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1.1 ─  

 

╩ ≢ ⇔√ │ ⌐ ╣╢√╘ ꜞ◓╛

⌂≥─ ╛ ꜝfi♪ⱴכ◒ ⌂≥─

⌐ ↕╣╢ ∕╣╠─ ─ ╩ ⌐ ∆╢↓≤│ ─

⅔╟┘ ⌐⅔™≡ ≢№╢ ─ ⌐ ≠ↄ

│  [1.1-1.3] ⌐ ⌐╕≤╘╠╣≡™╢ ⌐⅔™≡│

Japanese Society of Steel Construction, JSSC ─ ─ ה  [1.4] 

⅜ ≤⇔≡ ↄ ↕╣╢  

⅜ ⌂ ─ ╩ ∆╢─│ ≢№╢√╘

│ⱱ♇♩☻ⱳ♇♩ Hot Spot Stress, HSS ╩ ⇔≡ ↕╣╢ ─

HSS ≤⇔≡ UK Den [1.5], DNV-RP-C203 [1.6] ⅜№╢⅜ ꜞ

◓ ─ ╩ √╢ ≤⇔≡™╢ ╕√ ↓╣╠─ │ ⌐

↕╣╢ 16mm ─ ⌐ ≠™≡ ╘╠╣≡⅔╡ ╛

≢ ↕╣╢ ┼─ │ ⌐│ ↕╣≡™⌂™  

⌐ ─ │ ⱬכ☻─ SN ▪ⱪ꜡כ♅ ⅜ ™╠╣

╢ ─ HSS │ HSS ≤ SN ─ ⌐ ↄ ∆╢

↓╣╠─ ─ │ ≤ ─ ─ ⌐╟╢ ⌐╟╠∏

∆╢↓≤│≢⅝⌂™ ─ ⌂™ ≢│↓─ ⅜ ≢№╢  

─ │ ▪ⱪ꜡כ♅╩ ™√ ⅝ ⌐╟∫≡╙

≢⅝╢ ⅝ ≢│ ⌐ ∂√ ⅝ ─ Stress Intensity 

Factor, SIF ─ ⅜ ⌐⌂╢ ─⅝ │ ⅝ ⌐⌂╢ ⅝ ─ SIF

│ ⇔⌂™─≢ Finite Element Method, FEM ─

Numerical Fracture Mechanics Analysis, NFMA ⌐╟╡ ∆╢ ⅜№╢

─ ─ ⅔╟┘ ◖☻♩─ ⌐╟╡ ⌐ ∆╢⅝ ╛

⅝╩ ∆╢√╘─ ⌂ ⅜ ↕╣≡⅝≡™╢ ⇔⅛⇔ ⅝ ⅜ ∆╢⌐

∫≡ ⌐ ⅜ ∆╢ ⅝ ─ SIF ╩ NFMA ⌐╟╡ ∆╢⌐│

≢│ ⇔ ™ ⌂ ⅜ ⌐⌂╢  

∫≡ ⌐⅔™≡│ HSS ╩ ™√ ⌂ ⅜ ╘╠╣╢⅜ ∕╣╠│

≤╙ ─ ╣√ ─ ™╙─≢№╢↓≤⅜ ╕⇔™  
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1.2 ─ ⌐ ∆╢ ─ ⌐≈™≡ 

 

─ │ ─ ≤⇔≡ 1970 ⅛╠ ⇔≡⅝√

1980 ⌐ ⇔√ Alexander Kielland  [1.7] │ Ɫ▬♪꜡ⱨ◊fi─Ⱪ꜠כ☻┼

─ ╡ ↑ ─ ⅝ ╩ ≤⇔√≤ ╦╣≡™╢ ↓─ ╩ ≈─ ≤⇔≡

╩ ™√ ─ ╩ ∆╢ ⅝⅜ ⌐≡ ╕╡

European Coal and Steel Community, ECSC ╛ United 

Kingdom Offshore Steels Research Project, UKORSP ≢ ⌂ ⅜ ↕╣√

↓╣╠─ ╩╙≤⌐ ╛ ⅜ ה ╩ ⇔√ ⅎ┌ 1984

⌐ ◄Ⱡꜟ◑כ ⅜  “Background to new fatigue design guidance for steel 

welded joints in offshore structures” UK Den [1.5] ⌐⅔™≡ ╩ ⇔√

↓╣╠─ ה │ ≤⇔≡ ≢─ ⌐ ≠™≡ ↕╣√ ⅎ┌ UK 

Den ─ │ T │ 457mm, │ 16mm ≤ │

914mm, │ 32mm ─⸗♇◒▪♇ⱪ ⌐╟╡ ↕╣√ ↓╣╠─ ה

≢│ ≢ ⅜ ∂╢ ⅜№∫√ ⅎ┌ UK Den ≢│ ⌐ ∂≡

─ SN ╩ ™ ↑╢⅜ ⅜ ─ ╩ ⇔√√╘ ⌐

∆╢ ⌐≥─ SN ╩ ⅎ┌ ™─⅛ ⌂ ⅜№∫√  

⌐⅔™≡│ 1986 1990 ╕≢─ 5 202

SR202  [1.8] ⌐⅔™≡ ⌂ ┘ ─ ─ ╩ ≤⇔

√ ⅜ ↕╣√ SR202 ≢│ 3 Ⱪꜝ◔♇♩⸗♦ꜟ ☻♥▫ⱨ♫⸗♦ꜟ

♄ⱩꜝכⱤ♇♪⸗♦ꜟ ⌐≈™≡ ≤ ─ ™ ⌐≈™≡

╩ ∫√ ╕√ ─ ≤⇔≡ T │ 914.4mm, │

31.8mm X │ 500mm, │ 22mm ╩ ⇔ ╩ ⇔≡

⅝ ┘ ╩ ⇔√ │ UK Den [1.5] ─♦

ↄ╟≥♃כ ⇔≡⅔╡ UK Den ─ ─ ╩ ⇔≡™╢  

⌂⅔ SR202 [1.8] ≢│↓╣╠ ⱬכ☻ ⌐ ⅎ≡ ─

─ ⌂≥⌐≈™≡ ⅜⌂↕╣≡⅔╡ ⌐⅔™≡ ⌂ ≤ ⅎ╢

─ ≤ NFMA ─ ─√╘ ⅝ │ ≢⅝∏

≢╙ⱦכ♅ⱴכ◒ ⌐╟╢⅝ │ ╦╣⌂⅛∫√  

⌐ │ ─ ⌐╟╡ ↕╣≡⅔╡ ∕╣∙╣─ │ ⌐╟

╡ ↕╣≡™╢ ↓─╟℮⌂ │ ⅛╠⌂╢ ⌂ ╩ ∟

─ ⅜ ≢ ⌂ ╩ ∂╢ ⌂ ≢
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╩ ∆╢─│ ⌂─≢ │ HSS ≢ ↕╣╢ ─ HSS ≤⇔

≡│ UK Den [1.5], DNV-RP-C203 [1.6] ⅜ ≢№╢  

≢│ HSS ╩Ɽꜝⱷ♩ꜞ♇◒⌐ ╘╢√╘⌐ ₁⌂ ⅜ ╦╣≡⅝√ Kuang 

et al. [1.9] │ ◦▼ꜟ ⌐╟╢ FE ⌐ ≠™≡ T/Y, K ⅔╟┘ KT ─

Stress Concentration Factor, SCF ╩ ∆╢√╘─Ɽꜝⱷ♩ꜞ♇◒ ╩

⇔√ ◦▼ꜟ ⌐╟╢⸗♦ꜟ ─√╘ ⱪ꜡ⱨ□▬ꜟ│ ↕╣≡⅔╠∏ │

⌂⇔⌐ ╘╠╣≡™√ ↓─ │ SCF ─ ⌐≈⌂⅜∫√ Wordsworth ≤

Smedley [1.10] ⅔╟┘ Wordsworth [1.11] │ ─▪◒ꜞꜟ⸗♦ꜟ ╩ ™≡ T/Y, 

X, K ⅔╟┘ KT ─ ╩ ⇔√ ≢│ ⱪ꜡ⱨ□▬ꜟ╩⸗♦ꜟ ∑∏

╩☺כ◕╖∏└│ ⇔≡ ╦╣√ Wordsworth ≤ Smedley [1.10] │

→⅔╟┘ →─ ≢ ⌂ T/Y ⅔╟┘ X ─ SCF ╩ ⇔√ ↓╣╠

─ │ ─◘♪ꜟ≤◒ꜝ►fi─ ─╖╩◌Ᵽכ⇔ ⌐≈™≡─ │ ╕

╣⌂⅛∫√ Efthymiou ≤ Durkin [1.12] │ FEM ╩ ™≡ T/Y ⅔╟┘ K ─ SCF

╩ ⇔√ Efthymiou [1.13] │ ⌐ ⌂ ≢│⌂ↄ ⌐ ≠

™≡ T/Y, X, K, KT ─ SCF ╩ ∆╢Ɽꜝⱷ♩ꜞ♇◒ ╩ ⇔√ ↓─ │

≤ ─ ≢─ SCF ╩ ╘ ─ │ ↕╣⌂⅛∫√ ∕─

≢ Efthymiou [1.13] │ ◘♪ꜟ ─ SCF │ ™ ⌐⅔™≡ ╠⅛ ∆╢↓≤╩

⇔√ ↓╣│ ─ ╕√│ ⌐ ↕╣√↓≤⌐╟╢ ⌐╟╡

─ ⅜ ↕╣╢↓≤⌐ ∆╢  Efthymiou ⅜ ⇔√ │ 1 ≈─ ≤

1 ≈─ ⇔√ ╩ ⅎ√ K ─ → ≢─ ─ SCF ╩ ∆

╢↓≤⅜ ⅛∫≡™╢ ↓╣│ ⅜ ◑ꜗ♇ⱪ ╡─ K ╟╡╙ ♇ꜝכⱣכ○⅜

ⱪ⇔≡™╢◑ꜗ♇ⱪ ⇔─ K ╩ ⇔≡ ↕╣√↓≤⌐╟╢ ↓╣╠─ │ FEM

⌐╟╢ ☻כⱬ♃כ♦─ ⌐ ≠™≡ ↕╣√⅜ ↓╣╠─ ╩ ∆╢

SCF ─ │ ─ ≢╙ ↕╣√ ⇔⅛⇔⌂⅜╠ ╙↓╣╠─ │

─ ⌐⅔™≡ ↄ ™╠╣≡™╢ Efthymiou [1.13] ⌐╟∫≡ ↕╣√ SCF

│ American Petroleum Institute [1.14] ⌐ ↕╣≡™╢ ꜡▬♪ ─ Smedley ≤

Fisher [1.16] │ 69 ─▪◒ꜞꜟ╛ ─ ≢ ╦╣√ ⌐ ≠™≡ ─Ɽꜝ

ⱷ♩ꜞ♇◒ ╩ ⇔√ ↓╣╠─ │◒ꜝ►fi≤◘♪ꜟ ─ SCF ─╖⌐ ⇔

─ SCF ╩ ⇔≡™⌂™ Efthymiou [1.13] ⌐╟∫≡ ↕╣√

↕─ ╩ ⇔≡™╢ Morgan ≤ Lee [1.16-1.18] │ ₁⌂ K ⌐ ⇔≡

⅔╟┘ ≢─ SCF ╩ ⇔√ ≤▪◒ꜞꜟ ─ ⅛╠

⇔√ SCF ╩ ∆╢≤ │ Efthymiou [1.13]≤ Lloyd ─  [1.15]╟╡╙ ╣≡™

╢ ⅔╟┘ 0° 45° 90° 135°⅔╟┘ 180° ─ ≢─ SCF ⅔╟┘
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→ Degree of Bending, DOB ─Ɽꜝⱷ♩ꜞ♇◒ ⅜ ↕╣≡™╢  

↓─╟℮⌐ ─ HSS ╩ ⌐ ╘╢√╘─Ɽꜝⱷ♩ꜞ♇◒ ⌐ ∆╢ │

╦╣≡⅝√ ⇔⅛⇔ ↓╣╠│ ┘ ─ ⌂

≥ ⌐ ∆╢ ⅜ ↄ SCF ─⅔⅔╟∕─ ╩ ╢√╘⌐│ ≤ ⅎ╠╣╢⅜

╩ ™√ ─ ─ │ ╟╡ ≢№╢↓≤ ─ ─

┘ ◖☻♩ ⌐╟╡FEM╩ ™≡HSS╩ ╘╢↓≤⅜ ⌐⌂∫√↓≤⌂≥⅛╠

╩ ╘╢ │ FEM ⸗♦ꜟ╩ ™√ ⌐ ⅜№╢  

 

1.3 ─ ⌐ ∆╢ ▪ⱪ꜡כ♅─ ─ ⌐≈™

≡  

 

─ ⌐│ SN ▪ⱪ꜡כ♅⌐ ╦╡ ▪ⱪ꜡כ♅╩ ™√

⅝ Fatigue Crack Propagation Analysis, FCP ╩ ∆╢↓≤╙≢⅝╢

─ ╡ │ ⅛╠⌂╢ ⌂ ╩ ∟ ─ │

⌐ ⌐⌂╢ ⌐│ ╛ ⅜ ⌂⅛╠∏ ⇔ ⇔ ⌐╟╡∕

╣╠─ ╩ ≤⇔≡ ⅝ ⅜ ∆╢ ⅜№╢↓≤⅜ ╠╣≡™╢

⌐ ⇔√ ⅝ │ ⅝ ⅔╟┘ ⅝ ↕

⌐ ∆╢ ∕─ ⅝ ⅔╟┘ ↕ ⌐ ⌂ ╩ ∆╢⅝  

doubly-curved surface  ⅜ ↕╣╢ [1.19] ↕╠⌐⅝ ⅜ ∆╢≤ ∕─ ⅝

│ ⌐ ╩ ⇔ ⅝ ≤⌂╢ ↓─╟℮⌂ ⌂ ╩ ∆╢

⅝ ╩ ╗ ─⅝ ╩ ∆╢⌐│ ≢№╢⅝ ╩ ╗

─ ⌂⸗♦ꜟ ⅜ ≤⌂╢  

⌐↓─╟℮⌂ ⌐ ⇔≡ ⇔√ ≤⇔≡ ⅎ┌  [1.20-1.29] ⅜ →╠╣

╢ ↓╣╠─ ─ ↄ│ ╩ ╗ ─ FEM ⸗♦ꜟ╩ ⇔ NFMA ─

╩ ∫√ ≢№╢ ⇔⅛⇔⌂⅜╠ ∕─ ↄ│ ╛⅝ ╩ ⌐

⇔√⸗♦ꜟ╩ ™√╙─≢№╢  

─ ─ ⅔╟┘ ◖☻♩─ ⌐╟╡ ╛ ⌐ ∆╢

⅝ ╛ ⅝╩ ∆╢√╘─ ⌂ ⅜ ↕╣≡⅝≡™╢ [1.30-1.35] ∕

─ ≢╙ ╩ ™√ FEM ⸗♦ꜟ│ ─ ≢№╢ T ─╟℮⌂

─ ⌐╟╢ ⅝ ╩ ℮─⌐ ⇔≡™╢ ⌐⅔™

≡ ⅝ ╩ ╗ ─ ⅔╟┘ ╩ ℮ ╩ ™╢╙

─⅜ ≢№∫√ [1.36-1.38] ⇔⅛⇔⌂⅜╠ ─╟℮⌐ ⌂ ╩ ≈

⌐⅔™≡│ ⌐ ⅜№╢  
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∕↓≢ ≢│ ╩ ™√ ╙ ↕╣≡⅝≡™╢ [1.39-1.45] ╠ 

[1.48] │ ⌐ ⇔√ ⅝ Virtual Crack Closure-Integral 

Method, VCCM ╩ ⇔ ≢ ╠╣√ SIF │ ⌐ ⌂ ╩ ╢

↓≤⅜≢⅝╢↓≤╩ ⇔≡™╢ ↓╣╕≢⌐ ≤⇔≡ ⅝ ╩ ∆╢ FCP

[1.46] ⅝ ╩ ╗  [1.47]  [1.48] T ∑  [1.49] 

⅔╟┘  [1.50] ⌂≥┼─ ╩ ⌂∫≡⅝√ ╩ ™√⸗♦ꜟ ≢│

⅝ ⌐ ⇔≡ ⌂ ≤∆╢↓≤⅜ ╕⇔™  [1.45-1.47] ≢│

⌐ ╩ ⌂℮ ╩ ⇔ ╩ ∆╢↓≤⌂ↄ⅝ ╩ ╗ ─⸗

♦ꜟ╩ ⌂ ╩ ⇔≡™╢  

 

1.4 ─ ⌐ ∆╢ ▪ⱪ꜡כ♅─ ─ ⌐≈™

≡ Mk factor  

 

