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ABSTRACT 
Accurate lifetime predictions are needed for support structures 

of offshore wind turbines to optimize operation and 

maintenance and to decide about lifetime extension of aging 

wind farms. A comparison of a facture mechanics model to the 

SN-curve approach for jacket supported offshore wind turbines 

shows that it is attractive for lifetime extension decisions; 

however major challenges are calibration of material parameters 

and assumptions for initial crack size. Crack growths on a Y-

joint connecting brace and jacket leg was analysed with 

simulations of structural response to aero- and hydrodynamic 

loading and Paris’ law for crack propagation. The model was 

calibrated to yield an identical fatigue life as obtained from the 

SN-curve analysis. The effect of weather seasonality on crack 

growth was evaluated with a Markov weather model and Monte 

Carlo simulations. Results show that crack growth is sensitive to 

parameter calibration and follows seasonal weather trends. 

KEYWORDS: fatigue, crack growth, offshore wind turbine, 

fracture mechanics, seasonality 

 

1. INTRODUCTION 

1.1 Motivation 
Offshore wind energy has developed rapidly in the past two 

decades - from small near shore wind farms in less than 10m 

water depth up to large turbines (>5 MW) in deeper water 

today [1]. Jackets are common support structures for offshore 

wind turbines (OWT) installed in the transition zone between 

moderate water depth (<30 m), where monopiles are 

predominant foundations, and deep water (>50 m), where 

floating structures are necessary [2]. The most important 

challenge for commissioned wind energy projects is to keep 

reliability and profitability through well-organized operation 

and maintenance procedures [3]. In addition, profit can be 

increased by extending the operation of safe and economic wind 

farms beyond their original design lifetime of 20-25 years. For 

both purposes, accurate prediction of the health and remaining 

useful lifetime of all OWT components is needed. A crucial 

factor is structural integrity of support structures since an 

unpredicted tower or foundation failure, such as recently 

happened to one OWT in the Samsø Offshore Wind Farm [4], 

leads to a large loss on investment. 

 

1.2 Support structure design and lifetime prediction 
Design of OWT support structures is complex since it has to 

account for a large number of environmental conditions and 

loading scenarios during 20-25 years of wind farm 

operation [5]. Fatigue is often a design driver for OWT support 

structures since they are subjected to long-term cyclic loadings 

from wind, waves and current.  

After some years in operation, the consumed lifetimes of jacket 

support structures often differ from design lifetimes due to large 

uncertainties in environmental loading, material resistance, and 

design models. In addition, variation of site conditions in large 

wind farms lead to differences in the load level between 

turbines [6]. Updating calculated lifetimes is crucial for 

scheduling inspections and to decide about lifetime extension of 

OWTs. A main element in lifetime prediction is the fatigue 

damage model, typically based on a SN-curve or alternatively 

linear-elastic fracture mechanics approaches. 

Fracture mechanic models are advanced compared to SN-curve 

approaches since they offer detailed crack growth description. 

However, substantial practical problems, for example, model 

complexity and the uncertainty in material parameters, limit the 

use of fracture mechanic models for design of OWT support 

structures nowadays. However, DNV GL [7] recommends 

fracture mechanics approaches for assessment of (I) occurred 

fatigue cracks, (II) fabrication quality criteria, and 
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(III) inspection planning, where simplified SN-curve models do 

not give sufficient information.  

 

1.3 Scope of this work 
The intention of this paper is to discuss the applicability of a 

linear-elastic fracture mechanics model for the issue of lifetime 

prediction for offshore wind jackets. The focus is on fatigue 

crack growth at a Y-joint connecting a jacket brace to a leg. The 

opportunities and challenges evolving from modelling crack 

growth during design and operation are reviewed and compared 

to the SN-curve approach. This paper applies a simplified 

fracture mechanics model with the analytical formulation of 

Paris’ law for crack growth, but does not go into details 

regarding finite element analysis for the calibration of stress 

intensity factors. The effect of weather seasonality on fatigue 

crack growths is assessed and different approaches for 

parameter calibration are discussed. 

The remainder of this paper is organized as follows. First, 

Section 2 outlines fracture mechanic models and fatigue design 

with SN-curves. The numerical wind turbine model and 

simulated load cases for the structural analysis are introduced. 

Furthermore, a brief summary of a persistent weather model is 

given. Results of crack growth simulations are presented in 

Section 3, while Section 4 provides a discussion on challenges 

and opportunities for lifetime prediction. Finally, the paper is 

ended with conclusions in Section 5. 

