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Abstract 

Offshore wind turbines are subjected to variable amplitude loading, but the impact of load sequence is commonly neglected in 
fatigue analysis. This paper presents an initial investigation if load sequence and weather seasonality influence fatigue crack 
growth for monopile-based offshore wind turbines. Focus is on the load sequence effect introduced by the non-linearity of crack 
propagation. Fatigue crack growth at two structural hot spots was analyzed with a fracture mechanics model applying Paris’ law. 
The model was calibrated to yield an identical lifetime as a SN-curve analysis. Input into the fracture mechanics model are 
structural stresses due to environmental and operational loading. Weather seasonality was simulated with a Markov model. 
Results show that loading sequence has only a negligible effect on crack sizes under the assumption made in this study. This 
makes fatigue lifetime predictions independent of weather seasonality. However, it becomes relevant for the prediction of future 
propagation of detected fatigue cracks throughout the year.  
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1. Introduction 

In the coming years, the first larger offshore wind farms approach the end of their design lifetime, which is 
typically limited to 20-25 years. An extension of the operation of aging wind farms beyond their design lifetime 
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enables to increase the return on investment of wind projects. To decide whether a safe and economical operation 
extension is feasible, precise assessment of the remaining useful lifetimes of all offshore wind turbine (OWT) 
components is needed [1]. A crucial factor for lifetime extension is structural integrity of support structures.  

Offshore wind monopiles are the predominant support structures installed in shallow and intermediate water 
depths [2]. The design of monopiles is often fatigue-driven as OWTs are exposed to long-term, variable-amplitude 
aerodynamic and hydrodynamic loading. Large uncertainties in environmental loading, material resistance, and 
design models cause that physical properties (and consequently lifetimes) of installed OWTs often differ from design 
assumptions [3]. For example, Kallehave et al [4] point out that the first natural frequency of monopiles is in general 
under-predicted in design (up to 20%). Fatigue lifetime calculations must therefore be updated with information 
from on-site inspections and monitoring data. In the offshore wind industry, damage calculation with SN-curves is 
commonly applied for fatigue design as recommended in relevant design standards [5,6]. SN-curves specify number 
of cycles until material failure (often defined as through-thickness crack) at a certain stress range, but miss out on 
description of propagation of fatigue cracks. Fracture mechanics approaches are suitable for lifetime updating based 
on crack inspections, since they depict all fatigue stages: crack initiation, crack propagation, and brittle fracture. 

Linear-elastic fracture mechanics models have often been applied for tubular joints in the oil & gas industry [7-9]. 
However, there is only very limited literature available regarding crack propagation in welding types applicable to 
monopiles: circumferential butt welds, welded from both sides [5]. Lotsberg [10] derives stress concentration factors 
for circumferential welds in tubulars based on classical shell theory. Later, fatigue reliability and crack growth in 
circumferential butt welds of berthing monopiles was discussed by Li et al [11]. The effect of welding sequence on 
residual stress distribution in offshore wind monopiles was recently analysed by Mehmanparast et al. [12]. Their 
study concluded that residual stress profiles have to be measured at relevant support structure welds in order to 
predict crack growth accurately. To the knowledge of the authors, there is no published work that addresses linear-
elastic fracture mechanic models for crack propagation in offshore wind monopiles. However, there is some work on 
crack growth in jacket structures mostly focusing on fatigue reliability [13] and risk-based inspection and 
maintenance planning [14-16].  

Several fatigue experiments with materials exposed to variable amplitude loading have shown that large 
amplitude loads lead to a retardation of subsequent crack growth which is explained with a crack-closure or crack-tip 
plasticity theory [17-19]. Verma & Pandey [18] argued that the sequence, in which loading occurs on a structure, can 
influence the fatigue lifetime of the structure. As an example, Wheeler [19] established a retardation parameter 
which incorporates the effect of the crack tip yield zone into linear cumulative crack growth models. These effects 
are not captured in typical engineering models for crack propagation, e.g. Paris’ law. However, load sequence might 
still influence results of the simplified engineering models due to the non-linearity of crack propagation. Both load 
sequence effects are currently neglected in published offshore wind research and industry practices.  