FEM ⸗♦ꜟ╩ ™√ ⌐╟╢ FCP │ ⅜ ™√╘ SIF ╩

 “Mk factor” ╩ ™≡ ╘≡ ⌐ FCP ╩ ℮ ⅜ ↕╣≡™╢ Mk 

factor │ Maddox [1.51] ⌐╟∫≡ꜞⱩ⅜ ↑╠╣√ ─ ⅝ ─ SIF ≤⇔≡

↕╣√ ™≡ Bowness ≤ Lee [1.52] ⅜ T ─ ⌐ ⇔√

⅝ ─ SIF ┼ ⇔ Lee ≤ Bowness [1.53]⅜ T ─ ⌐ ∂√

⅝ ─ SIF ╩ ⇔√ ↓─ │ [1.52] ╩ ─ ─ ╩

⇔≡ ⇔√╙─≢№╢  

T ⌐ ∆╢ Mk factor ─ ≢│ ⅝ ⌐⅔↑╢ SCF ≤ DOB ─

⅜ ≤⌂╢ Lee ≤ Bowness [1.53] │ Efthymiou [1.13] ─ HSS ⌐╟

╡ ⇔√ SCF ┘ DOB ╩ SIF ─ Mk factor ⅜ NFMA ⌐ ∆╢╟℮ ∆╢↓

≤╩ ⇔√ Efthymiou [1.13] ─ HSS │ ⱦכ♪╩⸗♦ꜟ ⇔⌂™◦▼ꜟ FE ⌐

≠™≡⅔╡ ⸗♦ꜟ ╩ ╗ ↓─√╘ Lee ≤ Bowness [1.53] ─ SCF ┘ DOB

─ │ ↕╣≡™╢ Mk factor ─ ⅝ ⌐⅔↑╢ │

─ ⌐╟╢ FCP ⅔╟┘ ─ ≤ ⇔≡ ↕╣╢═⅝≢

№╢⅜ Lee ≤ Bowness [1.53] ≢│ ⇔√ ≢─ SIF ─ NFMA ≤ Mk factor

─ ⇔⅛ ╦╣≡™⌂™  

SCF ┘ DOB ⌐ ∆╢ │ ⌐╟╢ ⅜ ⌐ ╦╣√

╕√│ FE ⌐ ≠ↄ HSS ╩ ⇔≡ SCF ┘ DOB ─ ╩ ⌐∆╢↓

≤≢ ↕╣╢≤ ≢⅝╢ SCF ┘ DOB ─ ⅜ ⌂ SIF ─ Mk factor NFMAה

─ ⅜ ™ HSS │ FCP ⌐ ⇔√ ╩ ⅎ╢ ⅝ │⅝
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─ ─ ≢№╢⅛╠ ↓─ │ ⌐╙ ⇔≡™╢

⅜ ™ ╟∫≡ SIF ─ Mk factor NFMAה ─ │

─ ⌐ ≠™≡ ╘╠╣√ ╩ ⌐ ∆╢↓≤─

╩ ∆╢√╘─ ⌐⌂╢≤ ⅎ╠╣╢  

FEM ⌐ ≠ↄ HSS │ ∕─ ↕⅛╠ↄ╢ ─ HSS ─ ╩

↕∑╢ ╕√ Mk factor │ ╩ ⌐ ≢⅝╢√╘ ◖☻♩─ ╩

≢⅝╢ ↓─ 2 ≈─ ╖ ╦∑⌐╟╢ ╩ ∆╢↓≤≢ ⌂

⅜ ⌐⅔™≡ ≤⌂╢  

 

1.5 ─ ≤ ─  

 

│ ⌐ ⌂ ─ ⅛≈ ⌂

─ ╩ ≤⇔ ↓─ ⌐╟∫≡ ↕╣╢ SCF │ ─ ⅜ ∆╢

HSS ─ ╩ ∆╢ ⌐╙ ≢⅝╢  

╕∏ ⌐ ∆╢ ⅝ ─⅝ ⌐≈™≡ ꜞ◓

≤ ⇔≡ ⅜ ™ T ╩ ™≡ ╩ ™ ╛

⅝ ╩ ⇔√ ⌐ ╟╡ ╠╣√ ≤⅝ ╩ⱬfi

♅ⱴכ◒ ≤⇔≡ ╩ⱬכ☻≤⇔√ FCP ╩ ™√ ⌐╟╡

⅝ ╛ ─ ╩ ╖√ ⌐╟╢ FCP │

FE ⸗♦ꜟ╩ ⇔ VCCM ╩ ™≡ ∆╢  

™≡ T ─ ⌐ ∂√ ⅝ ─ SIF ─  “Mk factor” ╩

™≡ ⅝ ⌐⅔↑╢ SIF ╩ ╘ ⅝ ─ ╩ ╖√ Lee ≤ Bowness 

[1.53] ⅜ ⇔√ T ─ Mk factor ─ ≢│ ⅝ ⌐⅔↑╢ SCF ≤ DOB

─ ⅜ ≢№╢ ↓╣╠│ ⌂ ⅜⌂↕╣≡™╢ ⱬכ☻─ HSS

UK Den 2ה  [1.5] DNV-RP-C203  [1.6] IIW 2ה  

[1.54] ⅛╠ ∆╢ ╠╣√Ɽꜝⱷכ♃╩ Mk factor ⌐ ™≡ SIF ╩ ⇔ Mk-

FCP ╩ ∆╢   

HSS ⌐ ≠ↄ Mk factor ⌐╟╢ FCP ─ ╩ ⌐╟╢ FCP

⅔╟┘ ≤ ⇔≡ Mk factor ─ SCF ┘ DOB ≢ ∆╢ HSS

─ ⌐≈™≡ ∂╢ ↕╠⌐ ─ ≢ ∆╢ HSS

─ ┼─ ╩ ∆╢ ≤⇔≡ SIF ─ Mk factor NFMAה

─ ╩ ™╢↓≤╩ ∆╢  
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│ ⌐ ∆╢ ≈─ ⌐╟╡ ↕╣≡™╢  

 

1 ≢│ ╩ ∆╢⌐ ∫√ ╩ ⇔√ ─ ⌐

∆╢ ─ ╩ ∆╢≤ ⌐ ╩ ⇔ ─ ≤ ─ ⌐≈™≡

╙ ∆╢  

 

2 ≢│ ─ ⌐╟╢ ⅝ ≤ Mk factor ⌐╟╢ ⅝

─ ─√╘ ╩ ™≡ ⇔√ T ─

⌐≈™≡ ∆╢ ≈─ ─℮∟ ⌐≈™≡│ ⅝ ה ⌐ ⅎ≡

ⱦכ♅ⱴכ◒ ╩ ⇔⅝ ≤ ─ ╩ ℮  

 

3 ≢│  ╩ ™≡ FEM ⸗♦ꜟ╩ ⇔ VCCM ╩ ™√

⌐╟╢ ⅝ ╩ ∆╢ ╠╣√⅝ ≤⅝ ⌐≈™≡

≤─ ╩ ⌂™ ⌂ ╩ ∆╢⅝ ╩ ∆╢ ↕╠⌐⅝

≤◘▬◒ꜟ ─ ╩ ℮  

 

4 ≢│  Mk factor ╩ ™≡ ⌂ ⅝ ╩ ╖╢

┘ ⌐╟╢ ⅝ ≤─ ╩ ∫≡ ⌂ Mk factor ⌐╟╢

⅝ ⌐≈™≡ ╩ ℮ ⱱ♇♩☻ⱳ♇♩ ⌐╟╢

─ Mk factor ≤ ╩ ∆╢↓≤⌐╟╡ T ⌐ ∆╢

─ ⌐≈™≡ ╩ ℮  

 

⌐ 5 ≢│ ≢ ╠╣√ ╩ ╡╕≤╘╢≤ ⌐ ⌐ ⇔√

─ ╩ ∆  
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2  T ─  

 

 

2.1  

 

≢│ ∕─ ─ ─ⱬfi♅ⱴכ◒ ≤∆═ↄ ⇔√ T ─

≤∕─ ⌐≈™≡ ═╢ ╕∏ ⌐ ™√ ≤∕─ ⌐≈™≡ ═ ™

≡ ⌐≈™≡ ∆╢ │ ─ ⌐ ⇔≡ ⇔ ™∏╣╙ ◘♪ꜟ

╩ ≤⇔√ ⅜ ∂√ ⅝ Nc Np ─ ⌐

ⅎ ⱦכ♅ⱴכ◒╩ ⇔ ⅝ ─ ╩ ∫√ ≢

↕╣√ ─ ≤─ ╩ ∫≡ ─ ╩ ⇔√ ─

⌐ ⌐ ™╠╣╢ ה ─ SN ╩ ™≡ ╩ ⇔

ה ⅜ ∆╢ ─ ⌐≈™≡╙ ⇔√  

 

2.2  

 

T ─ ╩ ⇔√ Fig. 2.1 ⌐ ─ ה ╩ ∆  

 

 

Fig. 2.1 Tubular T-joint specimen. 
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─ ה │ dC=406.4mm, tC=12.7mm ─ ה │ dB=139.7mm, 

tB=5.0mm ≢№╡ │ ꜞ◓ ─ ╟╡ ⌐ ™ ≤ │

⌐ ⇔ │ ≡ ╩ ™≡ ≢ ⇔√ ⌐

Ultrasonic Testing, UT ┘ Magnetic Particle Testing, MT ⌐╟

╢ ╩ ⌂™ ⌐ ⅝⌂ ⅜ ™↓≤╩ ⇔≡™╢ ─ │ ⅝

─ ╩◄▪ ╣≢ ≢⅝╢╟℮ ≢ ⇔√ Fig. 2.2 ⌐ ╩ ∆  

 

 

Fig. 2.2 Fatigue testing apparatus. 

 

╩ ⇔≡ ⌐ ╡ R=0.05 ⇔ ╩ ∆

╢ ─ │ ⌐ ∆ ╩ ⇔√≤↓╤ ◘♪ꜟ ─

⌐ ⅝ ⅜ ⇔ ⌐ ∫≡ ⇔√ ⌐ ⌐ ∫√ ≢ ◘

♪ꜟ ╩ Hot spot ≤╟┬ Fig. 2.1 ─ ╩ North side ╩ South 

side ≤╟┬ │  r ⅜ 3mm ⌐⌂╢╟℮ ╩◓ꜝ▬fi♄ →⇔

√  

▪ꜞꜝ♩☻כ○│ AS/NZS1163 [2.1] ≢ ⇔√ ─

⅔╟┘ ╩ Table 2.1 ⌐ ∆ ≤ │ ╖ FCAW Ɽ☻ 9

⌐╟╡ ⇔√ │▪ⱷꜞ◌ AWS A5.20 [2.2] ⌐ ⇔√ E71T-1M 

H8 ꞉▬ꜘ 1.2mm ╩ ⇔√ Ɽ☻─ │ 0.4~1.9 kJ/mm ≢№∫√  
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Table 2.1 Mechanical properties and chemical components of the steel. 

L0-Gauge length; S0-Original cross-sectional area; LT-Longitudinal tensile; ChL-Longitudinal charpy impact test 

Carbon equivalent; If%C 0.12 CE(IIW)=C+Mn/6+(Cr+Mo+V)/5+(Ni+Cu)/15 

Carbon equivalent; If%C֔0.12 CE(Pcm)=C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+5B 

 

 

⌐ ∟◦▼ꜟ ╩ ™√ FEM ⸗♦ꜟ╩ ⇔ ╩ ⇔≡

⌐ ╡ ╩ ⌐ ⇔≡ ╩ ⇔√ ⸗♦ꜟ ┘ ╩ Fig. 2.3

⌐ ∆ ─ ◘♪ꜟ ⌐ ⅜ ↕╣ ⌐⅔™≡ ◘♪ꜟ ⌐⅝

⅜ ∆╢≤ ↕╣√  

Fig. 2.3 Shell model and stress (Von-Mises) distribution. 

 

≢ ╡ ⇔ ─ ╩ Pmax ≤ ↄ ─ Pmax=170kN

120kN R=0.05 ≤◘♪ꜟ  r ─ ╩ Table 2.2 ⌐ ◘♪ꜟ ─

╩ Fig. 2.4 2.6 ⌐ ∆ │◦ꜞ◖fi◗ⱶ KE12 ╩

∫≡ ╡⇔ ⅝ ⌐≡ ⇔≡ ╩ ∫√ │ ⅝

╩ 1.0×105 5.0×105 ≤⇔≡ DNV-RP-C203 [2.3] ─ ⌐╟╢

Test freq 
Test 

sample 

Heat 

treatment 

Yield Str.

MPa

Tensile Str.

MPa
%Elongation

%Elongation 

L0=5.65 S0 

Absorbed 

Energy (J) 

Shear 

Area % 

Heat ChL Aged     387 100 

Heat&Batch LT Aged 410 500 34 32   

%C %Mn %P %S %Cr %Nb %Cu %Mo %Ni %Si %Ti %V %Al %Sn %B CE(IIW) CE(Pcm)

0.86 0.630 0.10 .003 .017 .021 .017 .002 .020 .140 .011 <.003 .033 <.002 <.0003 .19 .12 
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⅛╠ ⇔≡ ⇔√  

 

Table 2.2  Loading conditions and weld dimensions. 

Test ID (Specimen) Pmax (kN  R r (mm) 

T1 (1) 170 0.05 3.0 

T2 (2) 140 0.05 6.0 

T3-1 (3) 120 0.05 11.0 

T3-2 (3) 140 0.05 11.0 

 

 

 

Fig. 2.4 Weld profiles of the saddle part in specimen1 (T1), r=3mm. 
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Fig. 2.5 Weld profiles of the saddle part in specimen2 (T2), r=6mm. 

 

  

Fig. 2.6 Weld profiles of the saddle part in specimen3 (T3-2), r=11mm. 
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2.3 ⅔╟┘  

 

⌐│ 200kN ─♦☺♃ꜟ Ⱳכ◘ ╩ ⇔√

╩ ╩ ⇔≡ ⌐ ⇔ ─ ⌐ ─ ╡ ╩

R=0.05 ≢ ⇔√ ⇔√⅝ ⌐ 2.5×105 ⌐ ⇔ ⌐ ─ ⅝™

106╩ ─ ≤╖⌂⇔ Run-out ≤⇔√  

3 ╩ ≢ ∆╢ │ Table 2.2 ⌐ ∆ T1, T2, T3-1, T3-2 ─ 4 ⌐☻כ◔

≈™≡ ⇔√ T1, T2, T3-1 │ 1, 2, 3 ─ ⌂⇔ 1 ╩

™≡ ⇔√ T3-2 │ T3-1 ≢ Run-out ⇔√ ⌐ T3-1 ╟╡ ⅝⌂ ╩ ⇔≡

⇔√ ─ Pmax╩ Table 2.2 ⌐ ∆  

─ ╩ ☺כ◕ FXV-1-11-5LT ☺כ◕ ↕ 1mm  

FLA-3-11—5LT ☺כ◕ ↕ 3mm ⌐╟╡ ⇔√ ╠╣√ ╖⌐ꜘfi◓ E ╩ ∂≡

╩ ╘√ │☺כ◕ North side, South side ─ Hot spot ─ ה

⌐ Fig. 2.7 ⌐ ∆╟℮⌐ ⌐ ⇔√  

 

Fig. 2.7 Strain gauge arrangement on joint. 

 

│ Hot spot ─ ╩ ≢ ⇔ ⅝ ⅜ ↕╣≡

⌐ Penetrant Testing, PT ⌐╟╡⅝ ╩ ⇔√ T2, T3-2 ≢

│ ⅝ ⅜ 5~10mm ⇔√ ◘▬◒ꜟ≢ 20,000 ◘▬◒ꜟ─ Pmax ╩ ⇔

≡ R ╩ 0.5 ⌐ ↕∑≡ⱦכ♅ⱴכ◒╩ ⇔ ⌐ ╩ ⇔√

≢ N, Nc, Np ╩ ⅝ ≤∆╢ Nc │ ≢ ╘

≡⅝ ⅜ ↕╣√ N ≢ Np │ ⌐⇔√ ─ ╩ ⌐ ⇔≡

╩ ⇔ ⌐ ∂╢ ─ ╩ ∆╢↓≤≢ ⇔√  
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2.4 ─ ≤⅝  

 

Fig.2.8 ⌐ ∆ ה ◘♪ꜟ ─ ה ─ ⌐ ∆╢

◘♪ꜟ╩ ╢ ≤ ─ ─ ─ ╩sn≤⅛ↄ 1, 2, 3 ≢

╡╟⌐☺כ◕ ⇔√ ⌐⅔↑╢ ⅛╠─ ≤sn ─ ╩

Fig. 2.9 2.11 ⌐ ∆ ◓ꜝⱨ ─ N ≤ S │ Fig.2.1 ⌐ ∆ North side ≤ South side ╩

∆ ≢│ sn⅜ ⌐ ≠ↄ⌐≈╣≡ ∆╢↓≤ ⅔╟┘ ╟╡ ─ ⅜ sn⅜

⅝™↓≤⅜ ↕╣≡™╢   

 

Fig. 2.8 Direction of surface stress distribution. 

 

 

Fig. 2.9 Measured surface stress distributions in the saddle part of specimen1 (T1) 

(S: south-side, N: north-side). 
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Fig. 2.10 Measured surface stress distributions in the saddle part of specimen2 (T2) 

(S: south-side, N: north-side). 

 

 

Fig. 2.11 Measured surface stress distributions in the saddle part of specimen3 (T3-2) 

(S: south-side, N: north-side . 
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≢ a, 2c ╩⅝ ─ ↕ ↕≤∆╢ ─ ╩ Fig. 2.1 ─ north

╩ 12 south ╩ 6 ≤∆╢ ≢ ∆ ⇔ ╩ N ≤ ↄ  

Table 2.3 ⌐ ≢ ↕╣√ Nc, Np ╩ ∆ N=106≢ Run-out ⇔√ T3-1 ╩

ↄ ≡─ ≢ sn ⅜ ╩ ⇔√◘♪ꜟ ≢⅝ ⅜ ⇔√

─⅝ ╩ PT ⌐╟╡ ⇔√   

 

Table 2.3  Fatigue test results. 

