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Chapter 1 

 

 

 

Figure 1-1: Cumulative onshore and offshore installations in the EU [5]
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Figure 1-2: Offshore wind turbine components [63]
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Figure 1-3: OWT support structure design stage [8] 

Figure 1-4: Lifetime overview



 

 

 

 

 



 

 

 

 

 

 

 

Figure 1-5: Thesis overview

→

→ →

→

→

→

→

→ →

→

→

→



 



  

 

Chapter 2 
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Figure 2-1: General assessment of existing structures [13]



 

Figure 2-2: Flowchart to decide if assessment is required [15]
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Figure 2-3: Assessment procedure proposed in ISO 19902 [15]
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Figure 2-4: Fatigue assessment process according NORSOK N-006 [16]
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Figure 2-5: Flowchart for continued operation of wind turbines according GL [18]
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Figure 2-6: Schematic overview of assessment process according to Ersdal [23]



 



 

 

 

 

 



 

 

 

 

Figure 2-7: Degradation of an OWT monopile structure [64] 
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Figure 2-8: Proposed framework for reassessment and RUL prediction



 



 

 

Figure 3-1: Fatigue analysis approaches



 

Figure 3-2: Deterministic fatigue approach flowchart

Figure 3-3: The failure point at stress range S in N number of cycles [9]
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Figure 3-4: Fatigue strength curves [65]



Table 1: Fatigue safety factor DFF [32]
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Table 2: Relation between fatigue safety factor and material partial safety factor [31] 
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Figure 3-5: Probabilistic fatigue analysis 



 

 

 

 



 

 

Figure 4-1: Lifecycle overview of an OWT



 

Figure 4-2: Proposed framework with two phases



 

 

Table 3: Levels of available data 

 

Figure 4-3: OWT data gathering during the different phases



 

Figure 4-4: The methodology depending on the available data



 

Figure 4-5: Level 1 data pack 
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Figure 4-6: Level 1 methodology
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Figure 4-7: Level 2 data pack



 

 

 

 

 

 

 

 

 



 

Table 4: Minimum requirements with regards to the periodic inspections of support structures [41]



  

 



• 

Figure 4-8: SRA flowchart
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𝐺 = 𝑋𝑚𝑖𝑛𝑒𝑟′𝑠  − 𝐷

 

 

Figure 4-9: Fault tree 
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Figure 4-10: Level 2 methodology
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Figure 4-11: Level 3 data pack



 

 

 

 

 



Figure 4-12: Flowchart from strain measurement to RUL [43] 



 

Figure 4-13: Level 3 methodology



 

 

 

 

 



 

Figure 4-15: Failure probability as function of calculated fatigue damage [31]

Figure 4-14: Fatigue failure probability as function of design fatigue factor [31]



 

 

Chapter 5 

 

 

Figure 5-1: Overview Case Study



 

 

  

 

  

 

 

Figure 5-2: Proposed framework for reassessing and RUL prediction



Table 5: Metocean characteristics 

 

Table 6: Site conditions 

 

Figure 5-3: Location of the Gemini wind farm [49]



Table 7: Specifications of the Gemini wind turbines 

 

 

Figure 5-4: Simplified static offshore wind turbine model



 Table 8: Specifications of the simplified model 

 

𝐹(𝑧) =  ¼ . 𝜌𝑤 . 𝐶𝑚 . 𝐷2 . 𝑎 +  ½ . 𝜌𝑤 . 𝐶𝐷 . 𝐷 . 𝑣𝑡𝑜𝑡|𝑣𝑡𝑜𝑡|



𝑣𝑡𝑜𝑡

𝑣𝑡𝑜𝑡 (x,z,t) = 𝑣𝑐(𝑍) ∗ ϒ𝑏𝑙𝑜𝑐𝑘   +  𝑣𝑤𝑎𝑣𝑒(𝑥, 𝑧, 𝑡) ∗ ϒ𝑠𝑝𝑟𝑒𝑎𝑑

ϒ𝑠𝑝𝑟𝑒𝑎𝑑 ϒ𝑏𝑙𝑜𝑐𝑘

𝑣𝑤𝑎𝑣𝑒

𝑣𝑤𝑎𝑣𝑒(x,z,t) = ζ . ω . 𝑒−𝑘𝑧. cos(𝑘𝑥 − 𝜔𝑡)

 

𝜕𝑣𝑤𝑎𝑣𝑒  (𝑥, 𝑧, 𝑡)

𝑑𝑡
=  𝑎 (𝑥, 𝑧, 𝑡)     =  ϒ𝑠𝑝𝑟𝑒𝑎𝑑  . 𝜁 . 𝜔2 . 𝑒−𝑘𝑧 . sin(𝑘𝑠 −  𝜔𝑡)