 

1.4 State of the art 
Linear-elastic fracture mechanics models have been extensively 

discussed for marine structures in the oil & gas industry, mostly 

focusing on tubular joints [8–10]. Kirkemo [9] gives a 

comprehensive introduction to probabilistic fracture mechanics 

for offshore structures. Focus of that review is the incorporation 

of uncertainties into fatigue crack growth models and structural 

reliability assessment with first-order reliability methods, 

exemplified on a jacket structure. Interesting for circumferential 

welds in OWT towers and monopiles is the contribution by Li 

et al. [11] who evaluated fatigue reliability of berthing 

monopiles based on a fracture mechanics approach and 

developed stress intensity and concentration factors for 

circumferential butt welds.  

The major difference between jacket-supported oil & gas 

platforms and OWTs is the dynamic response which plays a 

significantly larger role for OWTs due to wind excitation [12]. 

Dong  et al. [12] emphasize that larger uncertainties are present 

in the hot spot stress for tubular joints for OWTs compared to 

oil & gas platform jackets. So far, only a few publications are 

available that applied a linear-elastic fracture mechanics model 

on OWT support structures. Dong et al. [13] base fatigue 

reliability analysis of jacket supported OWTs on a fracture 

mechanics model which also accounts for corrosion by fitting 2-

parameter Weibull and Gamma functions to obtain a long-term 

distribution of hot spot stress ranges. In [14–16] a fracture 

mechanics approach is used for risk-based planning of 

operation and maintenance of OWTs.  These authors compare 

calculated reliability values with inspection outcomes during 

operation, taking into account the probability of crack detection. 

All authors calibrate the parameters of their fracture mechanics 

models (e.g. material parameters C and m, initial crack size a0) 

so that it yields an identical reliability level over time as 

calculated in the SN-curve analysis. Yeter et al. [17] consider 

initial crack size and selected material characteristics as random 

variables and apply a fracture mechanics model to update 

structural reliability based on inspections and repair. Finally, 

Márquez-Domínguez & Sørensen [18] calibrate fatigue design 

factors of support structures with a fracture mechanics model. 

To the knowledge of the authors, there is no published work that 

addresses the effect of the sequence of loading and weather 

seasonality on fatigue crack growth for offshore wind jackets, 

although studies on other applications have shown that 

subsequent load peaks might cause acceleration and retardation 

of crack growth [19–22]. Additionally, there is a need to 

critically assess the difficulties of a fracture mechanics model 

for OWT jackets concerning lifetime prediction: what are 

suitable parameterization approaches, and how sensitive are 

crack growth results to changes in the model parameters?  

2. FATIGUE DESIGN METHODS 
The fatigue life of a component can be categorized into three 

phases: (1) microstructural processes leading to crack initiation, 

(2) continuous crack propagation and (3) accelerated crack 

growth ending in brittle failure [23]. A fatigue crack initiates at 

the hot spot point of the structure, typically due to small 

welding defects in combination with stress concentration and 

weld geometry [7]. Hot spots are structural locations with the 

highest expected cumulative damage over the lifetime.   

Fatigue analysis can be based on either SN-curves (cf. 

Section 2.1) or fracture mechanics (cf. Section 2.2). Industry 

practice for fatigue design of OWT support structures is the use 

of SN-curves, which is also recommended in standards 

applicable to OWT support structure design [7,24]. SN-curves 

quantify material resistances to fatigue loading in terms of 

number of constant amplitude stress cycles until failure. Failure 

is defined as through-thickness crack [7]. Therefore, all three 

fatigue phases from crack initiation until fracture are only 

represented with a single curve in the SN-approach. However, 

to include information from inspection and monitoring, a model 

that describes fatigue crack growth in terms of measurable 

damage is needed.  

Fracture mechanic models provide solutions as they describe 

crack growth as function of stress cycles, structural and crack 

geometry, and material parameters. These models typically 

depict the second fatigue phase only (crack propagation), 

assuming that an initial crack is already existing in the structure. 

Fracture mechanic approaches are recommended as a 

supplement to SN-curves in industry guidelines [7,24]. Both 

guidelines refer to [25] for detailed guidance on fatigue 

assessment with fracture mechanics. 
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2.1 SN-curve design 
SN-curves are generated from fatigue testing of small material 

specimen. SN-curves are specified as piecewise-linear curves 

with one or two segments. Parameterization of the applicable 

SN-curve depends on the type of weld connection and 

environment, e.g. air, seawater with cathodic protection, or 

seawater with free corrosion. Recommendations for design SN-

curves are given in industrial guidelines such as [7,24,26]. 