 Pmax kN  Beach mark Nc Np 

Test 1 170 N/A 66,400 153,000

Test 2 140 Yes 193,000 546,300

Test 3-1 120 Run-out 1,000,000

Test 3-2 140 Yes 410,000 634,400

 

T1 ≢ ↕╣√ ─⅝ ╩ Fig. 2.12 ⌐ ∆ N=66,400 ⌐≡ ◘♪ꜟ

╟╡ 15°─ ⌐⅝ ⅜ ↕╣√ ⅝ │ ⌐ ∫≡ ⌐ ⇔

N=153,000 ⌐≡ ⌐ ∫√ ⅝ ─ PT ⌐╟╢ ╩ Fig.2.13 ⅝

─ ─ ╩ Fig 2.14 ⌐ ∆ ↕ ─⅝ ─ │ 15°≢№∫√  

 

 

Fig. 2.12 Measured fatigue crack propagations (T1). 
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Fig. 2.13 Observation of Surface crack behavior by PT method (T1). 

 

 

Fig. 2.14 Cross-section of fracture specimen1 (T1). 

 

T2 ≢ ↕╣√⅝ ╩ Fig. 2.15 ⌐ ∆ T2 ≢│ N=193,000 ≢ 6

⌐ ╘≡⅝ ⅜ ↕╣√ ∕─ ⌐ 5.5 ⌐ ─⅝ ⅜ ⇔ N=400,000

≢ ⇔≡ ⌂⅝ Long Shallow Crack ⅜ ↕╣√ ↓─⅝ │ ⌐ ∫

T1 
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≡ ⇔ N=564,300 ≢ ⌐ ∫√ ⅝ ─ PT ⌐╟╢ ╩ Fig.2.16

⅝ ─ ─ ╩ Fig 2.17 ⌐ ∆ ↕ ─⅝ ─ │ 10°≢№∫

√  

 

 

Fig. 2.15 Measured fatigue crack propagations (T2). 

 

 

Fig. 2.16 Observation of Surface crack behavior by PT method (T2). 
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Fig. 2.17 Cross-section of fracture specimen2 (T2). 

 

T3-2 ≢ ↕╣√⅝ ╩ Fig. 2.18 ⌐ ∆ T2 ≢│ N=410,000 ≢

6 ⌐⅝ ⅜ ↕╣√ ↓─⅝ │ ⌐ ∫≡ ⇔ N=634,400 ≢

⌐ ∫√ ⅝ ─ PT ⌐╟╢ ╩ Fig.2.19 ⅝ ─ ─

╩ Fig 2.20 ⌐ ∆ ↕ ─⅝ ─ │ 14°≢№∫√  

 

Fig. 2.18 Measured fatigue crack propagations (T3-2). 

T2 
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Fig. 2.19 Observation of Surface crack behavior by PT method (T3-2). 

 

 

Fig. 2.20 Cross-section of fracture specimen3 (T3-2). 

 

 3 ─ ─™∏╣╙◘♪ꜟ ╟╡⅝ ⅜ ⇔√⅜ 6 ─ ⌐ ╛☻כ◔√⇔

6 ⅛╠ ⇔ √∫№╙☻כ◔√™≡╣ ↓╣│ ╩ ≤∆╢ ≤

T3-2 
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∂ ≢ ⇔√√╘ ⌂▪ꜝ▬ⱷfi♩ ╛ ╩ ⇔≡⅔╠∏ ⌐

⅛⌂⅜╠─ ⅜ ⇔√↓≤⌐╟╢ ≤ ⅎ╠╣╢  

Fig. 2.21 ┘ Fig. 2.22 ⌐ T2, T3-2 ─ ╩ ∆ ≢│ ≢ ⇔

√ ─ ⅝ ⅜ ⇔≡ Long Shallow Crack ≤⌂╡ ∕╣⅜ ⇔≡ ⌐

∫√ ⅜ ↕╣≡™╢  

 

 

Fig. 2.21 Fatigue fracture surface (T2). 

 
Fig. 2.22 Fatigue fracture surface (T3-2). 

 

Fig. 2.23 ┘ Fig. 2.24 ⌐ T2, T3-2 ≢ ↕╣√⅝ a 2c ≤ N ─

╩ ∆ T2 ≢│ N=401,800 ╕≢│ ─⅝ ─ ₁─ ⅜ N=439,000 ≢│

─⅝ ─ ─ ⅜ ↕╣≡™╢ Fig. 2.23 ≤ Fig. 2.24 │ ⅝ ─ ╩

∂≡ 2c>a ≢№╡ ⅝ ─ ⌐▪☻Ɑ◒♩ 2c/a ⅜ ⇔√↓≤⅜ ↕╣≡™╢  

 

 
Fig. 2.23 Fatigue crack propagation curves (T2). 
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Fig. 2.24 Fatigue crack propagation curves (T3-2). 

 

2.5 ─ ≤─  

 

─ ─ ≤⇔≡ SR202 [2.4] ⌐≡ ↕╣√ T

914.4mm 31.8mm X 500mm 22mm

─ ≤─ ╩ Fig. 2.25 ⌐ ∆ ↓╣╠│ ╩ ⇔≡™╢√╘

─ ╟╡ 1.7 2.5 ─ ≤⌂∫≡™╢ SR202 ─ │

─ │ V ≢№╡ ─ ╙ ≢№╢⅜ ⅜ ⅝™√╘ Ɫ♠

ꜞ ╡─ ↑ ╖ ≢ ↕╣≡™╢ ⅜ ⌂╢  

─ⱱ♇♩☻ⱳ♇♩ │ SR202 [2.4]≤ ⌐ Fig. 2.9 2.11 ⌐ ∆└∏╖

⅛╠ UK Den [2.5] ─ 2 ─ ⌐╟∫≡ ╘√ ─ │

╙ ╩◓ꜝ▬fi♄ →⇔≡⅔╡ SR202 ─ Toe-Ground Weld ⌐

™ ≤⌂∫≡⅔╡ ─ ─ ⅜ ≢⅝√  

─ ╠╣√ T1, T2, T3-2 ─ ⌐ ∆╢ ╩ n=-1/3 ─ ⅝≢ ╘√

⌐ ∆╢ │ 1.68 ≤⌂∫≡⅔╡ SN │ ≤⇔≡ ⅛

⌂╡ ─ ≢№╢↓≤⅜℮⅛⅜ⅎ╢  
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Fig. 2.25 Comparison with SR202 Fatigue tests. 

 

2.6 ⌐╟╢  

 

UK Den ⌐ ─ ⌐╟ↄ ™╠╣╢ DNV-RP-C203 [2.3] ┘

─ ─ IIW [2.6] ⌐╟╢ ─

╩ ⇔≡ ╩ ⇔√ DNV ⌐╟╢ ╩ Fig. 2.26 ⌐ IIW ⌐╟╢

╩ Fig. 2.27 ⌐ ∆ IIW ≢│ ─╖ ↕╣≡™╢─≢ ⅜ ∆╢

Stdv=0.25 ╩ ⇔≡ ╩ ⇔√ ⌂⅔ DNV ⌐⅔↑╢ⱱ♇♩☻ⱳ♇♩

│πȢρЍὶὸ IIW │ 2 ⅛╠─ ⌐╟∫≡ ╘√ ⌂ ⌐≈™≡│ 4

⌐≡ ∆╢  

DNV-RP-C203 [2.3] ⌐╟╢ ≢│ ─ ⅜ ⌐ ⇔

1.22 ≤ ⅛⌐ ≤⌂∫≡™╢ ⌐ ⇔≡ ⌂ ╩ ∫≡⅔╡

─ ⅜℮⅛⅜ⅎ╢  

IIW [2.6] │ 95% ─╖ ⇔≡™╢─≢

⅜ ∆╢ Stdv=0.25 ╩ ⇔≡ ╩ ⇔√ ─ ⅜

⌐ ⇔ 1.57 ≤ UK Den [2.5] ⌐ ⌐ ─ ╩ ⅎ≡™╢↓≤

⅜ ⅛╢  
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Fig. 2.26 Fatigue assessment in accordance with DNV-RP-C203[2.5]. 

 

 
Fig. 2.27 Fatigue assessment in accordance with IIW[2.6]. 
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2.7  

 

╩ ⇔√ T ─ ╩ ⇔ ≤ ⅝

╩ ⇔√ ⅛╠ ─ ⅜ ╠╣√ ╕√ ╠╣√ │ 3 ─

≢ ≡⇔≥♃כ♦ ™╢  

 

(1) 12.7mm T 3 ─ ╩ ⇔√ ≡─

≢◘♪ꜟ ⌐ ─ ⅝ ⅜ ⇔ ∕╣⅜ ⇔≡ Long Shallow Crack

≤⌂∫√ ⌐ ⌐ ∫≡◒ꜝ►fi ⌐ ↑≡ ⇔≡ ⌐ ∫√  

 

(2) ─ ≢№╢ SR202 ─ ≤ ╩ ⇔√ ─

│ Toe-Ground Weld ─ ≤ ∂ ╩ ⇔≡⅔╡ ─ ⅜ ≢⅝√  

 

(3) ╕√ ─ ─ ⅜ ─ ≤ ∂ ≢№∫√↓

≤⅛╠ ↓╣╠─ ─ ⅜ ─ ⌐ ⇔≡╙ ≢№

╢↓≤⅜ ↕╣√  

 

(4) ╩ UK Den ┘ DNV-RP-C203 IIW ─ ╩

™≡ ∆╢≤ UK Den ┘ IIW │ ⌐ ⇔≡ 1.57 1.68 ≤ ⌐

─ ≤⌂∫≡™√ DNV │ ⅜ 1.22 ≤ ↄ⌐⌐ ╕∫≡⅔╡

≤╟ↄ ⇔≡™╢ ─ ≢│ DNV ╩ ™╢↓≤≢ ⌂

⅜≢⅝╢≤ ⅎ╠╣╢  
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3  ⅝ ─ ⅝  

 

 

3.1  

 

2 ⌐≡ ⇔√ ╩ ≤⇔≡ ⅝ ◦☻♥ⱶ≤

╩ ™≡ T ⌐ ∆╢ ⅝ ─⅝ ─ ⌐ ∆╢ ╩

∫√ ≥℮⇔⅜ ↕╣√ ⌐ ⇔≡ ╩ ™√

Finite Element Method, FEM ⌐╟╡⸗♦ꜟ ╩ ⌂™ ⅝ Virtual 

Crack Closure-Integral Method, VCCM  [3.1] ╩ ™≡ Ɽꜝⱷכ♃─ ╩

™ ╠╣√ ╩ ≤ ⇔ ╩ ∫√  

 

3.2 ⅝ ◦☻♥ⱶ 

 

─ ╩ ∆╢√╘ 3D-CAD ⌐≡ ⸗♦ꜟ╩ ⇔ כ♦─⧵

♃╩╙≤⌐ ⌐╟╢ ╩ ⇔≡ ─ FEM ⸗♦ꜟ╩ ⇔√  

FEM ⸗♦ꜟ ⌐ ⅝ ╩ ⇔╛∆™ ╩ ™√ FEM ⸗♦ꜟ ≤

╩ ™√ ◦☻♥ⱶ⌐╟╢ ⅝ ─⅝

Fatigue Crack Propagation Analysis, FCP ╩ ⇔√ ≢│ ⌐

⅔╟┘ ╩ ⇔√ ╩∕╣∙╣ ⇔√ ⅛╠ ╠╣√ ─

⅝ ⌂≥─ ╩ ⅛╠ ╠╣√ ≤ ⇔√ ∕

─ ⅝ ⌐≈™≡ ⇔√  

 

3.2.1 ⅝ ─ ╣ 

 

⅝ ╩ ╗ FEM ⸗♦ꜟ─ │ FEM ◦☻♥ⱶ TSV-Pre [3.2]

╩ ⇔√ Ɽꜝⱷכ♃ ─√╘⌐ Okada ╠ [3.1] ⅜ ⇔√

↑ VCCM ╩ ™√ VCCM ≢ ⌐⌂╢ │ FEM ♁ⱨ♩ MSC. 

Nastran [3.3]≢ ⇔√ ╩ ⇔√ ◦☻♥ⱶ╩ ⇔ ⌂ FCP ╩

⇔√ ─ ╣╩ Fig. 3.1 ⌐ ∆ TSV-Pre ≢ ⇔√ FE ⱷ♇◦ꜙ╩ ™≡

MSC.Nastran ⌐╟╡⅝ ─ ╩ ⇔√ ∕─ ⅛╠ VCCM ⌐╟╡

Stress Intensity Factor, SIF ╩ ⇔√  

 



 33

 

Fig. 3.1 Flowchart of the crack propagation simulation system. 

 

Fig. 3.2~3.7 ⌐ ─ ⅝ ╩ ≈ T ─ FEM ⸗♦ꜟ╩ ∆ ╩

∆╢ ⅝ │ ─ ⌐╟∫≡ ↕╣╢ ╕∏ ⅝ ─ ╩ 3D-CAD

⌐╟╡ ∆╢ ∕─ CAD ⸗♦ꜟ╩ TSV-Pre ⌐ ⇔ Fig. 3.2 ⌐ ∆╟℮⌐ⱨ□☿♇♩

≢ ♃כ♦ ↕╣╢ ♃כ♦  ╩ TSV-Pre ≢ ∆╢ Fig. 3.3 ⌐

∆╟℮⌐ ⅝ ╙ⱨ□☿♇♩♦כ♃≤⇔≡⸗♦ꜟ⌐ ∆╢  

⅝ │ ≤⇔√ ⅔╟┘ ⅝ ╩ ⌐⸗♦ꜟ ∆╢√

╘⌐ ⸗♦ꜟ⌐ ⇔≡ ⌐ ╩ ⅛ↄ ∆╢√╘─ ╩ ⌂℮ ↕

╣√ ─ CAD ⸗♦ꜟ╩ Fig. 3.4 ⌐ ∆ ⌐╟╡ CAD ⸗♦ꜟ

╩╙≤⌐♁ꜞ♇♪ ╩ ⌐ ↕∑╢ ∕─ ⅝ ⸗♦ꜟ╩ ∆╢√╘⌐

╩ ∆╢ ∕─ FEM ⸗♦ꜟ╩ Fig. 3.5 ⌐ ∆ ↕╠⌐ ⅝ ─ ─⸗♦

ꜟ╩ Fig. 3.6 ⌐ ∆ ╕√ Fig. 3.7 ⌐ ⅝ ╩ ∆ SIF ╩ ∆╢√╘⌐ ⅝

⌐│ ⌐ ⅛™ ⌂ ╩ ⇔√  

╩ ⇔√№≤ Ᵽ♇♅ ╩ ™≡ FCP ╩ ℮ SIF ╩ ∆╢√╘⌐

☻♥♇ⱪ≢ ╩ ℮ Windows ≢ ♁ⱨ♩ TSV-Pre  ≤ ♁ꜟ

ⱣכMSC.Nastran ╩ ↕∑≡ ⌐ ╩ ℮╟℮⌐⇔√ SIF │ ─ ≤⇔
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≡ ↑ VCCM ╩ ™≡ ⌂∫√ SIF ⅛╠⅝ ≤ ⅝

╩ ⇔√ ∕╣╠─ ╩╙≤⌐ ☻♥♇ⱪ─ ⅝ ╩ ⇔

╩ ⌂℮ ─Ᵽ♇♅ ╩ ⇔ ⅝ ⅜№╢ ↕⌐⌂╢╕≢ ⇔ ╩ ⌂∫√  

 

 

Fig. 3.2 Surface crack modeling in a tubular structure: import 3D-CAD data. 

 

 
Fig. 3.3 Surface crack modeling in a tubular structure: create a surface crack.
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Fig. 3.4 Surface crack modeling in a tubular structure: local parameter setting. 

 

 

 
Fig. 3.5 Surface crack modeling in a tubular structure: 3D FEM model generation.
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Fig. 3.6 Surface crack modeling in a tubular structure: FE meshing of the weld part. 