This paper investigates if loading sequences introduced through (i) randomness of simulated load time series and 
(ii) weather seasonality have an impact on crack growth for a monopile-based OWT. Only fatigue relevant load 
cases (power production and idling) are modelled in this initial study, while ultimate loads are not considered.  The 
analysis focuses on the sequence effect within the engineering model of Paris’ law. The effect of crack retardation 
due to overloads is not accounted for. In addition, the model for fatigue crack propagation is simplified in many 
aspects. For example, the analytical formulation of Paris’ law is applied but no attention is given to detailed 
modelling of stress intensity factors.  

The remainder of this paper is organized as follows. Section 2 presents the fatigue crack propagation model used 
in the analysis, followed by an outline of the numerical support structure model and load simulations. In Section 3 
the Markov weather model is introduced. Fatigue crack growth results are discussed in Section 4 and concluded in 
Section 5.  

2. Fatigue crack growth 

2.1. Fracture mechanics model 

The fatigue life of a structure consists of (1) crack initiation through microstructural processes, (2) crack 
propagation, and (3) brittle fracture after accelerated crack growth [20]. Welded materials spent most of their 
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lifetime in the second phase of crack propagation due to the presence of small defects caused in the welding process, 
high local stresses at the weld, and high tensile residual stresses [20]. Continuous crack propagation can be 
described with linear-elastic fracture mechanics models. Paris’ law [21] is a simple and commonly applied crack 
propagation model (cf. Equation 1 and 2). The change of crack size da per load cycle dN is a function of the stress 
intensity factor ∆KI and two material constants C and m. 

m
IKC

dN

da
)(    (1) 

The stress intensity factor ∆KI is calculated as a function of stress ranges ∆S (specific for the considered crack 
opening mode) and a geometry factor Y (cf. Equation 2). The geometry factor accounts for structural and crack 
geometry. Ideally, ∆S and Y are derived problem-specific with finite element models, however less involved 
analytical solutions are also provided by standards [22]. In this analysis, stresses are calculated as maximum 
principal stresses according to DNVGL [6]. 

aYSKI
   (2) 

Recommended values (mean and standard deviation) for the material constants C and m are given in offshore 
standards based on experimental data [5,6,22]. Ziegler and Muskulus [23] give on overview about values that were 
applied by researchers for OWT jackets; however experiences regarding circumferential butt welds for offshore 
wind monopiles are still missing. Alternatively, C and m can be treated as model parameters which are calibrated 
with results from SN-curve analysis. For example, Sørensen [14] calibrates his fracture mechanics model to yield the 
same reliability level over time as calculated with linear damage accumulation based on SN-curves. A semi-
empirical approach is used here to calibrate C so that the crack depth a reaches the critical crack depth ac after 
Tfailure [23]. The critical crack depth ac represents fatigue failure expressed by a through-thickness crack (ac equals 
material wall thickness). Tfailure is the time until failure (damage = 1) calculated with the SN-curve analysis.  SN-
curve parameters from detail category “D” with corrosion protection and thickness correction were applied [5]. In 
addition, Table 1 specifies the crack growth parameters used in this study. No threshold value was applied for the 
stress intensity factor. The initial crack depth depends on welding mechanisms which inevitably introduce small 
material defects.   

 

Table 1. Parameters applied in the crack propagation analysis. Some values differ in 
the analysis of welds at mudline (ML) and tower bottom (TB). 

Parameter Unit Value 
ML / TB 

Source 

Initial crack depth a0 mm 0.1 [5] 

Critical crack depth ac mm 60 / 27 [11,13] 

Material parameter m - 3.1 [5] 

Material parameter ln(C) mmmMPamm )(  -28.36 / -28.52 calibrated 

Geometry factor Y - 1 [7] 

 

Table 2. Dimensions of OC3 monopile and tower [24]. 

 Tower top Tower bottom Monopile 

Diameter [m] 3.87 6.0 6.0 

Wall thickness [m] 0.019 0.027 0.06 

Fig 1. Model of monopile used in this study. 
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2.2. Numerical model of OC3 monopile and load simulations 

The study was performed with the generic OWT used during Phase II of the OC3 project [24]. This OWT is 
located in 20 m water depth and consists of a monopile and the NREL 5MW reference turbine atop [25]. Soil-pile 
interaction was represented with a distributed spring model adopted from Passon [26]. Figure 1 illustrates the 
numerical model of the monopile-based OWT including the distinct output locations. Structural dimensions are 
given in Table 2. Structural response to aero- and hydrodynamic loading is evaluated at two locations: tower bottom 
and mudline (cf. Figure 1). 