Design SN-curves typically refer to mean-minus-two-standard-

deviation curves from experimental data corresponding to a 

97.7% probability of survival [7]. Circumferential butt welds 

(also called girth welds) connecting the tower sections of OWTs 

must be welded from both sides according to DNV [24]. The 

most frequently used SN-curve for this welding connection is 

“detail category D” specified in [7]. Tubular joints, such as the 

connection of jacket brace to leg, are assessed with the SN-

curve “T” [7]. 

Fatigue damage is commonly calculated with the Palmgren-

Miner hypothesis of linear damage accumulation. This rule 

specifies fatigue damage D as the ratio of occurred stress cycles 

ni (given by load history) to number of stress cycles until failure 

Ni (given by SN-curve), summed up over all occurring stress 

ranges i=1,2,… as shown in Eq. 1 [27]. The structure is 

designed to withstand fatigue loading if D<1 over the lifetime. 


i i

i

N

n
D  (1) 

Recently, Brennan & Tavares [28] criticized that databases for 

SN-curves are out of date and do not represent current 

knowledge in several areas, such as regarding corrosion, but 

also advanced fabrication, quality control, and inspection 

techniques. Additionally, studies have shown that the sequence, 

in which loading occurs, influences fatigue crack growth, which 

is neglected in the linear damage accumulation hypothesis [19–

21]. 

 

2.2 Fracture mechanics 
Crack propagation relationships are derived from experimental 

test results of crack growth in material specimen exposed to 

(constant amplitude) loading. Several models exist, of which the 

most frequently applied model is Paris’ law presented in Eq. 2 

and 3 [29]. According to Paris’ law, the crack growth increment 

da per load cycle dN follows an exponential function with stress 

intensity factor ∆KI and the material constants C and m. The 

material constants are determined empirically. Several standards 

and practices give guidance on parameter selection [7,24,25].  

m

IKC
dN

da
)(  (2) 

Numerical solutions based on finite element modelling for the 

stress intensity factor ∆KI are most accurate but involved and 

computationally demanding. Therefore, analytical solutions are 

provided by standards which are deduced from semi-elliptical 

cracks in plates [25].   

The stress intensity factor ∆KI can be calculated as a function of 

the stress ranges ∆S and a geometry factor Y (cf. Eq. 3), which 

depends on crack and structural geometry as well as loading 

type [30].  

aYSK I    (3) 

Typically, there is a minimum threshold stress intensity factor 

∆Kth, below which the stress cycles are assumed to not 

contribute to crack propagation. Alternatively to Eq. 2, the 

offshore standard DNV-OS-J101 [24] recommends the crack 

growth relationship in Eq. 4, which leads to less conservative 

results for identical material parameters. The recommended 

threshold value is mmMPaK th 1.79  [24]. 

)(
m

th

m

I KKC
dN

da
  (4) 

Equation 4 leads to smaller crack growth rates, especially if 

there are a large number of stress intensity factors near the 

threshold value, which is the case for OWTs where the high-

cycle fatigue region is dominant. Equation 4, however, deviates 

from BS 7910 [25] which recommends Eq. 5 as less 

conservative version of Eq. 2, where R is the stress ratio for 

welded joints. R is defined as ratio of minimum to maximum 

absolute stress level [25]. 

mthI

R

KK
C

dN

da
)

1
(




  (5) 

According to DNV GL [7], the fatigue life calculated with 

fracture mechanics shall be shorter than the one derived with 

SN-curves since the time for crack initiation is included in SN-

curves but assumed to already have happened in fracture 

mechanics modelling. Fatigue failure in fracture mechanics 

models is expressed according to a critical crack depth ac. 

Criteria for ac used in previous studies are wall thickness t, t/2, 

or a function of fracture toughness, geometry function and 

average stress range as specified by Li et al. [11].Fracture 

mechanics models are applied at structural hot spots, where 

cracks are assumed to happen first. The stress ranges ∆S 

required for fatigue crack assessment with Eq. 2 are hot spot 

stresses which are specific for the considered crack opening 

mode. Hot spot stresses are derived through superposition of 

nominal stresses from axial loading, in-plane and out-of-plane 

bending, which are weighted with a stress concentration factor. 