 

 

 

Fig. 3.7 Surface crack modeling in a tubular structure: a surface crack embedded in 

the weld part. 
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3.2.2 ─  

 

↑ VCCM  [3.1] ╩ ♪כ⸗≡™ I, II, III KI, KII, KIII  ─

╩ ≡─⅝ ─ ≢ ⇔√ ⌐ ∆╢ ⅝ ─ ╩ Fig. 3.8

⌐ ∆ ╕√ ⅝ ─ ╙ ⇔≡№╢ VCCM ╩ ™≡ SIF ╩ ╘╢√╘⌐

⅝ ⌐⅔™≡ ╩ ⌐ ⇔≡№╢ Fig. 3.9 ⌐⅝ ╩ ↕∑╢

─ ╩ ⇔≡№╢  

≢ ↕╣╢ │ Nk ☻♥♇ⱪ≢─ ⅝ ≢№╢ ╕√ Mi i=1, Ν ,m  

│∕─≤⅝─⅝ ─ ≢№╢ ╕√Di ╩⅝ qi ╩⅝ ≤⇔

≡ ↓╣╠│ ╠╣√ ⅛╠ ∆╢ Di qi ─ ─⅝ ─√╘⌐

⅝ ╩ ∆╢ Nk ◘▬◒ꜟ⅛╠ Nk+1 ◘▬◒ꜟ⌐⅝ ⅜ ∆╢≤ ⅝ ─

─ │ ⇔√╕╕ ⌐ ∆╢ ∕─√╘ ─⅝ ╩⸗♦ꜟ

⇔╛∆™ ≢№╢  

 

VCCM ≢│ SIF │⅝ ≤ꜞ●ⱷfi♩─ ⌐╟╡ ╩ ⌂℮ ◄Ⱡꜟ

◑ ≤ ─♪כ⸗ K ─ │ ─╟℮⌐ ⅎ╠╣╢  

 

ὑ ὉᴂὋ             (3.1) 

 

ὑ
ȿ ȿ

ὉᴂὋ             (3.2) 

 

ὑ
ȿ ȿ

ς‘ȿὋ ȿ            (3.3) 

 

↓↓≢ GI, GII, GIII │ VCCM ⅛╠ ╠╣╢ ◑ꜟⱠ◄─♪כ⸗ ≢№╢ E’ │

Ɽꜝⱷכ♃≢№╡ └∏╖ ╩ ∆╢ Ὁ ὉȾ ρ ’ ╩

∆╢ E’=E ≢№╢ E │ꜘfi◓ n│ⱳ▪♁fi m│∑╪ ≢№╢  

⅝ ⱴ►☻ ─ ─ │ ≤⌂╢⅜ ─ ≢│ ⅝

≡─ ≢ SIF ╩ ╘╢ ⌐ ≡ └∏╖ ╩ ⇔√ ∕─ │

─ ╡≢№╢ ◒ꜝ♇◒ⱨ꜡fi♩─≥↓⅛╠≥↓╕≢⅜ / └∏╖ ⅛

⌐ ≢⅝⌂™ ⱴ►☻ ≢─⅝ ─ │ 1/Ѝὶ ─ ≤│⌂╠∏ SIF ╩

∆╢↓≤⅜≢⅝⌂™ [3.4] ╕√⅝ ↕ ⅛╠ⱴ►☻ ⌐ ╢ SIF ⅜ ⌐ ∟╢
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∆╢ ↓≤⌂≥⅜ ↕╣≡™╢√╘≢№╢ [3.5] ∕↓≢ ⱴ►☻ ─ SIF ⌐ ⇔

≡│ ⅝ ─ ╩ ⇔ ⅝ ╛ ╩ ⇔≡™╢   

 

 

Fig. 3.8 Cross-section of a surface crack in the crack propagation system and the crack 

path prediction: FE surface crack model. 

 

 

Fig. 3.9 Cross-section of a surface crack in the crack propagation system and the crack 

path prediction: a technique to extend the surface crack in the FE model. 

 

Numerical Fracture Mechanics Analysis, NFMA ⌐╟╢ FCP

╩ ℮ ⅝ ╩ ↕∑╢√╘─⅝ ╛ ⌂≥─ ╩ ∆╢

⅜№╢ ↓╣╕≢⌐ ─ ⅝♪כ⸗ ⌐ ⇔≡↕╕↨╕⌂ ⅜ ↕╣≡™╢ 
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[3.6-3.10] ─ ≢│ Ɽꜞ☻  [3.11] ≤ DellΐErba ≤ Aliabadi [3.12] ─ ╩

⇔√ Ɽꜞ☻ │ ה ≢ ↄ ™╠╣≡⅔╡ ╙ ⌂

─ ≢╙ ⱪ꜡◓ꜝⱶ ⇔╛∆™ ≢№╢ ⇔√ ⌐≈™≡ ⌐

∆  

 

╩ ╗ ⌐ ⅜ ↕╣╢≤⇔≡ ∕─ ─♪כ⸗ ╩

DKз, DKи, DKй ≤∆╢ Ɽꜞ☻  [3.11] ╩ ⇔√ ─╟℮⌂ ≢ ∆↓≤⅜

≢⅝╢  

 

ὅɝὑ ȟ  ɝὑ ɝὑ          (3.4) 

 

πȟ   ɝὑ ɝὑ          (3.5) 

 

╕√ Ɽꜞ☻  [3.13] ╩ ™√ SIF ─ DKth ╩ ™≡ ─╟

℮⌂ ≢ ∆↓≤⅜≢⅝╢  

 

ὅ ɝὑ ɝὑ ȟ ɝὑ ɝὑ          (3.6) 

 

πȟ   ɝὑ ɝὑ          (3.7) 

 

↓↓≢ da/dN │⅝ ∆⌂╦∟ ⇔ ⌐ ∆╢⅝ ↕─ ≢№╢ ╕

√ C, m │ ⌐ ∆╢ ≢№╢ DKeq │ ⸗

─♪כ ╩ ∆╢√╘─ ≢№╡ ─ ≢ ⅎ╠╣╢  

 

Ўὑ Ўὑ ὄȿЎὑ ȿ ςЎὑ          (3.8) 

 

↓↓≢ B │ ⌐ ↕╣╢ ≢№╢  
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Fig. 3.10 Polar coordinates at point P along the crack front. 

 

⅝ ╩ ∆╢√╘⌐ Fig. 3.10 ⌐ ∆╟℮⌐⅝ ⌐ ╩

∆╢ ↓↓≢ n,b,t  │№╢⅝ ─ P ≢─ ≢№╡ r, q  │ n-b

≢─ P ⅛╠─ ≤ ≢№╢  [3.14] ╩ ∆╢≤ q╩

─ ≢ ∆╢↓≤⅜≢⅝╢  

 

— ςὝὥὲ Ў

Ў Ў Ў
         (3.9) 

 

↓↓≢ȺKзeq ♪כ⸗│ III ─ ╩ ♪כ⸗√⇔ I ─ SIF ≢№╡ ─ ≢

∆↓≤⅜≢⅝╢  

 

Ўὑ Ўὑ ὄȿЎὑ ȿ          (3.10) 

 

(3.8), (3.10) ⌐⅔™≡ Dell’Erba et al. [3.12] ⌐ ™ B=1.0 ≤⇔√ ⅝ ≤

⅝ │⅝ ─ ≡─ ≢ ↕╣√ ☻♥♇ⱪ─⅝ Di i=1,…,m  

─ ≢ ─ ⅜⅝ 3 ⌐⌂╢╟℮⌐⇔ ∕─ ⅛╠ ⇔≡
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☻♥♇ⱪ≢─ ⇔ ╩ ∆╢ ⅝ ─ ≡─ ⌐∕─ ⇔ ╩ ⇔≡

⌂⅝ ╩ ⇔ ─⅝ ╩ ⇔≡ ─ ╩ ╘╢  

 

3.3 T ⌐ ∆╢  

 

≢ ∫√ ╩ ≤⇔≡ NFMA ⌐╟╢ FCP ╩ ⇔√ FCP

│ ⅝ ⅛╠─⅝ ⅜ ↕╣√ T1, T3-2 ⌐ ⇔ ⇔√ ⸗♦ꜟ⅔╟┘

─ ⌐≈™≡│ ⅝ ─ⱦכ♅ⱴכ◒⅜ ╠╣≡™╢ T3-2 ╩ ≤⇔≡ ∆

╢  

 

3.3.1 ⅝ ─  

 

T ─ ╩∆╢ ⌐ ─ ╩ ∆╢√╘ FEM ⸗♦ꜟ

╩ ™≡ ╩ ∫√ ↕╠⌐ ∕─ ╩ ≤ ⇔√ │

3D-CAD ╩ ™≡ ↕╣ ♁ⱨ♩╩ ™≡ ⌐╟╡⸗♦ꜟ

╩ ⌂∫√ ∕─ FEM ⸗♦ꜟ╩ Fig. 3.11 ⌐ ∆ ─ ╩ ⇔≡ 1/2 ⸗♦

ꜟ─ ╩ FEM ⌐╟╡⸗♦ꜟ ⇔ ╩ ⇔√ FEM ⸗♦ꜟ ─ ◘▬♪

│ ⇔√  

╡  Pstatic=70KN ╩ ⌐ ⅎ√ Fig. 3.12 ⌐│◘♪ꜟ ─ x-y

─⸗♦ꜟ ╩ ⇔≡№╢ ─ ╩ ⇔√ FEM ⸗♦ꜟ╩ ∆╢√

╘  r =11mm ≤⌂╢╟℮⌐ CAD ⸗♦ꜟ╩ ⇔√ A │ ─ R ╕╡

radiused weld toe ≢№╢ ─ │ 8mm ─ ≢ ⇔

⌐ ─ ╩ ⌐ ∆╢√╘⌐ 0.5mm─ⱨ□▬fiⱷ♇◦ꜙ╩ ™

√ ∕─ FEM ⸗♦ꜟ ╩ Fig. 3.13 ⌐ ∆ ↓─ FEM ⸗♦ꜟ│ 653,400 383,700

≢№╢ ꜘfi◓ ╩ E=206GPa ⱳ▪♁fi ╩n=0.3 ≤⇔√ ╩ ∫√

⌂⅔ ─ │ ⇔≡™⌂™  

─ ╩ ⌐ ⇔√ Fig.3.14 ─☺כ◕╖∏└⌐

╩ ∆ ⌐ ⇔≡ ─ ╩ ⇔√ ∆⌂╦∟ Fig. 3.13~3.14 ⌐

∆╟℮⌐ Line A, B, C ≢№╢ ⱦכ♪ ─ ╩ R ╕╡≤⇔

─ ─  The normal stress at the brace-chord surfaces in the 

tangential direction  ╩ A ⅔╟┘ B ⌐ ⇔√ ↕╠⌐ R ╕╡⅛╠

4 mm ╣√ ╙ ⌐ ⇔√ ∕╣╠─ ╩ FEM ⅛╠ ╠╣√

≤ ⇔√  
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Fig.3.11 FEM model of an un-cracked tubular T-joint. 

 

 

Fig.3.12 x-y cross-section of the saddle location. 
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Fig.3.13 FE meshing at the weld part and stress evaluation lines A, B and C. 

 

 
Fig.3.14 Location of the strain gauges. 
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Fig. 3.15 ⌐ A ≤ B ≢─ ╩ ⇔√ ╩ ∆ ≤ ⅝─ │ ⇔

√└∏╖⅛╠ ╠╣√ ≢№╡ ≤ │ FEM ⌐╟╡ ╠╣√ ≢№╢

∕╣∙╣─ ─ │ Fig. 3.14 ≢ ∆ ≤ ─ ─ R ╕╡≢№╢

≤ ─ ─ │≥∟╠≤╙ ⌐ ⅛℮⌐ ™ ⇔≡™╢↓≤⅜╦⅛╢

─ │ ─ ╟╡╙ ™↓≤⅜╦⅛╢ A ⌐ ⇔≡

≤ ─ ⌂ │⅔⅔╗⌡ ⌐ ⇔≡™╢⅜ ≢│ ⅜ ∂

≡™╢ ↓─ ≤⇔≡ ─⸗♦ꜟ ⌐╟╢ ⅜№∫√ ⅜№╢

─ │ ╡⇔√◦ꜞ◖fi◗ⱶ╩ ⇔≡ ⇔√⅜ ◘♪ꜟ ─ⱪ꜡ⱨ□▬ꜟ ─

╖─ ≢№╡ ─ ─ │ ≢│⌂™√╘≢№╢ B ⌐ ⇔

≡│ ≤ ⅜ ⌐ ⇔≡™╢↓≤⅜ ⅛╢  

↕╠⌐ ─ ╩ ⌐ ∆╢√╘⌐ C ⌐∕∫≡ ≤ ╩

⇔√ ╩ Fig. 3.16 ⌐ ∆ ≤ │∕╣∙╣ ≤ ≢№╢

│ ≤ ⇔≡ ╘≢│№╢╙─╒≤╪≥ ─ ╩ ⇔≡™╢ ╕√

∕╣∙╣─ │⅔⅔╗⌡ ⇔≡™╢ ─ ™≡™╢⸗♦ꜟ ≢│

─ ╩ ⌐ ≢⅝≡™╢↓≤⅜ ⅛∫√  

 

 

 
Fig. 3.15 Stress distribution near the weld toe: (a) lines A and B. 
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Fig. 3.16 Stress distribution near the weld toe: (b) line C. 

 

3.3.2 T ─⅝  

 

3.3.1 ≢ ⇔√ FEM ⸗♦ꜟ╩╙≤⌐ (3.4)≢ ↕╣╢Ɽꜞ☻ ╩ ™≡ ⅝

╩ ⇔√ ⅝ │ ╩ ∆╢╕≢ ∫√ ⅝ │∕╣∙╣─⸗♦ꜟ

─ R ╕╡⌐ ⇔√  

⅝ ╛ │ ⌐ ∆╢↓≤⅜ ╠╣≡™╢ T ⅜ ≢

№╢√╘ ─ ╩ ⌐ ⇔√ Fig. 3.17 ─ A ⅔╟┘ D ⌐ ∆

╢ ╩ Fig. 3.18 ⌐ ∆ ─ R ╕╡⅛╠ 3mm ⱦכ♪ ─

≢ │ ≤⌂∫≡⅔╡ Fig. 3.17 ≢│∕─ ⌐ ⅝ ╩ ⇔√⸗♦ꜟ≢

№╢⅜ ⱱ♇♩☻ⱳ♇♩ Hot Spot Stress, HSS ─ ╩ ⇔≡ ─ ⌐

∆╢ ⸗♦ꜟ─ ⅝ │ R ╕╡⌐ ⇔√ ↓─ │ ⅝ ─ ⌐│

⅜№╢≤ ⅎ╠╣╢⅜ ⅝ ⌐ ╦╢ SIF ⌐│ ⌐╟╢ ≢

│⌂ↄ ⌐╟╢ ⅜ ≤⌂╢√╘ │ ↕™≤ ⇔√  
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Fig. 3.17 x-y cross-section of the FEM model at the saddle. 

 

 
Fig. 3.18 Stress distribution from the chord to weld surface. 
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 ⌐ Fig. 3.19 ⌐ R ╕╡ ⌐⅔↑╢ ↕ ─ ╩

∆ ─ 0mm │ 12.7mm │ ≢№╢ ─ │ │

≤⌂∫≡⅔╡ ⅝ ─ │ →─ ╩ ⅝ↄ ↑≡™╢↓≤⅜ ⅛╢  

 

 
Fig. 3.19 Stress distribution at the toe in depth trough the thickness of the plate. 

 

Fig. 3.20 ⌐⅝ ╩ ╗ ─ ≤◘♪ꜟ ⌐ ⅝ ╩ ╣√ ╩ ∆

⅝ ◘▬☼│ Stage IIa ⅝ ─ ≤⇔≡ 10-1mm ⅜╟ↄ ™╠╣╢↓≤╩ ⇔

⅝ 2c0=0.4mm ⅝ ↕ a0=0.2mm ╩ ⇔√ ⅝ │ ⌐ ⇔≡ ⌐

⇔√ R=0.05 ╩ ⇔≡ ⇔ DP=133kN ╩ ⅎ√  

│ 5mm ─ ≢ ⇔ ⅝ ╩ ╖ ⅝ │

0.05mm ─ ≢ ⇔√ ⅝ ⸗♦ꜟ│ 1,179,500 752,300

≢№╢  
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Fig. 3.20 Cracked tubular T-joint FEM model and details around the surface crack. 

 

─ ─ ─ ╩ C, m ♃כ♦ ∆╢↓≤⅜≢⅝⌂⅛∫√√╘

─Γ ─−™ ┘ ⅝ ⌐ ∆╢ ─ Δ 

WES2805  [3.15]⌐╟╡ ↕╣≡™╢ ╩ ™√ ─ │ 9 Ɽ☻─

≢№╡ ⅝ ⅜ ∆╢HAZ ⌐ ™ ╡ ⅜ ∂≡™√≤ ↕╣╢

↓─√╘ ⌐│ Mean + 2Stdv Mean Stdv

╩ ⇔√ ∕─ │ C=1.95e-12(unit : mm/cycle) m=2.75 ≢№╢ ╕√ ─

DKth=63.25 (unit : N/mm3/2) ≢№╢  

─ FCP ≢│ ⅝ Di ╩ ⇔√ ╩ ∫√ 168 ☻♥♇ⱪ─ ╩

™ ↓╣│ N=325,200 ◘▬◒ꜟ⌐ ∆╢ ∕─ ╩ Fig. 3.21 ⌐ ∆ ⅝

≢│ ─⅝ │ ⌐ ∫≡ ╩ ™≡™╢ ↓╣│

≢ ∆╢ ⌐╟╢ ↓─ │ Fig. 2.19 ⌐ ∆ ⅛╠╙ ╢↓≤
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⅜≢⅝╢  

◘♪ꜟ ─ FEM ⸗♦ꜟ╩ x-y ≢ ⇔√ ╩ Fig. 3.22 ⌐ ∆ ⌐╟╡

╠╣√ ⅝ │ ⌐╙ ╩ ⇔≡™╢ ╕√ Fig. 3.23 ⌐ ╠╣√ ⅝

╩ ⇔≡⅔╡ ↓╣⅛╠╙ ⌐ ╩ ≈ ⅝ ⅜ ↕╣√↓≤⅜╦⅛

╢ ⌂⅝ ≤ ↕│∕╣∙╣ 2c=83.1mm a=12.7mm ≢№∫√  

 

 

Fig.3.21 Surface crack at saddle location. 

 

 
Fig.3.22 x-y cross-section of the saddle location. 
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Fig.3.23 Doubly-curved surface crack. 