Load analyses were performed for two different load cases in accordance with the IEC standard [27], 
representing the most important design situations for fatigue: power production and idling. In total 15 load situations 
were defined according to the wind speed distribution presented in Figure 2b: from 2-30 m/s in steps of 2 m/s. The 
OWT is in operation for the wind speeds 4-24 m/s, and in idling for other wind speeds. Environmental conditions, 
such as lumped sea states and turbulence intensities, were taken from the UpWind Design Basis [28]. Currents and 
yaw-misalignment were neglected in the simulation. The simulation time was 1h for each load situation.  

In order to speed up the analysis, the simulation of aerodynamic and hydrodynamic loads was performed 
decoupled from each other in the structural analysis [29]. A standalone bottom-fixed rotor model was used to obtain 
time series for forces and moments acting on the top of the support structure. Time series for wave forces were 
derived from time-domain simulations of a vertical cylinder. They are applied during the simulation at mean sea 
level and adapted in order to produce a bending moment at ML equivalent to the original time-domain simulations. 
The decoupling of the rotor simulation neglects the dynamic interaction between rotor and support structure. 
Therefore, a viscous damper was implemented on the top of the support structure to account for the effect of 
aerodynamic damping [30]. 

Structural response was calculated with impulse based substructuring [31,32]. In this approach, the dynamics of 
the support structure are represented by impulse response functions. For structural analysis of the offshore wind 
monopile the impulse response functions are determined by applying small impulse loads in six degrees of freedom 
on the top of the structural model (to account for rotor loads) and in one degree of freedom at mean sea level (to 
account for wave loads). The response of the structure at TB and ML is then calculated by convolution of the 
impulse response function with the load time series from rotor and waves. It was shown that this approach leads to 
accurate results [29,31] and a recent implementation using a general purpose graphic processing unit turns it into a 
highly efficient load analysis method [29].  

3. Weather seasonality and sequence effects 

3.1. Markov weather model 

For the load sequence analysis a weather model is required that (i) enables a realistic representation of the 
absolute wind and wave distributions, (ii) covers seasonal trends and (iii) reproduces persistence of weather 
phenomena. Markov chains, which describe stochastic processes with finite memory, are suitable for this 
purpose [33]. In this paper, a Markov model is used to simulate a discrete wind time series with the duration of the 
structural lifetime and 6 h time steps [34]. Wind speeds are discretized in bins of 2 m/s from 2-30 m/s according to 
the load situations defined in Section 2.2. Wave conditions are lumped and allocated to each wind speed as specified 
in the UpWind Design Basis [28] in order to reduce the number of load simulation.  

The Markovian transition matrix TM specifies the transition probabilities pij that one wind speed i turns into the 
wind speed j in the next time interval (cf. Equation 3). This transition matrix is set up from historical wind data.  
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For this paper, 22-years of hindcasted wind data with 6 h resolution from a location in the North Sea near the UK 
cost provided by the European Center for Medium-Range Weather Forecasts [35] were employed. Markov matrices 
are calculated monthly, so that weather seasonality throughout the year is reproduced. The weather seasonality 
present in the historical data is shown in Figure 2a: the monthly mean wind speeds can differ over 3 m/s from 
summer to winter. Further details of the applied Markov model can be found in [34].  

3.2. Simulation of realistic loading sequence 

The Markov weather model is used to simulate wind conditions that occur during the lifetime of the investigated 
structural hot spots (SN-curve based lifetime calculation). The load situations that match the wind conditions (cf. 
Section 2.2) were ordered in the sequence of the simulated wind time series – leading to a realistic, time-dependent 
loading sequence. Rainflow counting displays the stress ranges ∆Si that are then applied in Equation 1 and 2.  

In Equation 1, the crack growth increment da/dN at time step i depends on the crack size of the previous time 
step i-1. This could lead to an impact of the order of load amplitudes on crack development. In the following 
analysis, a realistic load sequence is compared to loads sorted (i) ascending and (ii) descending. The sorted loads are 
expected to yield the boundaries of the crack growth sample space.  