Hot spot stresses are typically evaluated at eight locations from 

crown toe to saddle to crown heel of welded joints, with linear 

interpolation, as shown in Fig. 1 for a Y-joint connection 

between jacket leg and brace. In this study, the formulas given 

in [7] for tubular joints are applied.  
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OWTs are subjected to variable-amplitude loading, which 

follows an annual trend, since wind and wave characteristics are 

influenced by weather seasonality. There are two impacts of 

loading sequence on fatigue crack growth: (1) a mathematical 

effect based on the non-linearity of Eq. 2 and 3, and (2) a 

physical effect, as over-load causes crack growth retardation.  

The mathematical effect is due to the Eq. 2: the crack growth 

per load cycle for the time step i depends on the crack depth in 

the previous time i-1. Consequently, the sequence, in which 

stress ranges occur, has the following effect in a given time 

series: The overall crack growth is larger if high stress ranges 

occur early and lower stress ranges later in time than vice versa.   

The physical effect that crack growth retards after application of 

high tensile load cycles has been observed in experiments with 

variable-amplitude loading and is explained with either a crack-

closure theory or crack-tip plasticity approach [31]. This paper 

studies the mathematical effect, especially regarding weather 

seasonality, but excludes physical growth retardation theories 

since these depend on crack geometry and plastic zone 

characteristics that are affected by large uncertainties.    

 

2.3 Calibration of fracture mechanic models 
As an alternative to the empirical determination of material 

constants by accelerated fatigue testing, these parameters can be 

calibrated using results of SN-curve analysis. This calibration is 

beneficial if the structure is initially designed using the SN-

approach, however a detailed lifetime reassessment is required 

after some years in operation, e.g. due to additional available 

information from on-site inspections or monitoring of loads 

and/or environmental factors. Calibration can be stochastic or 

semi-empirical. Stochastic calibration accounts for the 

uncertainty in fatigue crack growth by randomizing parameters 

such as initial crack size and geometry function [9,34]. The 

material parameter m is often taken with a fixed value, while C 

is assumed as a lognormal or normal distributed variable. 

Characteristic values of m and C from literature are presented in 

Tab. 1. The majority of sources apply a one-slope relationship 

between stress intensity factor ∆KI and crack growth da/dN 

apart from the standard BS 7910 [25]. The material parameters 

are mostly in the same order of magnitude, while there is no 

consent about implementation of threshold values for stress 

intensity factors ∆Kth. According to DNV [24], C should be 

applied in crack growth models as mean plus two standard 

deviations from test results. 

Semi-empirical calibration uses results from SN-curve analysis, 

such as the reliability level over time to fit unknown constants, 

typically C and m, in the fracture mechanic models [13–16]. 

This changes the meaning of C and m from originally material 

constants to model effective parameters. In this paper, C was 

calibrated to yield an identical fatigue life as the SN-curve 

analysis. The 20-year damage value D obtained with the 

Palmgren-Miner rule of linear damage accumulation was 

extrapolated until the failure condition D=1. The corresponding 

lifetime until failure Tfailure is input for the fracture mechanics 

calibration, where C is adjusted until the crack depth at Tfailure 

equals the critical crack depth ac. In this study, ac is chosen as 

through-thickness crack of the brace wall thickness (ac=tbrace) as 

this corresponds to the failure criteria of the SN-curve 

(D=1) [7].  

 

 

 

 

Brace wall

Fatigue crack

Fatigue crack1
2

4
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Jacket leg

Brace

Crown toe

Saddle

Crown heel

5
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2

4

3

5
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FIGURE 1. Y-joint between jacket leg and brace with eight hot 

spot locations and fatigue crack with semi-elliptical shape. 

 

TABLE 1. Typical parameters used in fracture mechanics 
models with Paris’ law for tubular joints on OWT jackets and 

other structures. Studies referring to OWT jackets are 
marked with the superscript 

OWT
. The mean value μ and 

standard distribution σ are given for a normal distribution of 
the parameter ln(C) (natural logarithm of C). 

m 

[-] 

μln(C) 

  













m

mmMPa

mm

 

σln(C)

  













m

mmMPa

mm

 

Dist Kth 

mmMPa  

Source 

3.1 -29.84 0.55 - 79.1 [24]OWT 

3.42 -30.56 0.58 - 63 [25]1 

1.11 -14.38 0.14 - 63 [25]2 

refers to [25] [7] 

3.1 -29.84 0.55 N - [13] OWT 

2.88 -28.16 0.66 N - [17] OWT 

3 -29.75 0.5 N 
190-

144R 
[9] 

3 -26.13 0.119 N - [32]3 

3 -29.24 0.55 N 100 [33]3 

2.55 -27.77 0.003 N - [14] (OWT)4 

Abbreviations and variables used in the table: Dist: distribution 

type, N: normal distribution, μ: mean value, σ: standard deviation. 