 

3.4 ⅝ ─  

 

⅔╟┘ ╩ ∆╢↓≤≢ ⅝ ─ ╩ ∫√ ↕╣√

⅝ │ ⌂ ╩ ≈ ≢№╢ ╩ ⅔╟┘

⅔╟┘ⱦכ♅ⱴכ◒ ⌐╟╡ ↕╣√ ≤ ⇔√ ≢│ ⌂

─ ⅝ ╩ ⅝ ─ ⌐ ⇔ ╩ ⌂∫√ ⱦכ♅ⱴכ◒ ─

╩ Fig. 3.24 ⌐ ∆ │ ≢№╡ │ ↕╣√ ╩ ⇔√╙─≢

№╢ ╟╡ ╠╣√⅝ ─ ╩ Fig. 3.25 ⌐ ∆ ─ ≢│ →

⅜ ≢№╢√╘ ⅝ │ ⅝ ⌐ ⇔≡™╢↓≤⅜╦⅛╢  

 

 

Fig. 3.24 Beach mark obtained by the experiment. 
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Fig. 3.25 Crack path evaluated by the simulation. 

 

↕╠⌐ ⅔╟┘ ╟╡ ╠╣√ ⅝ ─▪☻Ɑ◒♩ ╩ ⇔√ ╩

Fig. 3.26 ⌐ ∆ ↓↓≢ T │ ≢№╢ ≢│  (a0/c0=1.0) ╩ ⇔√√

╘ ∕─▪☻Ɑ◒♩ │⅝ ⅜ ∆╢⌐ ™ ⌐ ⇔≡™ↄ↓≤⅜╦⅛╢ ⅛╠

╠╣√ ⅝ │ ─ ╟╡ ⅜ ™ ⇔√ ≢│ⱴ►☻ ≢ ⅝⌂

⅜ ╢ ≤⌂∫√⅜ ↓╣⌐│⅝ ─⸗♦ꜟ ╛ ⌂≥↕╕↨╕⌂

⅜ ⅎ╠╣╢  ⅔╟┘ ─ ≤⇔≡│ ⌡ ⌂ ╩ ╠╣

≡™╢≤ ╦╣╢  

 

 

Fig. 3.26 Comparison of the aspect ratio a/c of the surface crack. 

 

⌐ ─ ⌐≈™≡ ╩ ℮ ⅝ │ Fig. 3.22 ⌐ ∆╟℮⌐№╢

╩ ∫≡™╢ ⌐ ∆╢⅝ ⌐⅔↑╢⅝ ɭ⅜ ↕╣√ ∕

─ ╩ Fig. 3.27 ⌐ ∆ ╕√ ╩ Fig. 2.20 ⌐ ∆ ⅛╠ ╠╣√
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│ 10 ≢№∫√ ⅝ ⅜ ↕™ ╕≢│∕─⅝ │╒╓

⌐ ┘≡™╢ ∕╣ ╩ ∆╢╕≢⌐ ⅜ ⅝ↄ⌂∫≡™ↄ ∕─

⇔√ ⅝ │⅝ ≢ ⅝⌂ ╩ ≈ ─ │ Fig. 2.20 ⌐⅔™≡╙

∆╢↓≤⅜≢⅝╢  

 

 

Fig. 3.27 Cross-section of the fracture surface at saddle location. 

 

3.5 ─  

 

⅝ ─ ⌐≈™≡ ╩ ⌂℮ Fig. 3.28 ⅔╟┘ 3.29 ⌐ⱴ►☻ ≤ ⅝

≢ ╠╣√ SIF ─ ╩ ∆ ╕√ ─ ↕╣√ ⅝ ◘▬☼╩ Fig. 3.24 ─╟

℮⌐ BM1-BM5 ≤⇔≡ ∕─ ⅝ ╩ FEM ⸗♦ꜟ⌐ ⇔≡ ⇔√ ╕√ ─

√╘↓↓≢ ⇔√ ⅝ │ ≤⇔≡ ⅛╠ ⌐ ⇔√ ╠╣√⅝

─ KI ╩ Fig. 3.29 ─ BM1-BM5 ⌐ ∆ ⅝ ─ KI │ ≤╒╓

─ ╩ ⇔≡™╢↓≤⅜╦⅛╢  a’, c’│ Fig. 3.23 ⌐ ∆╟℮⌐⅝ ─

⌐ ∫≡ ↕╣√ ≢№╢ ╕√ Fig. 3.28 ─ ─ │⅝ ↕ c’

Fig. 3.29 ─ a’ │⅝ ↕ ─ ↕≢№╢ ╕√ ∕╣∙╣─ ─ │

╩ ⇔≡™╢ ╠╣√ SIF │⅝ ⅜ ∆╢⌐ ™ ⌐ ╠⅛⌐ ⇔≡™╢↓

≤⅜╦⅛╢  

ⱴ►☻ ─ KI│ ⌐ ⇔≡™╢↓≤⅜╦⅛╢ ⅝ ─ KI│

╕≢│ ⇔ ∕─ ╒╓ ∂ ≢ ⇔≡™╢↓≤⅜╦⅛╢ ↓╣╠│ →

⅜ ↕╣√ ─ K ─ ⌂ ≢№╢ Fig. 3.19 ⌐≡ ⇔√╟℮⌐⅝ ─

─ │ → ⅜ ≢№∫√↓≤⅛╠╙ ≢⅝╢  

╕√ ⱴ►☻ ⅝ ≤╙ KI ≤ ⇔≡ KII ─ │ ↕™ ╕√ ⱴ►☻ ≢│
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≢│ ⇔≡™╢ ∕─√╘ ⱴ►☻ ≢│ ⌐ ∫≡ ╩

ↄ╟℮⌐ ╕√ ╙ ╩ ↄ╟℮⌐ ∆╢↓≤⅜╦⅛╢ ∕─ Fig. 3.23 ⌐

∆╟℮⌐ ⌂ ╩ ↄ╟℮⌐ ∆╢↓≤⅜╦⅛╢  

KIII│ (3.8)╩ ™≡ SIF ⌐ ↕╣≡™╢⅜ KIII ─ ⅝↕⅜ ↕™√╘ ∕

─ │ ↕™   

⇔√ FEM ⌐╟╢ NFMA-FCP ╩ ℮↓≤≢ T ⌐ ∆╢

⅝ ─ ╩ ∆╢↓≤⅜≢⅝√ ∆⌂╦∟ ⌐ ↕⌂ ⅝ ⅜ ⇔

⌂ ╩ ≈ ⅝ ≤⌂╢ ≢№╢ ≤ ─ ─ ⌐⅔™≡

─♪כ⸗ ⅝ ⅜ ⌂ ≢ ⇔√  

╕√ ∕─ ♪כ⸗ │ ⌂ ╩ ∆╢℮ⅎ≢ ⅝⌂ ╩ ⅎ≡

™╢↓≤⅜╦⅛∫√ ⅎ┌  [3.16] ⌐⅔™≡ ↕╣≡™╢╟℮⌂⅝ ╩

⅔╟┘ ╩ ™√ FCP ⌐╟╡ ∆╢↓≤⅜≢⅝√  

 

 

Fig. 3.28 Variations in the SIFs along the crack at crack front location at the free 

surface. 



 54

 

Fig. 3.29 Variations in the SIFs along the crack at deepest point. 

 

3.6 ⅝ ─  

 

◘▬◒ꜟ ⌐ ∆╢ ≤ ─ ⅝ ─ ↕ ─ ⅝↕⌐≈™≡

╩ ∫√ ⅝ ≢│ ⅝ ⅛╠─⅝ ╩ ∆╢↓≤⅜≢⅝⌂™√╘

ⱦכ♅ⱴכ◒╟╡ ↕╣√ ╩╙≤⌐ ─⅝ ◘▬☼╩ ─⅝ ≤ ⇔≡

╩ ⌂∫√ ∕─≤⅝─ⱦכ♅ⱴכ◒│ Fig. 3.24 ⌐ ∆╟℮⌐ N=410,000 ◘▬◒ꜟ

≢ │ 2cexp=12.2mm, aexp=3.6mm ≢№∫√ ⌐⅔™≡╙╒╓ ∂ ⅝↕

─ a=3.6mm ⌐ ∆╢─⌐ NFE =286,550 ╩ ⇔√ ↓─ │ FCP ≢ ⌂

⅝ ╩ ⅎ√√╘ ∂√ ╟∫≡  T3-2 ≢ ≤ ≢ ∆╢ │

a=3.6mm ≢ NFE =NC =410,000 ≤⌂╢╟℮ NFE ╩◦ⱨ♩↕∑╢ ↓─╟℮⌐⇔≡ ⇔

√  T3-2 ─ ⅔╟┘ FCP ─ ╩ Fig. 3.30 ⌐ ∆ Fig. 3.30 ≢│ ⅝

↕ a ⌐≈™≡│ ─ ≢ ה ⅜ ≤ ⌐ ⇔≡™╢  

╟╡ ⇔√ ≢│ ⌐ ∆╢ ⅝ ─ ╩

⌐ ∆╢↓≤⅜ ≢№╢↓≤⅜╦⅛∫√ ⇔√ │ C, m ♃כ♦

─ ≢№╢ ∕─ ≤ │ ⌐ ⇔≡™╢ ↓╣│ ─

⅜ ⌐╟╡ ↕╣√√╘ ™ ⅜ ∂≡™√≤ ╩⇔≡™

⌂™↓≤⌂≥⌐╟╢≤ ╦╣╢  



 55

 
Fig. 3.30 Comparison of simulated and measured fatigue crack propagation curves 

 (T3-2). 

 

™≡ T1 ⌐ ∆╢⅝ ⌐≈™≡ ═╢ T1 ≢│ⱦכ♅ⱴכ◒╩

⇔⌂⅛∫√─≢ ⅝ ↕│  Np =153,000 ≢ a=tC=12.7mm ≢№∫√↓≤

⇔⅛ ╠⌂™ T1 ≢│ Nc=66,400 ≢ 2c=9.84mm ─⅝ ⅜ ↕╣√ ⅝

≢│ 2c=9.84mm ⌐ ∆╢─⌐ NFE=83,250 ╩ ⇔√ ⅝ ↕ ⅜ ≢⅝

⌂™√╘ 2c=9.84mm ≢ NFE=NC=66,400 ≤⌂╢╟℮ NFE ╩◦ⱨ♩↕∑╢ ↓─╟℮⌐

⇔≡ ⇔√  T1 ─ ⅔╟┘ FCP ─ ╩ Fig. 3.31 ⌐ ∆ ↓─

╩ ℮≤ FCP ─ Np │ 171,450 ≤⌂╢ ↓─ │ Np=153,000 ≤ ⌡

⇔≡™╢  

T1 ≤ T3-2 ─ ╩ ⇔√ ⅝ ─⅝ ↕ ⅝ ↕⌐ⱨ▫♇♥▫fi◓

↕∑√ ™│№╢╙── ↕ ─⅝ │ ≤ ⅜ ⌐ ⇔≡™╢╙─≤

ⅎ╠╣╢ ⅝ ↕ ⌐≈™≡│ 2 ≡™⅔⌐☻כ◔─≈ ⅝⌂ ─ ⅜ ╠╣╢

↓╣│⅝ ─ ⌐⅔™≡ ─ ⅝ ⅜ ⇔≡ ™⅝ ⌐ ⇔≡™╢

╩ ⇔≡™╢ T3-2 ─⅝ │ⱦכ♅ⱴכ◒⅜ ∆ ╡ ⅝ ⌐╟╢

⌐ ⇔≡™√≤ ⅎ╠╣╢  
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Fig. 3.31 Comparison of simulated and measured fatigue crack propagation curves 

 (T1). 

 

╩ ™√ FEM ⸗♦ꜟ ⅔╟┘ ⱷ♇◦ꜙ ╩ ™≡ T

⌐ ∆╢ ⅝ ─ FCP ╩ ⇔√ SIF ⌐│ ↑ VCCM

╩ ™√ ↕╣√ SIF ⅛╠ ⅝ ⅔╟┘⅝ ╩ ⇔√ ⌐╟

╡ ╠╣√⅝ ─ │ ╩ ↄ ∆╢↓≤⅜≢⅝√ ╟∫≡ ⇔√

⅝ ─ FCP ╩ ∆╢↓≤⅜≢⅝√ ─ │ T ∞↑≢⌂

ↄ ↕╕↨╕⌂ ─ ⌐ ∆╢↓≤⅜ ≢№╢  

  



 57

3.7  

 

≢│ T ─⅝ ╩ ∆╢√╘⌐ ⇔ↄ ⇔√ FCP ╩

⇔√ ╩ ™√ FEM ⸗♦ꜟ╩ ⇔ ╩ ∆╢ FCP ╩

⇔√  

╕∏ ╩ ™√ SIF ⌐≈™≡ ⇔√ ≢│ ─ ⌐

≈™≡ ⇔√ ≈│ ╙℮ ≈│ ≢№╢ ∕╣╠─

⌐ ⇔≡ ⌐╟╡ ╩ ∫√ ⌐╟╡ ╠╣√ │ ╟╡

╠╣√ ≤ ⌐ ∆╢↓≤⅜╦⅛∫√  

↕╠⌐ ∕─ ╟╡⅝ ╩ ⇔ FCP ╩ ∫√ NFMA-FCP ⌐╟

∫≡ ⌂ ╩ ∆╢ ⅝ ╩ ∆╢↓≤⅜≢⅝√ ↕╠⌐ ⅝

≤◘▬◒ꜟ ⌐≈™≡ ╩ ∫√ ∕╣╠─ │ ™√⅝ ◦☻♥

ⱶ≢⅝ ╩ ≢⅝╢ ≠↑≤⌂∫√ ≢ ╠╣√ │ ⌐ ≢⅝

╢ ╕√ ╠╣√ SIF ╛ ⇔√⅝ │ 4 ≢─ ⌐ ™╢  

 

(1) ╩ ⇔√ ⅝ ╩ ⌐ ⅝ ⌐ ™ ╩ ℮

NFMA-FCP ╩ ⇔√ ⅝ ⌐ WES2805 [3.15] ╩ ∆╢

≤ ≤ ↄ ⇔√⅝ ⅜ ≢⅝√  

 

(2) ─ FCP ≢│ ⅝ ◘▬☼│ ─ ╩ ™≡⅔╡ ─ ≢ ⌐

↕╣√⅝ ◘▬☼⌐ ╦∑╢╟℮⌐ ╩◦ⱨ♩↕∑╢ ⅜№╢  

 

(3) NFMA-FCP ⌐╟╡ ⌐ ∫≡ ≤⌂╡ ↕ ≢ ≤⌂╢⅝

╩ ╢↓≤⅜ √ ⅝ ─ ╩ ╘≡ ≤╟ↄ ⇔≡™

╢  

 

(4) ⅝ ↕ ─ ⌐≈™≡│ ≤ ⌐≈™≡ ⌂ ╩ ∆╢↓≤⅜≢⅝

√ ↕ ─ ⌐≈™≡│ ≥☻כ◔╢™≡⇔ ⌐☻כ◔™⌂™≡⇔ ⅜

⅛╣√ ↓╣│ ⌐⅝ ⅜ ─ ⅝ ╩ ≤∆╢↓≤⌐ ∆╢

≤ ⅎ╠╣╢ ─⅝ ⅜ ⌂⅝ ≢№╣┌ ≤ ∆╢↓≤⅜

↕╣╢⅜ ⅝ ─ ⅜ ↑╠╣╢ │ ╟╡ ↄ⅝ ∆╢≤ ⅎ╠╣╢  
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4  Mk factor ⌐╟╢ ⅝  

 

 

4.1  

 

3 ≢ Finite Element Method, FEM ╩ ™≡ ⅝

Fatigue Crack Propagation Analysis, FCP ╩ ∫√ ⌐≈™≡ ⇔√ FEM

╩ ™√ FCP │ ─ ⌐∕─╕╕ ≢⅝╢ ⌂ ≢│№╢⅜ ⌂

╩ ≤⇔ ⌐⅔™≡│ ⅜ ≤ ╠↨╢╩ ⌂™ ╟╡

⌂ Stress Intensity Factor, SIF ─ ─ ⅜ ≢№╢  

⌂ SIF ≤⇔≡ “Mk factor” ⅜ ↕╣≡™╢ ≢│ ─ Mk 

factor ╩ ™≡ ↄ SIF ╩ ∆╢↓≤╩ ╖√ Mk factor ⌐╟╡ ⇔√ SIF

╩ ™≡ FCP ╩ ⇔√ Mk factor ─ ≢│ ⅝ ⌐⅔↑╢

Stress Concentration Factor, SCF ≤ ─ → Degree of Bending, DOB

─ ⅜ ≢№╢ ≢│ SCF ⅔╟┘ DOB ╩ⱱ♇♩☻ⱳ♇♩ (Hot Spot 

Stress, HSS)≤ ─ ≢ ⅎ╢ ⅜ ™ ─ HSS ╩ ™√ SCFהDOB

≤ ∕╣╩ ™√ Mk factor ⌐╟╢ FCP ╩ ™ ∕╣╠╩ 2 ─ ⅔

╟┘ 3 ─ Numerical Fracture Mechanics Analysis, NFMA

≤ ⇔ HSS ─ ╩ ⇔√   

 

4.2 Mk factor 

 

4.2.1 T ─ Mk factor 

 

Mk factor │ Maddox [4.1] ⌐╟∫≡ ↕╣√ ⌐ ∆╢ ⅝ ─ K ⌐ ⇔

≡ ꜞⱩ ─ ⌐╟╢ ╩ ⇔√ ≢№╡ T ⌐ ∂√ ⅝

⌐≈™≡ (4.1)≢ ↕╣╢  

 

ὓὯ    

     
         (4.1) 

 

K(in plate with attachment)│ T ⅝ ─ SIF K(in same plate but without attachment)│ ⅝

⅝ ≤ ⅝ ─ SIF ≢№╢ K(in same plate but without attachment)│ Newman- 
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Raju  [4.2] ≢ ≢⅝╢ ─ Mk ⅜ ≢⅝╣┌ Newman-Raju  [4.2] 