𝐹(𝑧) = √𝑓𝑖𝑛𝑒𝑟𝑡𝑖𝑎
2 +  𝑓𝑑𝑟𝑎𝑔

2   

𝐹(𝑧)
𝑓𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑓𝑑𝑟𝑎𝑔
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𝑎
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Figure 5-5: Case study overview



- 𝐻𝑠 𝑇𝑝 𝐻𝑠 𝑇𝑧
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𝐻𝑠, 𝑇𝑧

- 



Table 9: Lumped sea states 

  



𝐹𝑠ℎ𝑒𝑎𝑟 (𝑧) =  ∫ 𝐹𝑥,𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙

𝑇𝑜𝑝

𝑧

 (𝑧) 𝑑𝑧

𝑀𝑏𝑒𝑛𝑑𝑖𝑛𝑔(𝑧) =  ∫ 𝑧 𝐹𝑥,𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙

𝑇𝑜𝑝

𝑧

 (𝑧) 𝑑𝑧 

Figure 5-6: Shear force for the different wave types



𝜎𝑚𝑎𝑥 =  
𝑀𝑚𝑎𝑥  .  𝐷𝑡𝑜𝑤𝑒𝑟

𝐼𝑡𝑜𝑤𝑒𝑟

𝐼𝑡𝑜𝑤𝑒𝑟=  
𝜋 .  (𝐷𝑜𝑢𝑡

4  −  𝐷𝑖𝑛
4 )

64

𝜎𝑚𝑎𝑥 

𝑀𝑚𝑎𝑥  

𝐷𝑡𝑜𝑤𝑒𝑟  
𝐼𝑡𝑜𝑤𝑒𝑟  

The maximum stress 
The maximum bending moment 
Diameter of the tower 
Moment of inertia 

𝑀𝑃𝑎 
𝑀𝑁𝑚 
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𝐷𝑜𝑢𝑡  
𝐷𝑖𝑛 

Outer diameter of the tower 
Inner diameter of the tower 

𝑚 
𝑚 

Figure 5-7: Bending moment for the different wave types



 

Figure 5-8: Maximum stress for different wave types



 
 
 
 
  

Figure 5-9: Stress range for each wave type



 

 

Figure 5-10: Flowchart for implementing DAF



𝜔𝑛

𝜔𝑛 =  √
𝐾

𝑀

𝐾  
𝑀 

𝑘 =  
𝑞0

𝑑

𝑣𝑚𝑎𝑥

𝑑 =  
11 .  𝑞0 .  𝐿𝑏

4

120 .  𝐸 .  𝐼 
+  𝐿𝑎 . tan (

𝑞0 .  𝐿𝑏
3

8 .  𝐸 .  𝐼
 )



𝑑𝑏 =  
−𝑞0 .  𝐿𝑏

4

8 .  𝐸.  𝐼
−  

−𝑞0 .  𝐿𝑏
4

30 .  𝐸.  𝐼
=  

11 .  𝑞0 .  𝐿𝑏
4

120 .  𝐸.  𝐼

 

Figure 5-11: Euler-Bernoulli beam



𝜃𝑠𝑒𝑎,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =   
−𝑞0 .  𝐿𝑏

3

6 .  𝐸.  𝐼
−  

−𝑞0 .  𝐿𝑏
3

24 .  𝐸.  𝐼
=  

𝑞0 .  𝐿𝑏
3

8 .  𝐸.  𝐼

𝑑𝑎 =  𝐿𝑎 . tan(
𝑞0 .  𝐿𝑏

3

8 .  𝐸 .  𝐼
)

𝑑 =  𝑑𝑏 +  𝑑𝑎 =   
11 .  𝑞

0
 .  𝐿𝑏

4

120 .  𝐸 .  𝐼 
+  𝐿𝑎 . tan (

𝑞
0

 .  𝐿𝑏
3

8 .  𝐸 .  𝐼
 )

𝑘 

tan(𝑥) = 𝑥   𝑓𝑜𝑟 𝑥 ≪ 1

𝑑 =
11 .  𝑞

0
 .  𝐿𝑏

4

120 .  𝐸 .  𝐼 
+  𝐿𝑎 .

𝑞
0

 .  𝐿𝑏
3

8 .  𝐸 .  𝐼



𝑘 =  
𝑞0

𝑑
= (

11 .  𝑞0 .  𝐿𝑏
4

120 .  𝐸 .  𝐼 
+ 𝐿𝑎 .