The parameters given are for tubular joints in seawater with 

corrosion protection, if not specified otherwise. 1,2 [25] specifies a 

two-slope relationship with two parameter sets (valid for R≥0.5 and 

cathodic protection at -850 mV). 3Authors do not specify if 

corrosion protection is applied. 4Parameters m and ln(C) are fitted 

to SN-curve reliability for a gearbox example. 
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2.4 Wind turbine model and load simulation 
The OWT assembly studied in this paper (cf. Fig. 2) consists of 

the NREL 5 MW reference turbine [35] supported by the 

UpWind jacket structure which was used in the OC4 

project [36]. The OC4 jacket structure was implemented as a 

finite-element model in the flexible multibody solver FEDEM 

Windpower (Version 7.1; Fedem Technology AS, Trondheim) 

using Euler-Bernoulli beam theory. Structural properties of 

jacket legs, braces and joints were kept identical to OC4 

specifications. A summary of the jacket and tower dimensions is 

given in Tab. 2. For detailed information on the jacket structure 

reference is made to Vorpahl et al. [37]. The original jacket 

model was extended to include a distributed spring model for 

soil-pile interaction in accordance with API [26]. The jacket is 

located on a typical site in the North Sea with 50m water depth.  

OWTs are highly dynamic systems making the support structure 

prone to fatigue failure. Due to its modal properties the jacket 

support structure is especially sensitive to excitation from the 

wind turbine rotor. Therefore, loading is analyzed in this study 

for the fatigue relevant load cases of power production and 

parked (idling) condition according to IEC [38]. In total 15 load 

cases were defined with wind speeds from 2 m/s until 30 m/s in 

steps of 2 m/s. The load cases 4 m/s until 24 m/s represent 

operational conditions, while the remaining ones are idling. The 

lumped sea states given in the UpWind Design Basis [39] are 

allocated to each wind speed. Wind and waves were 

unidirectional during the simulations. Current and yaw-

misalignment was neglected. The occurrence of each load case 

is linked to the wind speed distribution. Long-term wind 

conditions (mean wind speed) were simulated with a Markov 

weather model which was calibrated with historical data as 

explained in the following section. Short-term variations of 

wind speed (turbulences) are modeled with the stochastic inflow 

turbulence tool TurbSim (Version 1.06.00, NREL, Colorado) by 

applying the Kaimal turbulence spectrum according to 

specifications in the OC4 project.  

Aerodynamic and hydrodynamic loads on the OWT from each 

load case were simulated decoupled from each other in order to 

speed up the analysis. Aerodynamic loads (forces and moments 

at tower top) were simulated with a flexible rotor model 

(according to the NREL 5MW turbine) on a rigid support 

structure. Hydrodynamic loads were calculated as integrated 

load time series at mean sea level that yield an equivalent 

bending moment at mudline. To account for dynamic interaction 

between rotor and support structure, aerodynamic damping was 

added in the hydrodynamic load simulation. Aerodynamic 

damping was modeled with a viscous damper at tower top with 

a constant damping ratio as 4 % of the critical damping of the 

first mode [40].   

The structural response to environmental loading was calculated 

with impulse based substructuring. This technique uses the 

principle of superposition of impulse responses for a linear 

system [41] and was further developed in [42] for application to 

OWTs. A brief summary of the applied method is given in the 

following. For details and proof of accuracy reference is made 

to Schafhirt et al. [43]. 

In this study, small impulse loads were applied to the tower top 

(wind loads, six degrees of freedom) and mean sea level (wave 

loads, one degree of freedom) to obtain impulse response 

functions [43]. Computational effort is linearly increasing with 

the number of input degrees of freedom. Wave loads were 

applied in one degree of freedom only (fore-aft) to increase 

computational efficiency since their effect towards the other 

coordinates is assumed to be minor. The dynamic response of 

the jacket structure is dominated by wind-induced loads; hence 

these were represented in the complete coordinate set. FEDEM 

Windpower was used to pre-compute hydrodynamic and 

aerodynamic loads and to simulate the impulse response 

functions in the time-domain.  

