. Sub sequentially updating of the crack size distributions for likelihood
function, Case (1)
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Crack size distribution after inspection # 7

Crack size distribution after inspection # 8
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Figure5.15. Sub sequentially updating of the crack size distributions for likelihood
function, Case (Il)

As it can be seen frofigure5.14 andFigure5.15, the posterior distributions shifted
towards the observations, i.e. the observed data dominates the posterior distributions.
Additionally, it is also observed that the expected value foupltiatedcrack size is

around 2.0 mm in both figures, which is close to the mean of the observed crack sizes.

Both figures show that after five observations, the posterior distribution approaches
the observations. Therefore, if enough data is available, the posterior distribution is
not sensitive to the prior selection. However, due to the high cost of underwater
inspections, there may not be several inspections available for a specific joint. Most of
the time,there isonly one inspection result for each joint. As representdeguare

5.14 andFigureb.15, especially for the first and second updates, prior distribution has
a great impact on the posterior distribution. Therefore, the prior distribution should be

selected based on reasonable mggions.
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5.4.14 Comparing the Results of Two Methods

Figure 5.16 shows the posterior distributions of crasikes for bothanalyticaland
numerical methodsAlthough the obtained mean values for the methods are not
substantially differentq pBox A p& ymm), the shape of the crack

size distribution is different.

The reason is that the posterior distribution is restricted to a specific distribution shape
in the conjugate method. This is an important disadvantage of using the conjugate

methods since the prior distributions have a great impact on the posteributsts.

Moreover, in the conjugate method, the simulated crack size is approximated with a
fitted exponential distribution which is overestimating the probability of smaller
cracks while underestimating the probability of bigger cracks. Therefore, \when t

prior distribution is not accurate, the posterior distribution may not be accurate.

Figure5.16 also shows that the posterior distribution shapésamumerical method

are very similar to the likelihood functions given kigure 5.13. In fact, in the
numerical method, the observed data dominates the posterior distributions. The effect
of the likelihood function on the posterior distribution can also be understood from
Figure5.16, i.e.the likelihood function for Case (Il) which has a bigger uncertainty
widens the posterior distribution. Using a larger uncertainty results in a bigger
probability of failure. In reality, the actual value ,of in the likelihood function is

unknown andtiis estimated based on the engineering gaunt.
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Figure5.16. Posterior crack size distributions, analytical methogd)( and numerical
method bottom)

In the numerical method, the obsergada dominges the posterior distribution shape,
whereasn conjugate methods, the prior distributioas a great effect dhe posterior
distributionshapeand the effect of observed data is minimisgthce he numerical
method allows us to incorporateet effect of the new data (inspection reguits the
posterior distribution, theaumerical methods are preferred. However, the numerical
method is computationally more expensive especially when several inspection results

are available.
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5.4.2  Crack Size Distribution in Multiple Locations

In the previous &ction, the crack size distribution for a particular tubular joint was
updated by using conjugate and numerical methods. In real situations, thefevare
inspection results available for each tubular joiné do the expensive cost of the

underwateispection.

The purpose of this section is to update the crack size distribution for different
locations that have almost the same conditions. It is assumed that these joints have
identical configurations with theame materigbropertiesand they are subjected to
almost the same stress range. Therefore, a prior crack distribution can be assigned to
these joints. When the inspection results for these similar joints are available, the

posterior distribution can be obtained by using conpigatnumerical methods.
5.4.2.1 Prior Distribution

To assign a prior distribution for the crack size, a sampling method as explained in
Section5.4.1.1is used. As providenh Eq.(5-29), the final crack size is a function of
initial crack size, crack growth parameter, geometry functod the expected value

of stress range. Distributis of the unceéain parameters are presentedable5.3.
However, since the stress range is not the same at different locations, a bigger

coefficient of variation is assumed fire stress rangparameter, i.e. 18.