≢ ⇔√ K(in same plate but without attachment)⌐ Mk ╩ ∂≡ ⅝ ─ SIF ╩ ≢⅝╢

Bowness ≤ Lee [4.3] │ ╕╕ r=0 ◓ꜝ▬fi♄ → r=0.1× ─ 2 ☻כ◔

≢ ⌐ ⌐ ⌂ → ⅜ ∆╢ T ⅝ ─ NFMA ╩

⇔ Mk ─ ╩ ⇔√ Mk ⅜ ≢№╣┌ T ─ ⌐ ∂

√ ⅝ ─ K(in plate with attachment)╩ (4.2)≢ ≢⅝╢  

 

ὑ    ὓὯ ὓ „ ὓὯ ὓ „ Ѝ“ὥ       (4.2) 

 

a │⅝ ↕ Mkm, Mkb│ → ─ Mk factor, Mm, Mb│ →

─ shape factor ↕ a ─ ⅝ ─ SIF ≤ ↕ 2a ─ 2 ⅝

─ SIF ─ Newman-Raju  [4.2] ≢ ≢№╢ ↓─ │ BS7910:1999 [4.4] 

⌐ ↕╣√  

 

4.2.2 T ─ Mk factor 

 

Lee ≤ Bowness [4.5] │ T ⅝ ─ SIF K(tubular joint)╩ (4.3)≢ ∆╢↓≤

╩ ⇔√  

 

ὑ  ὓὯ ὓ 3#& ρ $/" ὓὯ ὓ 3#& Ͻ $/" „ Ѝ“ὥ     (4.3) 

 

snom │ ≢ ≢│ 2 ─ ≢ ⌐ ⇔√ F ≤

A ⅛╠snom =F/A ≤ ⇔√ SCF │ HSS ≤snom ─ ≢№╡ DOB │ ─⅝

⌐⅔™≡ (4.4)≢ ↕╣╢  

 

$/" ρ           (4.4) 

 

sm ≤sb │ ⇔√ ─ ה → st │ sm ≤sb ─ SCFinner, SCFouter

│ ─ ─ SCF ≢№╢ Lee ≤ Bowness [4.5] │ SCF ╩

Efthymiou [4.6] ─ ≢ ⇔ ∕─ ⌐ ∂╢ NFMA ≤ Mk factor ─ ⌐ ∂

≡ SCF ⅔╟┘ DOB ╩ ⇔≡ ⇔√  
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4.2.3 T ─ SCF  

 

≢ ╕√│ⱦכ♪ ╩⸗♦ꜟ ⇔√♁ꜞ♇♪ ⅛╠ ⇔√ HSS ╩

Solid-HSS ≤ ◦▼ꜟ FE ≢ ⇔√ ⅛╠ ∆╢ HSS ╩ Shell-HSS ≤

HSS ─ ╩ read-out-point ROP ≤╟┬  

HSS │ ⅜ ∆╢ SN ╩ ⇔≡ ⇔√ ⅜

⌂ ╩╙∫≡ ╩ ≢⅝╢╟℮ ↕╣╢ ↓─ ─

⅝↕│ ⌐╟╡ ⌂╢ HSS ╩ SCF ⌐ ∆╢ │ ─ SN

≤ ─ ⅜ ↕™ ∆⌂╦∟ ⅜ ↕™ ⅜ ─ ⅜ ↄ⌂╢

≤ ⅎ╠╣╢  

ⱦכ♪╩⸗♦ꜟ ≢⅝⌂™ Shell-HSS │ ה ╛ ROP ─ ╡ ⌐╟

∫≡ Solid-HSS ≤ ⅝⌂ ╩ ∂╢ ⅜№╢ [4.7] ↓─⸗♦ꜟ │ HSS ─

╩ ↕∑╢ Solid-HSS ≢│ ⌂ FE ⱷ♇◦ꜙ╩ ∆╣┌⸗♦ꜟ

╩ ≢⅝╢  

Efthymiou [4.6] ─ │ Shell-HSS ─ ≢№╢  Efthymiou [4.6] ─

│ Shell-HSS ─⸗♦ꜟ ╩ ╪≢™√≤ ⅎ╠╣╢ Lee ≤ Bowness [4.5] ≢│

SCF ╩ 1.11 DOB ╩ 0.90 +0.05 ∆╢ ⅜ ∞∫√⅜ ↓─ │ Shell-HSS

─⸗♦ꜟ ─√╘ ∞∫√≤ ↕╣╢ Lee ≤ Bowness [4.5] ⅜ NFMA ╩ ⇔

⌂⅛∫√ ≢─ ─ SCF ⅔╟┘ DOB ─ │ ≢№╢ ∆⌂╦∟ Lee

≤ Bowness [4.5] ─ Mk factor ─ │ ≢№╢ ↕╠⌐ Efthymiou [4.6] ─

HSS │ ≢ ≢─ ⌐ ≢№╢  

≢│ ⌐╟╢ ⅜ ⌂↕╣√ Solid-HSS ─℮∟ ⅜

≢ ⅛≈ ─ SN ≤ ─ ─ ⅜ ↕⌂╙─╩

⇔≡ SCF ╩ ∆╢↓≤╩ ∆╢ ↓╣⌐╟╡ ⸗♦ꜟ ⅜ ≢⅝

⌐ ⌂ ⅜ ╕╣⌂ↄ⌂╢─≢ SCF ⅔╟┘ DOB ─ ⅜ ╙⇔ↄ│

⌐⌂╢↓≤⅜ ≢⅝╢  

─ HSS │ Efthymiou [4.6] ─ ⌐╙ ↕╣≡™╢ ⅎ┌ Chan

≤ Dover [4.8] Zhao ≤ Packer [4.9]  UK Den 2ה  [4.10] DNV-RP-C203 

[4.11] ╕√ ─ HSS ⅎ┌ IIW 2ה  [4.12] ⅜

─ ⌐ ↕╣╢ ╙№╢ ≢│ ↓╣╠─℮∟ ─ ⅜

™ DNV-RP-C203 [4.11] UK Den 2ה  [4.10] IIW 2ה  [4.12] 

╩ SCF ⌐ ∆╢  
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4.3 SCF ─  

 

4.3.1 ⱱ♇♩☻ⱳ♇♩ (HSS)  

 

≢ ◘♪ꜟ ╩ ╗ ─ ╩ ╗ ≤ ─ ╩ “ ”

≤ ─ ≤ ─ ROP ╩ ┬ ╩ “ROP ” ≤ ─ ╩ ╢

≤ ROP ─⌂∆ ╩“ ”j≤╟┬ ⌐ ∫≡ ∫√ ≤ ROP

─ ☻כ●“ ╩ ” x≤╟┬  

Mk factor ─ SCF ╩ 4.2.3 ≢ ⇔√ 5 ─ Solid-HSS ⌐ ≠™≡ ∆╢ HSS

╩ ⌐ ∆ 2.2 ⌐ ─≤⅔╡ tC│ dC│ ≢№╢  

 

a) DNV-RP-C203 πȢρЍὶὸ  (DNV-RP-C203:2011 [4.11]) 

1 ROP ─ ╩ HSS ≤∆╢ ROP │x πȢρ Ὠ ςϳ ὸ ─ ⌐≤╢  

 

b) UK DEn  (Den:1984 [4.10]) 

2 ≈─ ROP ─ ╩ ⌐ ∆╢ ROP │ Fig. 4.1 ─ B4 ≤ A4 ⌐≤╢  

 

c) UK Den’s quadratic extrapolation (Den:1984 [4.10]) 

3 ≈─ ROP ─ ╩ ⌐ 2 ∆╢ ROP │ Fig. 4.1 ─ B4, A4 ≤

A4 ⅛╠ ⌐ B4הA4 ∞↑ ╣√ ʊ ‚ ς ‚ ‚ ⌂╢ ⌐≤╢  

 

d) IIW’s linear extrapolation (Hobbacher [4.12]) 

2 ≈─ ROP ─ ╩ ⌐ ∆╢ ROP │ Fig. 4.2 ─x πȢτὸ ȟ ρȢπὸ ⌂╢ 2

⌐≤╢ HSS │ (4.5)≢ ≢⅝╢ s0.4t, s1.0t│x πȢτὸ ȟ ρȢπὸ ≢─  

 

ὌὛὛ ρȢφχ„ Ȣ πȢφχ„ Ȣ           (4.5) 

 

e) IIW’s quadratic extrapolation (Hobbacher [4.12]) 

3 ≈─ ROP ─ ╩ ⌐ 2 ∆╢ ROP │ Fig. 4.2 ─x πȢτὸ ȟ πȢωὸ ȟ 

ρȢτὸ ⌂╢ ⌐≤╢ HSS │ (4.6)≢ ≢⅝╢ s0.4t, s0.9t, s1.4t│x πȢτὸ ȟ πȢωὸ ȟ ρȢτὸ

≢─  

 

ὌὛὛ ςȢυς„ Ȣ ςȢςτ„ Ȣ πȢχς„ Ȣ          (4.6) 
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Fig. 4.1 Stress ROPs defined in UK Den’s guidance (Den:1984 [4.10]). 

 

 
Fig. 4.2 Stress ROPs defined in IIW’s guidance (Hobbacher [4.12]). 
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4.3.2 ⱱ♇♩☻ⱳ♇♩ (HSS) ─  

 

ⱱ♇♩☻ⱳ♇♩ ⌐ ∆╢ ROP │ ⌐ 4 2 ╩ ⇔

√◦▼ꜟ♁ꜞ♇♪ FE ⱷ♇◦ꜙ╩ ⇔√ FE ⌐╟╡ ⇔√ T1 ─ FE ⱷ

♇◦ꜙ╩ Fig. 4.3 ⌐ ∆ ─ │ Fig. 2.4 ─╟℮⌐ ╩ ╘ ╩ ∆

╢ ≢│ ─ ╩ ⇔√⸗♦ꜟ╩ ™√⅜ ≢│ ─√╘

─ ╩ ─ ⅜ ≤ ╩ ┬

≤⌂╢ ↓─≤⅝  r =0 ╟℮ ⇔√ ↓─ │ HSS ─ ROP │ ─

⅜ ⇔√ ⌐≤╠╣╢↓≤⅛╠ ↕╣╢  

 

 

 

 

 

 

 

 

 

 

 

(b) Global view. 

 

 

 

 

 

(a) Enlarged view around the hot spot. 

Fig. 4.3 The shell-solid coupling FE model of specimen 1 used for HSS determination. 

 

FE ⱷ♇◦ꜙ─♁ꜞ♇♪ │ │ ◘♪ꜟ ⅛╠ 200mm │

─ ⅛╠±60 deg.─ ≤⇔√ ꜟ▼◦ה♪♇ꜞ♁ ≢│ Osawa et al. 

[4.13] ⅜ ⇔√ ♁ꜞ♇♪ ─ ⌐ ⌐ ⌂◦▼ꜟ ╩ ∆╢ ◦

▼ꜟ Perpendicular Shell Coupling Method, PSCM ⌐╟╡ ─ → ╩
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⇔√ ─ │ 0.3mm ה │♁ꜞ♇♪ 949,542

1,321,132 ◦▼ꜟ 8,850 26,686 ≢№╢  

─ ─ ╩“ ” sj ≤╟┬ Fig. 4.3 ─ FE ⱷ♇◦

ꜙ≢ ⇔√ ⌐ 170kN ─ ╩ ⇔√ ─sj≤j─ ╩ Fig. 4.4 ⌐

∆ Fig. 4.4 ⌐│ 4.3.1 ≢ ⇔√ HSS ─ ROP ⌐⅔↑╢ sj ─ ≤

≢ ⇔√  sj ─ ╙ⱴכ◒≢ ∆ Fig. 4.4 ≢│ ROP ⅜ ↕╣╢

≢│ sj-j ⅜ ≤ ≢ ↄ ⇔≡™╢↓≤ ⅔╟┘r =0 ≢ ⇔√√╘

∂√ ─ ⅜ ⌐ ⇔≡™╢↓≤⅜ ↕╣≡™╢ ─ ≢╙ ≤

─ ⅜ ↕╣√─≢ ≢│◦▼ꜟ♁ꜞ♇♪ FE ⱷ♇◦ꜙ─ ⅛╠

SCF ⅔╟┘ DOB ╩ ⇔√ DOB ─ ≢│ ROP ⌐⅔↑╢ ─ sj ╙ ≢№

╢ ROPה ─ │ ─ ROPה ≤ j⅜ ∂ ─ ≤⇔√  

 

 
Fig. 4.4 The relation between the calculated and measured hoop stresses and the 

distance from the weld toe on the outer and inner faces on the center section of the chord 

for specimen 1 (T1). 

 

T1, T2, T3-1, T3-2 ⌐≈™≡ ◦▼ꜟ♁ꜞ♇♪ FE ⱷ♇◦ꜙ─ ⅛╠

⇔√ HSS ─ ╩ Table 4.1 ⌐ ∆ ╣─ ≢╙ DNV-RP-C203 πȢρЍὶὸ

⅜ ─ HSS ╩ ⅎ╢  
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Table 4.1 HSS ranges calculated by 3D FE meshes for specimens 1 (T1), 2 (T2) and 3 

(T3-1, T3-2) (unit: MPa). 

Test ID 
0.1ЍÒÔ Den Linear Den Quadratic IIW Linear IIW Quadratic 

Outer Inner Outer Inner Outer Inner Outer Inner Outer Inner

T1 283.1 173.7 339.6 220.6 348.6 229.1 335.2 224.1 345.7 232.1

T2 213.9 128.8 256.5 164.0 263.3 170.0 253.3 166.5 261.2 173.3

T3-1 186.3 108.3 206.3 139.2 230.0 144.8 221.4 141.5 228.4 146.8

T3-2 217.4 126.4 240.6 162.4 268.3 169.0 258.3 165.1 266.5 171.3

 

4.2.3 ≢│ ≤ SN ─ ⅜ ↕™ ≢ ∆╢ HSS

╩ Mk factor ─ SCF ⅔╟┘ DOB ⌐ ∆╢↓≤╩ ⇔√ ≢ 2³106

╩Ds2E6≤⅛⅝ ≤ ─ SN ─Ds2E6─ ╩ 2³106

¥Ds2E6≤╟┬  

Table 4.1 ─ HSS ≤ ה  [4.10-4.12]≢ ⌐ ⇔≡

↕╣╢ SN ≤─ ╩ Fig. 4.5 4.7 ⌐ ─ (4.7)≢ ∆╢ Basquin Ɽ

ꜝⱷ♃ B MPa , n ≤Ds2E6⅔╟┘¥Ds2E6╩ Table 4.2 ⌐ ∆  

 

ɝʎ " ὔ             (4.7) 

 

─ ≢│ ≢─ ╡ ╖╩ ⇔⌂⅛∫√─≢ ≢☻כ◔ ◓ꜝ

▬fi♄ ⌂⇔ SN ╩ ⇔√ IIW  [4.12] │ 95%

─╖ ⇔≡™╢─≢ ⅜ ∆╢ Stdv=0.25 ╩ ⇔≡

╩ ⇔√ ─ │ (4.7)─═⅝ n ╩-1/3 ⌐ ⇔≡ ⇔√  
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Fig. 4.5 HSS-based fatigue assessment results of the T-joints in accordance with DNV-

RP-C203 [4.11]. 

 

 
Fig. 4.6 HSS-based fatigue assessment results of the T-joints in accordance with UK 

Den [4.10]. 
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Fig. 4.7 HSS-based fatigue assessment results of the T-joints in accordance with IIW 

[4.12]. 

 

Table 4.2 Basuquin’s parameters and stress range for Np=2³106 cycles of mean and 

measured SN curves and the safety margin of the mean SN curve. 