Structural response at specified output locations (tower bottom, 

mudline, Y-joint) was then determined by convoluting the 

Rotor loads

Aerodynamic 
damping

Wave loads

Tower bottom

Mudline
Y-Joint

Distributed 
spring model

 
FIGURE 2. Model of jacket support structure used in this 

study. 

 
TABLE 2. Summary of support structure dimensions: 
diameter DS and wall thickness t of tower and jacket. 

 Tower 

top 

Tower 

bottom 

Jacket 

leg top/ 

mid-

braces 

Jacket 

leg 

bottom 

Jacket 

brace 

Jacket 

pile 

DS [m] 4 5.6 1.2 1.2 0.8 2.082 

t [mm] 30 32 40/ 35 50 20 60 
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impulse response functions with environmental load time series. 

For each load case, a 1h time series of structural response was 

simulated. This is equivalent to six 10-minute simulations with 

different random realizations in order to account for statistical 

uncertainty. 

 

2.5 Markov weather model 
Wind speeds occurring during the lifetime of the support 

structure are simulated with a Markov weather model [44]. This 

model enables the simulation of realistic time-dependent wind 

speed sequences where also annual weather seasonality is 

represented adequately. The weather model generates a 

persistent wind speed time series with the assumption of finite 

memory (Markovian property): current wind speeds during a 

time step depend only on wind speeds during the previous time 

step.  

The transition probabilities from one state (here: wind speed) to 

the subsequent one are collected in a Markov matrix which was 

set up from historical data [45]. States were chosen according to 

the load case definitions (2 m/s until 30 m/s in steps of 2 m/s).  

Historical wind data in 6 h resolution over 22 years from the 

European Centre for Medium-Range Weather Forecasts was 

used as it is conveniently accessible for various locations [46]. 

Figure 3 presents the yearly wind speed distribution of the 

historical data for a location in the North Sea near the UK coast.   

Transition matrices were calculated for each month in order to 

capture the weather seasonality that is present in the data. The 

monthly mean wind speeds averaged from 22 years of data are 

presented in Fig. 4. The maximum difference in monthly mean 

wind speed is over 3m/s during a year. 

 

2.6 Damage and crack analysis 
Rainflow-counting was performed on the structural response 

time series to obtain the stress ranges ∆Si and number of cycles 

ni. Hot spot stresses were calculated at eight locations of the Y-

joint and serve as input in the SN-curve analysis and fracture 

mechanics model. The hot spot stresses were additionally 

multiplied with a geometry function for calculation of the stress 

intensity factor used in the fracture mechanics model.  

In the SN-curve analysis, the number of hot spot stress cycles 

for each load case was scaled with the occurrence probability of 

this load case during the lifetime, based on the wind 

distribution (cf. Fig. 2). Damage was then calculated with Eq. 1. 

A wind time series with lifetime duration and 6h resolution was 

simulated for the fracture mechanics analysis. A stress range 

sequence for the full lifetime was then set up by using in 

succession the ni-∆Si pairs from the load case corresponding to 

the wind time series. Crack growth was then calculated with 

Eq. 2 and 3. 

The parameters used in the damage and crack analysis are 

presented in Tab. 3. No threshold value for the stress intensity 

factor Kth was implemented, leading to conservative results.  

3. RESULTS 
 

3.1 SN-curve results 
Results of the SN-curve analysis for the fatigue critical hot spot 

in the Y-joint are presented in Fig. 5. This hot spot is located at 

the intermediate point between saddle and crown toe of the 

welded joint. The hot spot stress ranges for 20 years of load 

 
FIGURE 3. Yearly wind speed distribution from historical data. 

 
FIGURE 4. Monthly mean wind speeds averaged from 22 

years of historical data. Monthly standard deviations are given 
with error bars. 

 

TABLE 3. Applied data for SN-curve and fracture mechanics 
model for fatigue design of OWT jacket. 