The histogram of the simukad crack sizes and the fitted exponential distribution are
assumed as the prior distribution for numerical and conjugate methods, respectively.
The prior distributions shown ifrigure 5.17 are obtained based o  =10°

simulations after five years.
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Figure5.17. Prior crack size distributions for multiple locationghe conjugate and
numerical methods

5.4.2.2 New Information (Inspection Results)

It is assumed that there are twenty tubular joints with similar conditions. To
demonstrate the methodology, it is assumed that five independent inspection results
are available for ez tubular joint. Therefore, in total 100 inspection resuits

p m mare available. A normal distribution with a coefficient of variation of 0.2 is
assumed for these five inspection results. It is also assumed thme#myalue of

each tubular jait is different.
5.4.2.3 Posterior Distribution
1 Conjugate Method

As mentioned in Sectio®.2.2.1 the prior and posterior distributions for the
uncertain parameter) are represented liyegammadistribution.The parameters,

| andt for the prior and posterior are obtained from Eg26) and Eq.(5-27),
respectively. After updating thdistribution of the model parameter),(the crack
size distribution is obtained by using EB-28). Figure5.18 shaws the crack size
distributions before and after incorporating the inspection results.
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Conjugate Approach - Crack size distribution

0.7+ --= Crack size distribution before updating, (Mean Value = 1.43)
\ --- Crack size distribution after updating, (Mean value = 1.73)
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Figure5.18. Crack size distributions for multiplecations in the conjugate method

I Numerical Method

As it was mentioneih Section5.4.1.3 the likelihood function is defined by Eq.

(5-29). The standard deviation of crack si@ue to measurement and model
uncertainty) is assumed gs= 0. 8 mm. Based on Bayes6 t
distribution is obtained by using the prior distribution and likelihood function as
presented in Eq5-5). It was assumed that the inspection results are available for

twenty tubular joints.

Updating of the crack size distribution for each tubular joint is carried ouibg u

the numerical approach which was explained in Seé&tiéri.3 Figure5.19 shows

the crack size distributions for some joints before and after incorporating the
inspection result&@fter incorporating all five inspections)
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Crack size distributions after incorporating inspection results for location No. # 1 Cracksize distributions after incorporating inspection resuls for location No. # 2

~ -== Posterior crack size distribution 35- j"“ === Posterior crack size disrbution
25- T [ —— Prior crack size distribution
g - I — Prior crack size distribution c [
5 ! '\ ¥ 30 [
5 ! 4 L .
ER : P
g / [ § ¥ i
5 T \ B 1 |
2 1 ! El I 1
AR \ £ i |
a / i Lé | !
2 / i a2 1 \
= 10 ! 1 & ! \
a ! i = 1 |
T ! “ ﬁ 1 1
B ! | Eowo \
z ' T 4 i i
05/ Il &
05/
/
/
. 0.0 e -
O'TJ.O 05 L0 15 20 25 10 35 40 00 03 10 15 20 25 30 35 4.0
Crack size (a), mm Crack size {a}, mm
Crack size distributions after incorporating inspection results for location No. # 8 Crack size distributions after incorporating inspection results for location No. # 10
7 s -=~ Posterior crack size distribution 8 i === Posterior crack size distribution
1 FTI
- Ili‘ — Prior crack size distribution : "1\ — Prior crack size distribution
2 5 f ! g7 1 :
H [ B L
g ' g i
Z 5 1 c 6 i !
- | c
o : 1 2 ! 1
B [ 25 [
3 i 2 L
o 4 o T [
5 1o 8 P
2 | ! a b
> 3 ! 2 [
g P z s [
2 ! 1
T 1 ! 8 ! |
2 1 H !
9 P g [
1
¢ P P
— !
! \ h |‘
00 05 10 15 20 25 30 35 40 00 05 L0 15 20 25 30 15 40

Crack size (a), mm Crack size (a], mm

Figure5.19. Crack size distributions for four different tubular joints

By combining all posterior distributions for each location and normalising the area
below the combined distribution, a posterior distribution for all locations can be
obtained Figure5.20 illustrates prior and posterior crack size distributions for all

tubular joints
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Figure5.20. Crack size distributions for multiple locations in the numermcathod
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5.4.2.4 Comparing the Results of Two Methods

Figure5.21 shows the posterior crack size distributions for a group of twenty similar
joints based on the conjugate and numerical methods. It is observed that, if the results
of several locations are cduimed, the posterior distribution in the numerical method
approaches the conjugate posterior distribution. Note that the posistidoution (in

the numerical methodpr each location is similar tanormal distribution. It is also
found that both numi&al and conjugate methods resultarsimilar distribution.
Thereforepbtaining thegosterior distributiofiby usingthe conjugate method might be

preferred since it is much easier and less-mm@suming for multiple locations.