Basquin’s 

params. and 

safety factor 

0.1ЍÒÔ Den Linear Den Quadratic IIW Linear IIW Quadratic 

mean SN 

curve 
measured 

mean SN 

curve 
measured

mean SN 

curve 
measured

mean SN 

curve 
measured 

mean SN 

curve 
measured

Coef. B (MPa) 15416.8 17036.7 14288.9 19893.0 14288.9 20991.8 14794.4 20196.3 14794.4 20830.9

exponent n 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Ў„ (MPa) 122.4 135.2 113.4 157.9 113.4 166.6 117.4 160.3 117.4 165.3

ὪЎ  1.11 1.39 1.47 1.37 1.41 

 

Fig. 4.5 4.7 ≤ Table 4.2 ⌐╟╣┌ ─ ≢│ DNV-RP-C203 πȢρЍὶὸ │

SN ╟╡ ⅛⌐ 1.11 ─ ╩ ⅎ╢ DEn IIW ─ 2

3ה │ ⅜ 1.37~1.47 ≤⌂╡ ⌐ ─ ╩ ⅎ╢ ╟∫≡

─ ≢│ SCF ⅔╟┘ DOB ─ ⌐ DNV-RP-C203 πȢρЍὶὸ ╩ ™╢≤ SCF ⅔

╟┘ DOB ─ ⌂⇔≢ NFMA-FCP ⅔╟┘ ⌐ ⌂ ⅜ ╠╣╢↓≤

⅜ ≢⅝╢  

 



 70

4.4 Mk factor ⌐╟╢ ⅝  

 

4.4.1  

 

4.3.2 ─◦▼ꜟ♁ꜞ♇♪ FE ⱷ♇◦ꜙ╩ FE ⱷ♇◦ꜙ≤ FE ⱷ♇◦ꜙ

≢ ⇔√ ╩ FE ╟┬ Bowness ≤ Lee [4.3] ─ FEM ⸗♦ꜟ≢

│ ⅜ ─ 1/10 ≤↕╣√ tc=12.7mm ≢↓─⸗♦ꜟ ─ │

”Ӷ=1.27mm ⌐⌂╢ Table 2.2 ⌐╟╣┌ ≢” ”Ӷ≢№╢─≢ ⸗♦ꜟ≢

Mk factor ╩ ∆╢ ⌂⅔ ─r│ ≢◓ꜝ▬fi♄─ ⅜

↕╣╢ ⌐│ ⇔⌂™  

Mk factor ╩ ™√ FCP │ T1, T3-2 ╩ ⌐ ⇔√ T2 │ ⅝ ─

⅜ ∂√─≢ ⅛╠ ⇔√ Mk factor ⌐╟╢ FCP ≢│ 3.3.2 ─

⌐╟╢ FCP ≤ ∂ ⅝ ⅝ WES2805 [4.14] 

╩ ⇔√ SCF ⅔╟┘ DOB │ FE ⅛╠ 4.3.1 a)~e)─ HSS

⌐ ™ ⇔√ ⌐│  [4.15] ⌐⌂╠™ 1 ⱱ♇♩☻ⱳ♇♩

a ≢│ ROP ─ ⅛╠ 2 3ה b~e ≢│

FE ⱷ♇◦ꜙ ─ ⅛╠ ⇔√ Lee ≤ Bowness [4.5] ─ SCF

⅔╟┘ DOB │ ╦⌂⅛∫√  

 

4.4.2 DNV-RP-C203הπȢρЍὶὸ ⌐╟╢ Mk factor ─ ⅝  

 

≢│ ≤ SN ─ ⅜ ≢№∫√ 4.3.1 a)─ DNV-RP-C203ה

πȢρЍὶὸ ≢ SCF ⅔╟┘ DOB ╩ ⇔√ ─ Mk factor ⌐╟╢ FCP ╩ ∆  

Fig. 4.8 ⌐ T1 r=3mm Fig. 4.9 ⌐ T3-2 r=11mm ─ Mk factor ≤ NFMA

⅛╠ ╠╣√∕╣∙╣─⅝ ╩ ∆ Fig. 4.8⌐│ T1─ Np

Fig. 4.9 ⌐│ T3-2 ≢ⱦכ♅ⱴכ◒⌐╟╡ ⇔√ 2c a ─ ╙ ∆ Mk factor

─⅝ ≢│ ⱦכ♅ⱴכ◒ ─⅝ ╩ ≤

↕∑╢√╘ 3.5 ≤ ⌂ N ─◦ⱨ♩╩ ∫≡™╢ Fig. 4.8 ┘ Fig. 4.9 ≢│ T1, T3-2

≤╙ a │ ─ ≢ 2c │ 2c<40mm ─ ≢ Mk factor ⌐╟╢ FCP ─ ⅜

NFMA-FCP ─ ≤ ⌐ ⇔≡™╢ ⅝ ─ ⅜ ™ T3-2 ≢│

Mk factor ⌐╟╢ │ ⌐╙ ↄ ⇔≡™╢ ⱦכ♅ⱴכ◒⅜⌂ↄ ⌂⅝

⅜ ≢⅝⌂⅛∫√ T1 ≢│ 2c ─ ≤─ │ ≢№╢⅜ a │ ╒╓

⌐ ≢⅝≡™╢  
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Fig. 4.8 Comparisons of crack propagation curves predicted by Mk factor FCP with 

DNV-RP-C203’s SCF and FE FCP (T1 specimen 1, r=3mm). 

 

 
Fig. 4.9 Comparisons of crack propagation curves predicted by Mk factor FCP with 

DNV-RP-C203’s SCF and FE FCP (T3-2 specimen 3, r=11mm). 
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↓╣╠─ │ ─ ≢│ HSS ⌐╟╢ ≤ SN

─ ⅜ ⌂ HSS DNV-RP-C203הπȢρЍὶὸ ⌐╟╡ SCF ⅔╟┘ DOB ╩

∆╣┌ Mk factor ⌐╟∫≡ ⌂ ─ FCP ⅜ ≢⅝╢↓≤╩ ⇔≡™

╢  

 

4.4.3 DEn, IIW ⌐╟╢ Mk factor ─ ⅝  

 

≢│ ⅜ SN ╟╡ ⌐ ≤⌂∫√ 4.3.1 b)~e)─ DEn

2ה ⅔╟┘ IIW 2ה ≢ SCF ⅔╟┘ DOB ╩ ⇔√ ─ Mk 

factor ⌐╟╢ FCP ╩ ∆  

Table 4.3 ⅔╟┘ Fig. 4.10 4.11 ⌐ Np ─ ⱱ♇♩☻ⱳ♇♩ ╩ ⇔√

Mk factor ⌐╟╢ ≤ NFMA ⌐╟╢ NFMA-FCP ⅔╟┘ ≤─

╩ ∆ Table 4.3 ≢│ DNV-RP-C203הπȢρЍὶὸ ╩ ™√≤⅝─ Mk factor ⌐╟╢

≤ NFMA ─ ⅜ 11~14% ≤─ ⅜ 0~13%≤ ↕™↓≤⅜ ↕╣≡™

╢ DEn IIW ≢│ ─ Np ≤πȢρЍὶὸ ─ ⅜ 70%

58%⌐⌂╡ ⌐ ─ ≤⌂╢ ⱱ♇♩☻ⱳ♇♩ ─ Np

─ ⅝↕│ Table 4.2 ─ SN ─ ≤ ─ ╩ ∆  

 

Table 4.3 Crack penetration liveSNp of specimen 1 (T1) and specimen 3 (T3-2) 

predicted by Mk-FCP analyses with various SCF determination techniques. 

Test ID measured FE FCP 0.1ãRT Den Linear Den quadratic IIW Linear IIW quadratic

T1 153,000 168,158 155,450 92,950 86,250 98,450 89,750

T3-2 634,400 608,529 556,100 494,000 416,400 439,700 422,100
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Fig. 4.10 Comparisons of crack penetration lives Np of specimen 1 (T1) predicted by 

Mk-FCP analyses with the NFMA-FCP result and the measured Np. 

 

 

Fig. 4.11 Comparisons of crack penetration lives Np of specimen 3 (T3-2) predicted by 

Mk-FCP analyses with the NFMA-FCP result and the measured Np. 
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4.4.4 Mk factor⌐╟╢ ≤ⱱ♇♩☻ⱳ♇♩ (HSS) ⌐╟╢

─  

 

≢ ─ SN ⌐ ∆╢ 2³106 ¥Ds2E6 ╩

≤╟┬ ╕√ SIF ─ Mk factor ≤ NFMA ─ ╩ Mk-SIF ≤

╟┬  

3 ⌐≡ FE ⱷ♇◦ꜙ╩ ⇔≡ NFMA ⌐╟╢ FCP ╩ ⇔ WES2805 

[4.14] ⅝ ╩ ⇔√ ⌐ ≤ ↄ ∆╢⅝ ╩

√ ─ Mk factor ⌐╟╢ FCP ≢│ ↓─ ⌐╟╢ ⅝ ≤

─ ⅝ ⅝ ╩ ⇔√ ╟∫≡ Mk factor ⌐╟╢ ⅜

─ ≤ ∆╢↓≤│ Mk-SIF ⅜ ↕⅛∫√↓≤╩ ∆ ↓╣│

SCF ⅔╟┘ DOB ≢ ⇔√ HSS ─ ⅜ SIF ─√╘─ ≤⇔

≡ ⇔≡™√↓≤╩ ∆╢  

4.4.3 ≢ Mk factor ⌐╟╢ ⅜ NFMA ─ ≤ ∆╢─│

⅜ 1.0 ⌐ ↄ⌂╢ ≢ ↕╣╢ HSS ╩ ™≡ SCF ⅔╟┘ DOB ╩

∆╢ ≢№╢↓≤⅜ ↕╣√ ↓─ │ Mk-SIF ⅜ ↕ↄ⌂╢ HSS ╩

∆╢≤ ∕─ HSS ⅜ ↕╣√ ╩ ⇔√ ─ ⅜

1 ⌐ ≠ↄ ⅜ ↄ⌂╢↓≤╩ ∆  

╟╡ ─ Mk factor ╩ ™√ FCP ╩ ∆╢ ≢ ⌐

⇔√ ─ ⅜ ≢⅝╢ │ ⅜ 1.0 ⌐ ↄ⌂╢

╩ ┘ ∕─ ≢ ↕╣√ HSS ╩ ⇔≡ SCF ⅔╟┘ DOB ╩ ∆╢↓≤

╩ ∆╢  

╕√ ─ HSS  SN ⌐╟╢ ╩ ∆╢ ≢ ⅝ SIF

─ NFMA ⅜№╢ │ Mk-SIF ╩ ↕ↄ∆╢╟℮⌂ HSS ╩ ┘

∕─ ⅜ ↕╣√ ─ SN ╩ ∆╢↓≤≢ ™ ─

⅜≢⅝╢ ⅜ ╕╢≤ ⅎ╠╣╢  
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4.4.5 ⅜ 1.0 ≢⌂™ ─ ⅝  

 

4.4.4 ⌐≡ ⅜ 1.0 ⌐ ↄ⌂╢ ╩ ┘ ∕─ ≢ ↕╣√ⱱ

♇♩☻ⱳ♇♩ ╩ ⇔≡ SCF ⅔╟┘ DOB ╩ ╘ ↓╣╠─ ╩ ™≡ Mk 

factor ⌐╟╢ ⅝ ╩ ⇔√ ⇔⅛⇔ ≡™⅔⌐☻כ◔─≡

⅜ 1.0 ⌐ ↄ⌂╢╟℮⌂ ⅜ ∆╢≤│ ╠⌂™ ≢│ ה

 [4.10-4.12]⌐ ↕╣╢ HSS ─ ⅝ ┼─ ⌐≈™≡

∆╢  

ה ⌐╟╢ HSS ╩ ™≡ Mk factor ⌐╟╡ ╘√⅝ ─ ╩ Fig. 

4.12 ⌐ ∆ ⱦכ♅ⱴכ◒ ─⅝ ╩ ≤ ↕∑╢√╘ 3.5 ≤

⌂ N ─◦ⱨ♩╩ ∫≡™╢ ─ ╡ ⅜ 1.0 ⌐ ™ DNV-RP-C203ה

πȢρЍὶὸ ⌐╟╢ ⅜ ≤─ ⅜ ™↓≤⅜╦⅛╢  

 

 
Fig. 4.12 Comparisons of crack propagation curves predicted by Mk factor FCP and 

measured crack propagation curves (T3-2 specimen 3, r=11mm). 

 

⅝ ─ ╩ ∆╢√╘ SN ≤ ∆╢╟℮⌐ HSS ─ ╩ ⇔

≡ Mk factor ⌐╟╢ FCP ╩ ╖√ ╠╣√⅝ ╩ Fig. 4.13 ⌐ ∆ Fig. 

4.12 ≤ ∆╢≤ a ┘ 2c ≤╙⌐ ⅜ ⇔≡™╢ ⇔√ HSS ╩ ™√ ≢

╙ DNV-RP-C203הπȢρЍὶὸ ⅜ ╙ ⅜ ≢№∫√ √∞⇔ ™∏╣─ ≢╙
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╟╡ ─ ⅜ ╠╣≡⅔╡ ⌂≥≢ ™╢ ⌐

│ ╩ ∆╢  

 

 
Fig. 4.13 Comparisons of crack propagation curves predicted by Mk factor FCP with 

modified HSS and measured crack propagation curves (T3-2 specimen 3, r=11mm). 
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4.5  

 

─ ≢ ↕╣╢ ⅜ ™ ⱬכ☻ⱱ♇♩☻ⱳ♇♩

(HSS) ≤ ⌐ ⇔ ה ⅜ ∆╢ SN ╩ ⇔≡ ⇔√

≤ ╩ ⇔ HSS ─ ╩ ⇔√ ∕⇔≡ HSS ╩

™≡ ╘√ Mk factor ⌐╟╡ ⇔√ SIF ╩ ™≡ ⅝ Mk-FCP ╩

⇔ FE ⸗♦ꜟ╩ ™√ ⌐ ≠ↄ ⅝ ⅔╟

┘ ≤ ⇔≡ Mk-FCP ⌐ ∆╢ HSS ─ ⌐≈™≡ ∂√

↕╠⌐ ─ ┼─ ╩ ∆╢ ≤⇔≡ SIF ─ Mk 

factor NFMAה ─ ╩ ™╢↓≤╩ ⇔√ ≢ ╠╣√ │ ⌐

≢⅝╢  

 

(1) ⱬכ☻─ HSS ⌐╟╢ ≤⇔≡ DNV-RP-C203 [4.11] UK Den

2ה  [4.10] IIW 2ה  [4.12]╩ ⇔ FE ⱷ♇◦ꜙ⌐╟╡

HSS ╩ ⇔≡ ─ ╩ ∫√ ─ ≢│ DNV-RP-C203 

πȢρЍὶὸה[4.11] │ SN ╟╡ ⅛⌐ 1.11 ─ ╩ ⅎ╢

Den [4.10] IIW [4.12] ─ 2 3ה │ ⅜ 1.37~1.47 ≤⌂╡ ╟╡ ⌐

─ ╩ ⅎ╢↓≤⅜ ∫√  

 

(2) ╩ ⇔√ ⅝ ╩ ⌐Mk factor⌐╟╢ ⅝ ╩

⇔√ ─ ≢│ ≤ SN ─ ⅜ ⌂ HSS

DNV-RP-C203 [4.11]הπȢρЍὶὸ ╩ ∆╣┌ Mk factor ⌐╟∫≡

⌂ ─ ⅝ ⅜ ≢⅝╢↓≤⅜ ∫√ ∕─ ─ │ ⅝ ─

⌂ ╩ ⅎ ⅜ SN ─ ─ ⅝↕≤ ─

╩ ⇔√  

 

(3) ─ Mk factor ⌐╟╢ ⅝ ╩ ∆╢ ≢ ⌐ ⇔√

─ ⅜ ≢⅝╢ │ SN ─ ⅜ 1.0 ⌐ ↄ⌂╢

╩ ┘ ∕─ ≢ ↕╣√ HSS ╩ ⇔≡ SCF ⅔╟┘ DOB ╩ ∆╢↓

≤╩ ∆╢  

 

(4) SN ─ ⅜ 1.0 ⌐ ↄ⌂╢ ⅜ ™ ∆╢ ⌐╟∫

≡ ╘╠╣√ⱱ♇♩☻ⱳ♇♩ ─ ╩ SN ⌐⌂╢╟℮ ⇔ ↕╣√
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╩ ⇔≡ ╘√ SCF ⅔╟┘ DOB ╩ ™≡ Mk factor ⌐╟╢ ⅝ ╩ ℮↓

≤≢ ⅝ │ ─╙─╟╡ ∆╢↓≤⅜ ↕╣╢ √∞⇔ ╟╡

╙╛╛ ─ ≤⌂╢ ╙№╡ ⌐│ ╩ ∆╢  

 

(5) ─ⱱ♇♩☻ⱳ♇♩  SN ⌐╟╢ ╩ ∆╢ ≢ ⅝

SIF ─ ⅜№╢ │ SIF ─ Mk factor NFMAה ─

⅜ ™ HSS ╩ ┘ ∕─ HSS ⅜ ↕╣√ ─ SN

╩ ∆╢≤ ─ ™ ⅜≢⅝╢ ⅜ ╕╢≤ ⅎ╠╣╢  
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5   

 

 

│ ⌐ ╣ ╛ ⌐ ↕╣╢ ∕╣╠

─ ─ ╩ ⌐ ∆╢↓≤│ ─ ⅔╟┘

⌐⅔™≡ ≢№╢ ⌐⅔↑╢ ─ │ ⱱ♇♩☻ⱳ♇♩

(HSS)⌐ ≠⅝ ↕╣╢ ─ HSS ⱬכ☻─ │

ꜞ◓ ─ 32mm ╩ ≤⇔≡⅔╡ ╛

≢ ↕╣╢ 16mm ┼─ │ ⌐│ ↕

╣≡™⌂™ ↓─ ─ ≤⇔≡ SN ⌐╟╢ ⅛╠⅝

⌐ ≠ↄ ┼─ ⅜ ⅎ╠╣╢⅜ ⅝ ─

SIF ─ ⌐ ╘≡ ⌂ ≤ ⌂ ⅜ ⌂√╘ ┼

─ │ ⇔≡™⌂™  

≢│ ⌐ ⌂ ─ ⅛≈ ⌂

─ ╩ ≤⇔≡ ╩ ∫√ ↓─ ≢ ↕╣╢ │

⅜ ∆╢ HSS ─ ╩ ∆╢ ⌐╙ ≢⅝╢ │

⌐ ∫√ ╩╕≤╘√╙─≢ ─ ≢ ↕╣╢  

 