𝑞0 .  𝐿𝑏
3

8 .  𝐸 .  𝐼
)

−1

𝑘 𝑀

𝜔𝑛

𝜔𝑛 =  √
𝐾

𝑀
=  1.73 𝑟𝑎𝑑/𝑠

𝐷𝐴𝐹 =  √{[1 − (
𝜔

𝜔𝑛
)

2

]

2

+ (
2 . 𝜁𝑡  .  𝜔

𝜔𝑛
)

2

}

−1

𝜁𝑡

𝜁𝑡 =  𝜁𝑠 +  𝜁𝑎 +  𝜁𝑠𝑜𝑖𝑙 +  𝜁ℎ

𝜁𝑠 = 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑑𝑎𝑚𝑝𝑖𝑛𝑔
𝜁𝑎 = 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑑𝑎𝑚𝑝𝑖𝑛𝑔
𝜁𝑠𝑜𝑖𝑙 = 𝑠𝑜𝑖𝑙 𝑑𝑎𝑚𝑝𝑖𝑛𝑔
𝜁ℎ = ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑑𝑎𝑚𝑝𝑖𝑛𝑔



 

Figure 5-13: Maximum stress with DAF

Figure 5-12: DAF with 4% damping



 

Figure 5-14: Stress ranges with DAF



 

𝛥𝜎

𝑛 𝑖

𝑛 𝑖

Figure 5-15: Deterministic fatigue approach
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𝑖=1
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Figure 5-16: Yearly fatigue damage
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 Figure 5-17: Deterministic fatigue reassessment with new data
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Figure 5-18: Maximum stress reassessment 1



 

Figure 5-20: Stress range reassessment 1

Figure 5-19: Yearly fatigue damage after reassessment 1
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Figure 5-21: Maximum stress reassessment 2



 

Figure 5-22: Stress range reassessment 2

Figure 5-23: Yearly fatigue damage after reassessment 2



 

 

  

 

  

 

 

 

 

 

Figure 5-24: Deterministic fatigue damage after reassessment



 

 

Figure 5-25: Probabilistic fatigue approach



𝑋𝑀𝑖𝑛𝑒𝑟′𝑠  − 𝐷

𝐷 = ∑
𝑛 𝑖

𝑁𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒,𝑖

30

𝑖=1

log 𝑁𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒,𝑖 = log ā − 𝑚 log 𝛥𝜎

𝑁𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒,𝑖 =   
ā

𝛥𝜎𝑖
𝑚

𝐷 =
1

ā
∑ 𝑛𝑖 𝑥 𝛥𝜎𝑖
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∆𝜎 𝑖 = 𝜒1𝜒2….𝜒𝑛 ∙ ∆𝜎0,𝑖

𝐺 = 𝑋𝑚𝑖𝑛𝑒𝑟′𝑠  −  
𝜒1

𝑚𝜒2
𝑚 … . . 𝜒𝑛

𝑚

ā
 ∑ 𝑛𝑖 . ∆𝜎0,𝑖

𝑚

𝐺 
𝑋𝑀𝑖𝑛𝑒𝑟′𝑠 

𝐷 

Fatigue limit state function 
Resistance → Miner’s rule  
Load → fatigue damage 



Table 10: Probabilistic calculation parameters 

𝑋𝑀𝑖𝑛𝑒𝑟′𝑠

𝜒𝑙𝑜𝑎𝑑 

𝜒𝑝𝑒𝑎𝑘 𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔

𝜒𝑙𝑜𝑤𝑐𝑦𝑐𝑙𝑒 

ā 

𝑛𝑖  

∆𝜎𝑅0,𝑖 
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Figure 5-26: Probabilistic calculations results of the initial case



Table 11: Probabilistic calculation results of the initial case 

Initial case   

Year Cumulative prob. of failure  yearly prob. of failure  

1 4,74E-71 4,74E-71 

2 2,11E-46 2,11E-46 

3 4,96E-35 4,96E-35 

4 3,36E-28 3,36E-28 

5 1,47E-23 1,47E-23 

6 3,58E-20 3,58E-20 

7 1,41E-17 1,40E-17 

8 1,60E-15 1,59E-15 

9 7,53E-14 7,37E-14 

10 1,84E-12 1,76E-12 

11 2,72E-11 2,53E-11 

12 2,71E-10 2,44E-10 

13 1,98E-09 1,71E-09 

14 1,12E-08 9,19E-09 

15 5,18E-08 4,06E-08 

16 1,97E-07 1,45E-07 

17 6,53E-07 4,56E-07 

18 1,91E-06 1,26E-06 

19 5,01E-06 3,10E-06 

20 1,20E-05 6,96E-06 

21 2,64E-05 1,44E-05 

22 5,42E-05 2,78E-05 

23 1,04E-04 5,02E-05 

24 1,90E-04 8,59E-05 

25 3,30E-04 1,40E-04 

26 5,48E-04 2,18E-04 

27 8,73E-04 3,26E-04 

28 1,35E-03 4,72E-04 

29 2,00E-03 6,59E-04 

30 2,90E-03  



Table 12: Probabilistic calculation results +5% wave height 

+5% wave height   

Year Cumulative prob. of failure  yearly prob. of failure  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 
 