b
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— Conjugate Method
=== Numerical Method
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0.1
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Figure5.21. Posterior crack size distributions for multiple locations in both methods
543 Bayesian Updating Regarding Different Inspection Outcomes

5.4.3.1 Inspection Outcomes

L e t dnsideran inspection has been carriedfaua specific tubular joint in a fixed

offshore platform athetime 6, Here,'OQdenotes the outcome thfeinspection. Two

outcomes can be assumed as a result of the inspection:

1 OQ 0a No crack is detected

1 '0Q 60U A crack isdetected and measured

Regarding the inspection results, thecertainties can be divided into two categories:
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9 Detectable crack size

1 Accuracy of he measured crack (if detected)

In the first case (i.60°Q 0 §, the uncertainty iselated to the first categoryhis
uncertainty can be taken into account by curves that estimate the probability of crack
detection (POD). The POD curves depend on the quality (resolution) of the inspection
methods and also on theigting crack siz¢122] (see Chaptet).

The detectable crack size is related to a specified inspection method and it is usually
modelled as a stochastic variable reflecting the actual probability of detEc3ln
Among several formulations of POD available, the commonly used exponential

distribution is[132]:
pboad p Q (5-30)

where & is crack size andd is the mean detectable crack size for the specific

inspection methadrigure5.22 shows the POD curves for different mean detectable

sizes.

1.0 ey

Probability of Detection (POD)

0 4 8 12 16 20
Crack Size (mm)

Figure5.22. Probability of detection (POD) curves

In the second cagee. 0Q 6 1), in addition to the uncertainties involved in the POD

curvesanother uncertaintg related to theneasurement error which is also deparid
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on the inspection qualityt is noted that this erras usually modelled #.a normal

random variable witlamean of zero and unknown varianc€l@?] and[132]).

Conside ‘Qdenotes crack size at timelt is noted that the crack size is an uncertain
parameter. Posterior distribution of the crack size based on the results of an inspection

is obtained according to Bayes theorem.
5.4.3.2 Posterior Distribution Expression
9 No Crack Detected

The probability of crack detection (POD) for a spedifgpection tool, depends on
the resolution of the inspection method and crack size at that time. Therefore, in
this case, the likelihood, which is the probability of occurrence of a crack not

detected, is presented as:

D QUREQOG & p 00 @
. o - (5-31)
DQAOB®a Qu i dad Q
Therefore, the updated crack size distribution (given that no crack observed) is
obtainedbased on E(5-5) as:

DQUDE Qi QE i

5 r r \ ¥, N Lars
el 0Ql R3=—2ma7a7 0o 0 ¢
OCHS & Q0 @ "Qw
RO Tl a0 (5-32)
o p OU@ QO
QuR) 0 o R— o .
p LUL @ Qw QW
Therefore:
MR 60 p D@ QO (5-33)

Eq. (5-33) shows that the posterior distribution depends on:
O Ilnspection tool ds®wquality, i.e. POD

U The pior distribution of crack sizeQaw
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1 Crack Detected and Measured

Predictedcrack size by the fatigue modeb]) is obtained from Eq(5-23). The
predicted crack size is different fralremeasured crack sizé)() at the sam time.
Therefore the associated errowhich involves both measurement and model error

can be defined as:

- a&e a& (5_34)
The associated err@g assumed as a normally distributed random variable avith
known mean equal to zero aaduncertain variance, i.e.:

0 G G di

"0 P QR — P QR — (5-35)
c“ ” c" c“ ” CH

Where Qis the probability distribution function fer.

If the fatigue model is assumed unbiased to the mean value of model and

measurement:
ow Ow (5-36)

Therefore- has a known mean of zero:

0O- Ol Ok (5-37)

However, the variance of the error is unknown which can be considered as an

uncertainparameter.