Parameter Unit Value Source 

SN-curve  

for Y-joint 

- “T” seawater corrosion 

protection 

[7] 

m1 - 3.0 [7] 

m2  - 5.0 [7] 

log a1 - 12.164 [7] 

log a2  - 15.606 [7] 

SCF - cf. [7] Annex B [7] 

FM model  

for Y-joint 

 

a0 mm 0.1 [24] 

ac mm 20 (=tbrace) [11,13] 

m - 3.1 [24] 

ln(C) 
 mmmMPa

mm

 
-29.33 calibrated 

Y - 1 [9] 

Kth 
mmMPa

 
0 [13,16,17] 
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simulation are lumped into bins with a distance of 1 MPa. It can 

be seen that most of the damage is caused by high-cylce fatigue 

(N>10
5
). The damage-value for a lifetime of 20 years is 

D=0.516. Consequently, the extrapolated lifetime until failure 

(D=1) is 38.79 years for this hot spot (linear extrapolation).  

 

3.2 Fracture mechanics calibration 
The same hot spot of the Y-Joint was then analysed with the 

fracture mechanics model. Figure 6 shows the crack growth 

over the total lifetime until failure (38.79 years) for various 

values of the C parameter. The wind time series was generated 

by random sampling from the wind distribution, therefore the 

loading sequence is random in time. This wind distribution and 

all other parameters apart from C are kept identical for the 

different crack simulations. A value of ln(C)=-29.33 leads to the 

correct critical crack size ac after 38.79 years. This value is in 

between the results with using the material value from DNV 

[24] (here marked in red), where the more conservative line 

(dashed) corresponds to the mean plus two standard deviations, 

while the other one is based on the mean value only (cf. Tab. 1). 

The figure shows that small variations in the C parameter lead 

to strong deviations in the fatigue crack growth rate closer to 

the end of the lifetime, while less deviation can be seen up to a 

crack depth of 3mm.  

The crack growth results also depend strongly on the initial 

crack size a0 (not shown here). An increase of initial crack size 

causes a shift of the crack depth curve in time.  

 

3.3 Sequence of loading 
The calibrated fracture mechanics model was then used to study 

the effect of weather seasonality on fatigue crack growth. 

Figure 7 presents fatigue crack growth for a persistent wind 

time series in comparison with a time series with random 

weather occurrence. The persistent wind time series was 

generated with the Markov weather model (cf. Section 2.5). In 

the random time series, the occurrence of the wind speed states 

is kept identical to the persistence wind time series, however 

their order is randomized. This randomization deletes weather 

persistence and seasonality in the time series.  

The final crack depth at the end of the lifetime is identical for 

both weather simulations. However, a zoom in to the marked 

area (cf. Fig. 8) shows clearly the effect of seasonal weather 

trends: fatigue crack growth accelerates during the winter 

period, while it decelerates during the other half of the year.  

500 Monte Carlo simulations of fatigue crack growth with 

lifetime duration were run to analyse the statistical properties of 

the crack size distributions at the end of lifetime for the Y-joint. 

Results were compared for weather simulation with (I) the 

Markov weather model and (II) a random weather model. The 

random weather model samples wind state occurrences 

randomly from the historical long-term wind speed distribution 

(cf. Fig. 3). Consequently, the wind state in time step i is 

independent of the previous time step i-1 (no persistence, no 

seasonality). 500 Monte Carlo simulations lead approximately 

 
FIGURE 5. Hot spot stress at Y-joint occurring during 20 year 

lifetime of the jacket and the design SN-curve “T”. 

 
FIGURE 6. Crack growth under various C parameters with 

random weather occurrence. 

 

FIGURE 7. Crack growth under random weather occurrence 
and persistent weather simulation with annual seasonality. A 

zoom into the area marked red is presented in Fig. 8. 

 
FIGURE 8. Zoom into Fig. 7 for visualization of the seasonality 

effect on fatigue crack growth. 
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to an accuracy of +/ 0.46 mm of the estimate of mean crack 

depth calculated with persistent wind.  

Results are presented in Fig. 9 and Tab. 4. The Markov weather 

model leads to a larger standard deviation of the final crack 

depth and the distribution is skewed to higher crack depth 

compared to the random weather simulation. 

4. DISCUSSION 
 

The results presented in Chapter 3 have shown that the fracture 

mechanics model enables a more detailed analysis of material 

deterioration, such as accounting for weather seasonality, 

compared to the SN-curve approach. Nevertheless, modelling of 

crack growth is highly involved and results are much dependent 

on assumptions regarding parameterization and initial crack 

size. The validity of these assumptions has therefore a large 

influence on the accuracy of the lifetime prediction. 

Semi-empirical calibration of fracture mechanic parameters is 

possible in order to match the model with the SN-curve lifetime 

prediction. This calibration is only valid for the chosen set of 

parameters.  