≢│ ╩ ⇔ ≤⌂∫√ ⅜ 32mm

─ ⌐ ↕╣≡™≡ ┼─ │ √⌂ ה ⌐╟╡ ∆╢

⅜№╢↓≤╩ ⇔√ │∕─ ⌂ ⅛╠ ⌐│ HSS ⅜

™╠╣╢ HSS ╩ ∆╢√╘⌐ ╩Ɽꜝⱷ♩ꜞ♇◒⌐ ╘╢ ⅜ ⌂

↕╣≡⅝√⅜ ↓╣╠│⸗♦ꜟ ╗⌂≥─ ⅜№╢↓≤╩ ═√ ™≡

⌐ ∆╢ ╩ ⇔ ≢│ ↕╣√ ≢─ SIF

⇔⅛⌂ↄ ─ ⌐╟╡⅝ ─ ╩ ⇔√ ⅜ ≢

№╢↓≤╩ ⇔√ ↕╠⌐ HSS ⌐ ⅝ ─ SIF ╩ ⅝ ─ SIF ⌐ ⇔ↄ

∆╢√╘─ ≤─ √⌂ ╩ ⅎ╢↓≤╩ ⇔ ─ ⌐≈™≡ ⇔

√  

 

≢│ ─ ♃כ♦╢⌂≥ ─√╘⌐ ⇔√ⱨꜟ☻◔כꜟ T ─

⌐≈™≡ ═√ ─ ⌐ ⇔ ⌐╟╢ → ╩ ⇔

⅝ Nc ⅝ Np ╩ ⇔≡™╢ ≢│ ⱦכ♅ⱴכ◒╩

⇔ ⅝ ⅛╠ ⌐ ╢ ─ ╩ ⇔≡™╢ ╕√
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─ ⅜ ⌐ ↕╣ ─ HSS ⅜ ↕╣≡™╢ ↓─ ⅛╠

SN ─ ⌐ ∆╢ ⅜ ↕╣ ─ ≢│ DnV RP-C2030.1ה

ӏrt ≢ ≤ ─ ⅜ ⌐⌂╢ UK DEn IIW

─ ⅜ ⌂ ╩ ⅎ╢↓≤╩ ⇔√  

 

≢│ ─ ╩ ⌐ FEM ╩ ™√ ⅝ ─

╩ ⇔√ ≢│ ⅝ ─ ⌐ ↕╣╢ ⱷ♇◦ꜙ╩

⇔ SIF ─ ⌐ ⌐ ⇔√⅝ VCCM ╩ ™√ ⅝

⌐│ WES2805 ╩ ⇔√ ⅝ ─ ≤ ╩

⇔≡ ⅜ ⌐ ⇔√↓≤ ∆⌂╦∟ ≢ ⇔√ ⌐╟╡ T

◘♪ꜟ ⌐ ∂√ ⅝ ─⅝ ╩ ™ ≢ ≢⅝╢↓≤╩ ⇔√

≢ ⇔√ │ ┼─ ⅜ ≢ ╟╡ ⌂ SIF

─ ⅜ ≢№╢↓≤╩ ═√ ⌂⅔ ─ ⅝ ╩ ⅎ√√╘ ⅝

Nc ⌐≈™≡│ ⇔≡⅔╠∏ ⌐⅔™≡ ⌐ ↕╣√⅝ ◘▬☼╩ ≤⇔

≡⅝ ⌐╟╢⅝ Nc ╩ ∆╢ ⅜№∫√ ─⅝

┘⅝ Np │ ≤⅝ │ ↄ ⇔√  

 

≢│ ⅝ ─ SIF ╩ “Mk factor”⌐╟╡ ╟ↄ

∆╢↓≤╩ ╖√ Mk factor ─ ≢ ⌐⌂╢⅝ ⌐⅔↑╢

SCF ≤ → DOB ╩ ≢ ⇔√ HSS ≢ ╘√

HSS ⌐╟╡ ⇔√ SCF ⅔╟┘ DOB ≢ ⇔√⅝ ╩ ─

⅔╟┘ ─ FEM ≤ ⇔√ ∕─ Mk factor ⅜ ⅔╟┘

FEM ≤ ╙ ↄ ∆╢─│ SN ─ ⌐ ∆╢ ⅜ ⌐

⌂╢ DnV RP-C203 ⅜ ∆╢ HSS 0.1ӏrt ≢ SCF ╩ ⇔√ ≢№╢↓

≤╩ ⇔√ ⌂⅔ 3 ≤ ─ ⌐╟╡ Mk factor ⌐╟╢⅝ Nc ⌐≈

™≡ ⅜ ≢№∫√ ─ ╟╡ Mk factor ⌐ ∆╢ SCF ⅔╟┘ DOB ╩

SN ─ ⌐ ∆╢ ⅜ 1 ⌐ ™ ⅜ ∆╢ HSS

⌐╟╡ ∆╢↓≤╩ ⇔√ ╕√ Mk factor ≢ ⇔√ SIF ⅜

≤ ∆╢ SCF ⅔╟┘ DOB ⌐ ↄ⌂╢ HSS ╩ ∆╢≤ ⇔√

─ SN ≤ ⅜ ≠ↄ ⅜ ™≤ ∂√  

 

─ ≤⇔≡│ ⅝ↄ ─ ⅜ →╠╣╢ ╕∏ ≢│ ⅝ Nc

⌐≈™≡│ ≢⅝≡™⌂™ ↓╣│ UT, MT ⌐╟╡ ⅝ ─
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≤⌂╡℮╢ ⅜ ≢⅝⌂⅛∫√√╘ ╕√│ ─ ⅝

⅛╠─ ⅝ ה ╩ ╡ ℮ ⅜№∫√√╘≢№╢ ↓─ ╩ ∆╢⌐│

⌐╟╢ ה ⅝ ─ ≤ ⌐ ⌂ Stage IIa

⅝ ─ ⅜ ≢№╢⅜ ∕╣╠─ ה │ ⇔≡™⌂™  

⌐ ≤⇔√ │ ₈ ─ ⌂ T ₉₈

₉₈ R=0.05 ─ ╡₉≤⌂∫≡⅔╡ ↓╣╠─ ≢│ ⌐╟╢

⅜ ≢⅝╢╙─≤ ⅎ╠╣╢⅜ ╟╡ ⌂ ⌂ ╩

╗ ╡ ⇔ ⌂≥ ⌐⅔™≡│ ⌐≈™≡ ╘≡ ⅜ ≤⌂╢ FEM

╩ ™√⅝ ╩ ™╢↓≤≢ ─ ╩ ╢↓≤╙ ≤ ╦╣╢⅜ ─

≢│⅝ ╛⅝ ≥℮⇔─ ╙ ∆╢ ⅜№╢ ╕√ ─

─ ⇔⌂™ ≢⅝ ⅜ ∆╢ ╙№╡ ╩↕╠⌐ ⌐⇔≡™╢

⌐╟╢ ⌐ ⅜№╢ │ ╘≡ ⅜ ≤⌂╢ ╙ ╕╣╢  

 

  



 84

 ◓ꜝ►fi♪ →↕╣√ ─ Mk factor 

Bowness D., Lee MMK., Fracture mechanics assessment of fatigue cracks in 

offshore tubular structures, Offshore Technology Report 2000/077, Health and Safety 

Executive (2002). 

 

(1) Deepest point under membrane loading with a toe-ground weld 
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 ὃ πȢςςτυχ ὥ ὧϳ πȢτρππω ὥ ὧϳ πȢψφπχρ 

 ὃ πȢφυππω ὥ ὧϳ πȢχφφπσ ὥ ὧϳ ρȢπσυρ 

 ὃ πȢρπχτυ ὥ ὧϳ ρρȢπȢω ὥ ὧϳ σπȢυυχ 

 ὃ ρȢςτωτ ὥ ὧϳ χȢρυρπ ὥ ὧϳ ωȢτωρφ 
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 ὃ πȢππςρωψρ ὒ Ὕϳ πȢππφφσψψ ὒ Ὕϳ πȢςσςττ 

ὃ πȢπωψπωφ ὒ Ὕϳ πȢςςςψπ ὒ Ὕϳ πȢρωσττ 

ὃ πȢπρυυψτ ὒ Ὕϳ πȢπςφτυψ ὒ Ὕϳ πȢσρπφυ 

ὃ πȢςωφυρ ὒ Ὕϳ ρȢςωωυ ὒ Ὕϳ ρȢπσφς 
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(2) Deepest point under bending loading with a toe-ground weld 
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 ὃ τυȢψυφ ὥ ὧϳ φπȢφςφ ὥ ὧϳ ψȢτωυς 

 ὃ πȢυρτυχ ὥ ὧϳ πȢτχωυψ ὥ ὧϳ πȢφπρχφ 

 ὃ σȢωςπω ὥ ὧϳ φȢπφυς ὥ ὧϳ τȢωρψτ 

 ὃ ςȢωτυω ὥ ὧϳ πȢςρψχυ ὥ ὧϳ ςςȢχσς 

 ὃ τσȢτυφ ὥ ὧϳ υτȢψχχ ὥ ὧϳ υȢπττψ 

 ὃ σȢτψυρ ὥ ὧϳ υȢωρςω ὥ ὧϳ υȢχχρψ 
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ὃ πȢπσχρφσ ὒ Ὕϳ πȢπττφσψ ὒ Ὕϳ πȢπςφυωρ 

ὃ πȢππςψχωπ ὒ Ὕϳ πȢπρωπτσ ὒ Ὕϳ πȢπυςχυφ 

ὃ πȢψχτφυ ὒ Ὕϳ σȢψσχψ ὒ Ὕϳ ρȢρςωψ 
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(3) Crack ends under membrane loading with a toe-ground weld 
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Ὢ
ὥ
Ὕ

ȟ
ὧ
ὥ

ὃ
ὥ
Ὕ

ὃ ρ
ὥ
Ὕ

ὃ
ὥ
Ὕ

ὃ  

 

 ὃ πȢπςψψτς ὧ ὥϳ ρȢπφυφ ὧ ὥϳ ςτȢφσς 

 ὃ πȢππςψχππ ὧ ὥϳ πȢπσφυπρ ὧ ὥϳ πȢρψςσς 

 ὃ πȢςτψυπ ὧ ὥϳ ςȢωτρσ ὧ ὥϳ χȢωρωω 

 ὃ ρȢψψφπ ὧ ὥϳ χȢτπρτ ὧ ὥϳ ρρȢυχς 

 ὃ πȢπσυφτπ ὧ ὥϳ πȢυττωυ ὧ ὥϳ ςȢσσψχ 

 ὃ πȢπρφψψσ ὧ ὥϳ πȢυχχφς ὧ ὥϳ χȢχφςσ 

 

Ὢ
ὥ
Ὕ

ȟ
ὥ
ὧ

ȟ
ὒ
Ὕ

ὃ
ὥ
ὧ

ὃ
ὥ
ὧ

ὃ
ὥ
Ὕ

ὃ ρ
ὥ
Ὕ

 

 

 ὃ πȢππσπσππ ὒ Ὕϳ πȢπςςςσυ ὒ Ὕϳ πȢππφψυφτ 

ὃ πȢππυςτςφ ὒ Ὕϳ πȢπσσσψχ ὒ Ὕϳ πȢπρψυπτ 

ὃ πȢππσψυρφ ὒ Ὕϳ πȢπρτχψπ ὒ Ὕϳ πȢπωσπχρ 

ὃ πȢππψρτςρ ὒ Ὕϳ πȢπρςςωπ ὒ Ὕϳ πȢρχτφω 

ὃ πȢπςρςφτ ὒ Ὕϳ πȢπφχρφυ ὒ Ὕϳ πȢπτσρσς 

ὃ ςυȢφωσ ὒ Ὕϳ ρωȢυχπ ὒ Ὕϳ υȢτπσς 
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(4) Crack ends under bending loading with a toe-ground weld 

 

ὓὯ Ὣ Ὢ
ὥ
Ὕ

ȟ
ὧ
ὥ

Ὢ
ὥ
Ὕ

ȟ
ὥ
ὧ

ȟ
ὒ
Ὕ

 

 

where 

 

Ὢ
ὥ
Ὕ

ȟ
ὧ
ὥ

ὃ
ὥ
Ὕ

ὃ ρ
ὥ
Ὕ

ὃ
ὥ
Ὕ

ὃ  

 

 ὃ πȢτσρωσ ὧ ὥϳ τȢπςσφ ὧ ὥϳ ςχȢτςυ 

 ὃ πȢπρσπυψ ὧ ὥϳ πȢρςτφφ ὧ ὥϳ πȢτφπυρ 

 ὃ πȢςςσψψ ὧ ὥϳ ςȢψφτσ ὧ ὥϳ χȢψφψψ 

 ὃ πȢρωρσς ὧ ὥϳ πȢψτςωρ ὧ ὥϳ υȢςωυυ 

 ὃ πȢτφρρυ ὧ ὥϳ σȢφφςπ ὧ ὥϳ ωȢπρχω 

 ὃ πȢπσψρωπ ὧ ὥϳ πȢτπψρφ ὧ ὥϳ υȢφωρσ 

 

Ὢ
ὥ
Ὕ

ȟ
ὥ
ὧ

ȟ
ὒ
Ὕ

ὃ
ὥ
ὧ

ὃ
ὥ
ὧ

ὃ
ὥ
Ὕ

ὃ ρ
ὥ
Ὕ

 

 

 ὃ πȢππςψχυω ὒ Ὕϳ πȢπςςσυπ ὒ Ὕϳ πȢπρψρρπ 

ὃ πȢππτυςρυ ὒ Ὕϳ πȢπσρςυψ ὒ Ὕϳ πȢπςςφψφ 

ὃ πȢππσψωτρ ὒ Ὕϳ πȢπρυςτπ ὒ Ὕϳ πȢπχφχωρ 

ὃ πȢππυφχψσ ὒ Ὕϳ πȢππσφψχφ ὒ Ὕϳ πȢσρωυω 

ὃ πȢρπωωψ ὒ Ὕϳ πȢρπφςσ ὒ Ὕϳ πȢππτχςψω 

ὃ υςȢωυς ὒ Ὕϳ φτȢφψπ ὒ Ὕϳ τςȢρφω 
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╩ ∆╢⌐№√╡  ⌐│ ─

↑⅛╠ ─ ╡╕≤╘⌐ ╢╕≢ ⌐╦√╡ ⌂↔ ↔ ╩

╡╕⇔√ ╕√ ≤⇔≡ ─╕╕ ⇔√√╘ ↔ ╩ ₁⅔⅛↑∆╢↓≤╙

№╡╕⇔√⅜ ₁⌂ ≢↔ ⅝ ╦╠⌠ ╩╙∫≡↔ ↑√↓≤⌐

⅛╠ ⇔ ⅔ ⇔ →╕∆  

 

 ⌐│ ─⅝∫⅛↑≤⌂∫√

─▪▬♦▪╩ ╘ ─ ≤⌂╢ ⅎ ╩↔ ╡╕⇔√ ─↔

⅜№╣┌↓∕ ↓─╟℮⌂ ⌂ ⌐ ╦╢ ╩ ╢↓≤⅜≢⅝√╙─≤ ⇔≡

⅔╡╕∆  

 

 ⌐│ ─ ⅛╠

ↄ─↔ ↔ ╩ ⅝╕⇔√ ⌐│ ≤⇔≡ ╩ ⌡≡ ⅝ ⌂↔

╩ ⅝╕⇔√ ╕√ ≢ ™√⅝ │ ─ ⌐ ⅎ╠╣≡ ╠╣√

≢№╡ ─ ⌐ ╩ ∆╢≤≤╙⌐ ╟╡⅔ ⇔ →╕∆   

 

  

⅛╠│ ╙↔ ╩ ╡╕⇔√ ╕√ ─ ⌐╙⅔ ™╩ ⅝ ╟╡

⇔ →╕∆  

 

─ ⌐│ ⌐↔ ⅝ ⅔ ⇔

→╕∆ ≢ ╡ →√ ≈⅛─ │ ⅜ ⌐ ╡ ╪≢ √ ⌐

≠™≡⅔╡ ∆≢⌐ ↕╣√ ╙ ╘≡ ─↔ ⌐╟╡ ╕≢ ╡╕≤╘╢↓

≤⅜≢⅝╕⇔√ №╠√╘≡ ⅔ ⇔ →╕∆  

 

◘ⱡꜘ☻ ─ ⌐⅔ ⇔ →╕∆ ⅜ ⌐ ∆╢ ╩

ⅎ≡ ™√ ╩ ╘≤∆╢ ₁─↔

↔ ⌐ ⅛╠ ⇔ →╕∆ ╕√ ◘ⱡꜘ☻הⱦ☺Ⱡ☻Ɽכ♩

כ♫ ⌐│ ⅜ ⌐ ™≡ ⅝⌐╦√╡ ≤⇔≡ ⅝╕

⇔√ ∕─ ⅜ ─ ┼ ⅜∫√╙─≤ ↄ ⇔≡⅔╡╕∆  
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─ ⌐╙ ₁─↔ ╩ ⅝╕⇔√ ⌐ ↄ╪⌐│ ─

⌐ ⌂ ╛ ─ ╡╕≤╘⌂≥≢ ↑≡ ⅝╕⇔√ ↄ╪─ ⌐╟∫≡

─ ╩ →╢↓≤⅜≢⅝√≤ ⇔≡⅔╡╕∆  

 

⌐ ↓↓≢ ∫√ │ ∞↑≢⌂ↄ ─ ─ ⌐ ≈ ≢№

∫√≤ ⇔≡⅔╡╕∆ │ ≢ ∫√ ╛ ╩ ⅛⇔ ◘ⱡꜘ☻ ↕

╠⌐│ ─ ⌐ ⌂⅜╠ ⇔≡ ╡√™≤ ™╕∆ ╙ ⌐≈≤╘

─└™≡│ ╩ ╘√ ─ ⌐ ≢⅝╢╟℮ ∆╢↓≤╩⅔ ™⇔≡

─ ┘─ ≤↕∑≡ ⅝╕∆  

 

 

 

 