If the predicted crack size by the fatigue model is denoted bpd the measured
crack size denoted iy , one realisation of the error is obtained as:
Q a& o& asd)— (5-38)

Therefore, in this case, in addition to the crack size, error variance is also assumed

as an uncertain parameter. In this case, the posterior distribution is proportional to:

QR s O O 06 0gd "Qf w (5-39)

where:

215



U wis error variance

U "Qp g oo O is the posterior joint PDF of crack size and error variance

U 0 6 0ho is the likelihood function

i "Qp Gho is the prior joint PDF of crack size and error variance

Likelihood Runction

Likelihood function can be written as:
V60 0O s 6 ®Q, ® VU@ (5-40)

The event associated with measuring is equivalent to evenrt 'Q Therefore,

the likelihood function can be written as:

06 U&Lﬁ, "Q$ R 'EHHVDO‘ 00 @ (5-41)
Since- is normally distributed:
”n, ¥, ) p D A} b lQ

Therefore, thdikelihood function is obtained as:

v e i P ... Q R
0 0 O, ——Qwn — LU0 @ 5-43
<h e N (5-43)

Prior Distribution:

By definition ofconditional probability for the prior PDF:
QR o QO Qg D (5-44)

Where'Q ¢ g is the conditional PDF of error variance given that measurement

is provided. This conditional PDF of error variance has a normal distribution with
a mean equal to zero and unknown variance. The conjugate prior for this variable
(variables with known meaand uncertain variance) is Inverse Gamma {sdse

5.1).

The inverse gamma distribution is a tparameter distribution with shape

parameter| () and sale parametet (). The PDF of this distribution {412]:
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0— — — Qan T—_ (5-45)

Therefore, the prior distribution of error variance canvbo#en as:

. o] . i~ o
Q% N q”—(*) Qwn o (5-46)

To let the datadominate the posterior, a namformative prior distribution is
selected. For usage of norformative prior for the inverse gamma, both
parameters are selected close to £i@], i.e.:
| I TBU T P (5-47)
When new data is available (a crack measured), using the conjugate approach, the
posterior conditional distribution of the error variance is obtaingt1&y:
| P
G

(5-48)
T T

(O ; Q
C C
whereQis the realisation of the error (E(p-38)). It can be seen that is a

function of realisation of the erroil) which is a function of crack size. The

posterior conditional distribution of the error variance is obtained as:

. - f . s ]
Q. W dp|—w Qun —— (5-49)

Substituting Eq(5-49) into Eq.(5-44):

. f . L0
Q- adw Q —_w Qwn — _
A Ny n o (5-50)

Posterior Distribution:

Replacing likelihood function and the prior into E¢p-39), the posterior

distribution is obtained as:

“Q ﬁ § IIIV1 (72 0 e
) Q 5-51
i@ —Loen =2 0o — 6 Qo —— (5-59)
ne" cw Wl @
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l.e.:

I‘Q F] s "IV\ e D e
i Q N 5-52
—‘T —® Qwn — S 30 @® Qb ( )
(V) ng* )
Therefore:
"Q Fos (Aﬁ@ v ®
‘T — QN T—‘ DO@ Q& (553
(V) nNg* w
Based on Eq5-49):
. Q0 I | N
® ©n =3 : g RO (5-54)
Therefore:
"Qﬁ s (dvhﬂ) O ®
() . 5-5
T — v M. o VI QD (5-59)
o Ng® I N
l.e.:
"Qﬁ s thﬂ) v ®
f Q| . e (5-56)
- Q W LLUL@W QW
I | ¥

Eq. (5-55) shows that the posterior joint distribution of the crack size and error

variance.

The marginal crack size distribution is then obtained by integrating the above

equation over all of the possible values ,of It is noted

~

thatch h  H i do not depend on the valuedftherefore:
0, a0 °

f Q| e \ e (5-57)
T o] L@ Q w Q$ 0 Q w

The area under probability distribution function is equal to one, i.e:
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Q. Qo p (5-58)
Therefore:

Q$ [0V T o] LU @ Q W (5-59)

Eq. (5-59) presented an analytical expression for the updated density function of
crack size when a crack is detected and measured. Based on the equation, the

updated distribution iproportional to:
U Prior distribution
U Probability of detection

U A function that depends on the prior and posterior parameters of the density

function of the error variance
5.4.3.3 Updating the Crack Size Distribution in a Tubular Joint

To demonstrate the applicatianis assumed that tubular jointis subjeced to the

stress ranges which are modelled by a lognormal distribution with a mean of 300MPa
and coefficient of variation of 0. is assumed thatt the time of reference, the prior
distribution of the uncéain crack depthd), is a lognormal distribution with a mean

value of 5 mm and a coefficient of variation of 0.3.