 

4.1 Opportunities 

Fatigue cracks are an observable phenomenon on the support 

structure which can be measured in contrast to the damage 

result of the SN-curve approach, which is a percentage value 

not related to an explicit physical state (apart from D=1 stating 

failure). This enables to update lifetime predictions and 

reliability through results from on-site inspections like several 

authors have shown [12,14–16,32]. 

Prediction updates are valuable for optimization of inspection 

rhythms, since close visual underwater inspections are very 

expensive and involve high risk with diving operations [47]. An 

identical safety level can be achieved with either larger design 

safety factors or more frequent inspections. DNV [24] links 

periodic inspections intervals to the magnitude of design and 

material safety factor applied in the design. This leads to a 

pareto-optimal solution between minimization of design 

conservatism and number of inspections. 

The exponential crack growth relationship makes inspections 

more relevant at the end of the service life, since deviations of 

crack growth due to parameter uncertainty of C are only visible 

from 15 years on (cf. Fig. 6). In addition, an early inspection 

might be needed to confirm that there were no undetected 

material defects from fabrication leading to initial crack sizes 

that exceed design assumptions. 

For a detected crack, the remaining lifetime until fracture can be 

calculated for decisions about needed repair or allowed 

operational loads to prevent or delay failure.   

 

4.2 Challenges 
The main challenge is the accurate prediction of fatigue crack 

growth, which is a stochastic phenomenon. Diverging 

recommendations of material parameters and initial crack sizes 

show that there is no agreement about fracture mechanics model 

implementation. The inherent randomness of material fatigue 

requires probabilistic analysis; however quantification of 

uncertainties is a challenge where long-term operational 

experiences in the offshore wind industry are missing.  

Further development is needed to properly include corrosion 

into crack growth analysis since typical approaches are based 

on engineering assumptions instead of empirical tests [28]. 

Lifetime prediction needs to not only account for deterioration 

but also for maintenance processes like repair of corrosion 

protection or fatigue cracks where practices on how to model 

that are needed.  

Kirkemo [9] hypothesises that 90 % of structural failures occur 

due to gross error in design. The fracture mechanics approach is 

more complex than SN-curve design which increases the risk of 

gross errors. 

The probability of detection of a fatigue crack is low for small 

crack sizes. Additionally, for larger and therefore better 

detectable fatigue cracks, the crack growth rate accelerates 

rapidly. Consequently, there is only a small time window for 

detection and repair of cracks before failure. This makes it 

difficult to update lifetime estimates based on inspection results 

during most of the fatigue lifetime; however makes fracture 

mechanics an attractive approach for decision about lifetime 

extension of OWTs.  

5. CONCLUSION AND OUTLOOK 
Opportunities and challenges of crack growth modelling have 

been discussed in this paper based on a simplistic fracture 

mechanics model. The examples of parameter calibration and 

 
FIGURE 9. Distribution of final crack depth after 38.79 years 

calculated with random and persistent wind occurrence. 

 
TABLE 4. Statistical properties of distribution of final crack 

depth alifetime calculated with random wind and persistent wind 
occurrence. 

Property alifetime [mm] 

 of random wind 

alifetime [mm] 

of persistent wind 

Mean 19.57 21.66 

Standard deviation 2.68 10.36 

Skewness 0.62 3.62 
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weather seasonality indicate that detailed modelling of crack 

growth plays an important role once OWTs approach the end of 

their design lifetime. Crack growth was predicted 

conservatively by neglecting the threshold value for the stress 

intensity factor. The crack growth prediction can be made more 

realistic by advanced modelling of the stress intensity factor and 

by including a threshold value. 

This paper is restricted to analyse crack growth due to selected 

load cases of power production and idling only. In industry 

application, lifetime prediction needs to account for all relevant 

load cases and other deterioration processes (such as fatigue 

during installation and from vessel impact). In addition, the 

relevance of crack growth retardation due to overload should be 

studied for OWTs.  

The semi-empirical calibration of fracture mechanic parameters 

can be improved through implementation of a probabilistic 

analysis in order to account for the random nature of fatigue. 

Additionally, a two-parameter calibration of C and m should be 

considered.  

Future work is required to refine the suggested approach for 

more accurate crack growth predictions. In addition, further 

research on the effect of corrosion and the validation of crack 

growth models based on operational data of OWTs is needed.  
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