7,95E-61 

9,58E-39 

1,03E-28 

9,25E-23 

9,27E-19 

7,25E-16 
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Figure 5-27: Probabilistic calculations results +5% wave height
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Figure 5-28: Probabilistic calculations results -5% wave height



Table 13: Probabilistic calculation results -5% wave height 

Wave height -5%   

   

Year Cumulative prob. of failure  yearly prob. of failure  

1 3,90E-81 3,90E-81 

2 4,53E-54 4,53E-54 

3 1,98E-41 1,98E-41 

4 9,18E-34 9,18E-34 

5 1,63E-28 1,63E-28 

6 1,19E-24 1,19E-24 

7 1,13E-21 1,13E-21 

8 2,68E-19 2,67E-19 

9 2,35E-17 2,33E-17 

10 9,87E-16 9,63E-16 

11 2,35E-14 2,25E-14 

12 3,57E-13 3,33E-13 

13 3,79E-12 3,44E-12 

14 3,01E-11 2,63E-11 

15 1,88E-10 1,58E-10 

16 9,59E-10 7,71E-10 

17 4,12E-09 3,16E-09 

18 1,53E-08 1,12E-08 

19 5,02E-08 3,48E-08 

20 1,47E-07 9,72E-08 

21 3,93E-07 2,46E-07 

22 9,65E-07 5,72E-07 

23 2,20E-06 1,23E-06 

24 4,70E-06 2,50E-06 

25 9,45E-06 4,76E-06 

26 1,81E-05 8,60E-06 

27 3,29E-05 1,48E-05 

28 5,74E-05 2,45E-05 

29 9,63E-05 3,90E-05 

30 1,56E-04 5,99E-05 

31 2,45E-04 8,90E-05 

32 3,74E-04 1,29E-04 

33 5,55E-04 1,81E-04 

34 8,04E-04  



𝐷𝑦𝑒𝑎𝑟 =  ∑
𝑛𝑖

𝑁𝑖
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𝑛=1

 = 0.0554 [−]

𝐷𝑦𝑒𝑎𝑟_𝑛𝑜_𝑠𝑎𝑓𝑒𝑡𝑦 =  
𝐷𝑦𝑒𝑎𝑟

𝐷𝐹𝐹
=  

𝐷15 𝑦𝑒𝑎𝑟𝑠 = 𝐷𝑦𝑒𝑎𝑟_𝑛𝑜_𝑠𝑎𝑓𝑒𝑡𝑦 ∗ 15 =  

𝐷15 𝑦𝑒𝑎𝑟𝑠_ =  
𝐷15 𝑦𝑒𝑎𝑟𝑠
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=  



 

Figure 5-29: Translation +5% case
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𝐷𝑦𝑒𝑎𝑟

𝐷𝐹𝐹
=  

𝐷15 𝑦𝑒𝑎𝑟𝑠 = 𝐷𝑦𝑒𝑎𝑟_𝑛𝑜_𝑠𝑎𝑓𝑒𝑡𝑦 ∗ 15 =  

𝐷15 𝑦𝑒𝑎𝑟𝑠_ =  
𝐷15 𝑦𝑒𝑎𝑟𝑠

9
=  



 

Figure 5-30: Translation -5% case
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Table 14: Uncertainty sources in an offshore wind turbine



 

Table 15: Methods for lifetime extension assessment according to DNVGL [19]
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Figure C-0-1: Load types acting on OWTs
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Figure C-0-2: Permanent loads acting on OWTs

Figure C-0-3: Variable functional loads of OWTs
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Figure C-0-4: Environmental loads of OWTs
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Figure D-0-5: Rainflow counting method [9]



 

Figure D-0-6: Peak counting method [9]
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𝑍 = 𝑅 − 𝑆

𝑃𝑓 = 𝑃(𝑅 − 𝑆 < 0)



 

Figure E-0-7: Joint Distribution of R and S 
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Figure E-0-8: Design values and partial factors



 
Table 16: Overview of the probabilistic levels



 

 

Table 17: Relationship between β and Pf [62] 

  

Table 18: Reliability indices (and the probability of failure in parentheses) for various consequences of failure and 

structure types [51] 
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𝑿𝑴𝒊𝒏𝒆𝒓′𝒔

λ ζ

𝜆 = ln( µ)

𝜁 =  √ln((1 + 𝛿2))

𝛿 =  
𝜎

µ

𝝌𝒍𝒐𝒂𝒅



𝝌𝒑𝒆𝒂𝒌 𝒄𝒐𝒖𝒏𝒕𝒊𝒏𝒈

𝝌𝒍𝒐𝒘𝒄𝒚𝒄𝒍𝒆
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