Imagine the inspection result is now available. Three different cases for the inspection
result are considered to investigate the effect of the new data on the posterior

distribution. These three cases are:
9 No crack detected
1 A crack is detected and measdrequal to 6mm
1 A crack is detected and measured equal to 10mm

Figure5.23 shows the updatetistributionsfor thecrack size athetime of reference,
for these three different resultiuring the inspection activity.For obtaining the
posterior distributions, Eq5-33) and Eq.(5-59) are used fothe no crack detected

andthecrack detected cases, respectively.
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Figure5.23 showsthat incaseof no crack detectethe posteriodistributionof crack
sizeshifts to the left anthasa smaller mean value than the pmoean valueOn the
other hand, when a crack is measured, the posterior distribution shifts to tHeanght
side. Moreover,he mean value in the updatddtribution becomes greater as the

measured crack size increases.

0.4 T
-==- Prior distribution (g = 5 mm)

—— Posterior distribution (No crack)

Posterior distribution (a,,, = 6 mm)

03 — Posterior distribution (a,, = 10 mm)

0.2

0.1

Probability Density Function

Crack Size (mm)

Figure5.23. The pdated probability density functisof the crack depth based on
the inspection result

As it can be seen frorRigure 5.23, if the fatigue model is an accurate model for
prediction (i.e. the measured crack size is close to the mean value of the prior
distribution), the posterior distribution includes less uncatyai (narrower
distribution), whereas if the model cannot predict fatigue crack size precisely
(e.g.0 p 1 &), the posterior distribution is wider than the prior. In fact, in this case,

the updated distribution involves more uncertainty.
5.4.4 Planning for Inspection

Due to the existence of several uncertainties in the fatigue process, the predicted
fatigue crack size might not represent the real crack size. Therefore, offshore platforms
are periodically inspected throughout their lifetime to find out thel lef/degradation

and to assure that existing defects in the structure do not exceed the critical size.
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Regarding fatigue damage, the inspection results involve the detection and
measurement of fatigue cracks. The inspection results can be used to itigrove
estimation of the crack size. A Bayesian procedure is utilised to update the fatigue

crack size distribution in light of inspection results (See seétidn

In Chapter 4, it was explained thata approaches exist for inspection planning. The
first approach,which is called the timéased inspection approach, is to set the
inspection interval to a fixed time, e.g. every five years. The other appaich,is

called thereliability-based inspection approaahto set the annual failure probability
threshold to be a fixed valu@and the inspection is carried out when the failure
probability is more than the threshol&igure 5.24 shows thereliability-based
inspection plan for a tubular joint in case of no crack is detected during the inspection

activity.

Maixmum alloawable
probability of failure

Probability of Failure

Years in Service
Figure5.24. Reliability-basedmspection plan for a specific joint assuming no crack

is found

5.4.4.1 Reliability -Based Inspection

After updating the crack size distributiothe component probability of failure
(reliability) can be updatedsing the fatigue limit statéeq. (5-21)) and Monte Carlo
simulations. Failure happens when theckrsize reaches a critical sizé ), which is

assumed equal to the thickness of the joint.
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Considerd asthe crack size at tinf@and'Qd as the correspondirgjstribution If
"Q & indicatesthe crack sizalistribution before updating an® ¢ indicatesthe
distributionafterupdating, the probability of failure before updatingstimatedy:

6 0o ® p Qb Qb (5-60)

6 06 o p NG Q (5-61)

Figure5.25 shows the probability of failure before and after updating, schematically.

Figure5.25. Probability of failure before and aftapdating

After updating the probability of failure of the considered joint, the updated probability

will be used for obtaining the next inspection time. Based on the crack size findings in

the inspection activity, the next inspection activity will be perfed:

1 In a shorter period of time than expected if the measured crack size is bigger than

the predicted crack size

1 In a longer period of timéhan expected if no crack is found or the measured

crack size is smaller than the predicted crack size

Therefore, the results of each inspection activity have a crucial effect on the time

interval for the next inspection activity.
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