4. Results and Discussion 

4.1. Calibration of crack growth model 

Figure 3a presents the stress ranges at TB and ML scaled to 20 years of lifetime and the corresponding SN-curves 
(detail category “D” and corrected for material thickness). The resulting damage values after 20 years and linearly 

Fig. 2. (a) Monthly variation of wind speed from 22 years of historical data. Error bars indicate the standard deviation; 
(b) Probability of occurrence of wind speed bins derived from the historical data. 

Fig. 3. (a) SN-curves detail category “D” corrected for material thickness. Numbers of cycles of stress ranges for 20 year lifetime are plotted 
for TB and ML; (b) Crack growth at TB (l curves) and ML (r curves) for various C parameters during the hot spot lifetime with random 
weather occurrence. The grey lines correspond to the calibrated C value, while the red lines are the C values recommended in DNV [5]. 
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extrapolated lifetimes are given in Table 3. Linear extrapolation is possible due to the linear damage accumulation 
hypothesis (Miners rule) used in the SN-curve calculation. The damage at TB is larger than 1.0 resulting in a 
reduced lifetime of 16.48 years. This shows that the design does not fulfill requirements for this site.  

Table 3. Damage values and extrapolated lifetime from the SN-curve calculation and calibrated C parameter for the fracture mechanics model.  

Location 20 year damage [-] lifetime for D=1 [years] ln(C) [ mmmMPamm )( ]  

Tower bottom 1.21 16.48 -28.52 

Mudline 0.61 32.89 -28.36 

 
The sensitivity of crack growth results to variation in C in the fracture mechanics model is presented in 

Figure 3b. The grey lines show the crack propagation with the calibrated C parameters which results in a through-
thickness crack after 16.48 years and 32.89 years (time until D=1 from SN-curve analysis, see Table 3). Results of 
the C parameters calibration are stated in Table 3. The red line in Figure 3b gives the crack propagation using 
recommended material values from DNV [5]. The calibration results for C (grey line) are more conservative than the 
recommended material values (red line). The influence of C is stronger to the end of the structural life, where small 
deviations influence the crack growth, while crack growth at crack sizes below 5mm earlier in the lifetime is 
insensitive to applied variations of C.  

4.2. Effect of loading sequence and weather seasonality 

The effect of loading sequence on fatigue crack growth is analyzed for a six hour time interval in Figure 4a and 
for the complete lifetime in Figure 4b (example ML hot spot). Stress ranges of one load situation are sorted in 
ascending and descending order and the resulting crack growth is compared to the random stress order in Figure 4a. 
The initial crack size was taken as 10mm. The crack growth rates within the time interval are initially higher and 
decelerate later for descending loads and vice versa, as expected. However, it is important that the total increase in 
crack depth within this six hour interval is identical for both sorted as well as random load order (absolute difference 
is smaller than numerical errors). This behavior is identical on various time scales: day, month, year, and lifetime. 
As an example, the results for the lifetime scale are presented in Figure 4b. Crack growth starts from an initial crack 
size of 0.1mm as a function of the stress ranges in ascending and descending order over time. In addition, the 
numbers of cycles per stress range are plotted in red. The crack growth accelerates independent of sorting towards 
the end of the lifetime, so that for ascending loads the stress ranges with higher amplitude contribute most to crack 
growth while for descending loads the lower stress ranges contribute more. Both loading orders end at a final crack 
depth that only differs minimally from the third decimal place on.    

The lack of an effect of loading sequence on the final crack depth can be attributed to the dominance of low 
amplitude stress ranges (cf. Figure 4b, red line). In a separate analysis, loads a factor 10 higher were applied in the 

Fig. 4. (a) Crack growth for a six hour time interval for the ML hot spot assuming an initial crack size of 10 mm. Crack growth is compared for 
stress ranges in random, descending and ascending order; (b) Crack growth for the structural lifetime, calculated with (i) ascending and (ii) 
descending stress order, is plotted as a function of the stress ranges. The numbers of cycles per stress range are added in red. 
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crack growth model. These hypothetical loads led to a 5.3% higher final crack size for descending load order 
compared to ascending load order in a six hour time interval (not shown here). In this case the random stress order 
would result in 2.7% higher final crack size compared to the ascending sorted loads. This indicates that ultimate 
loads might have an influence on the fatigue crack propagation, although fatigue design is treated isolated from 
ultimate load analysis in current offshore wind practice.  

Results of the weather seasonality analysis are in line with the previous study: there is only a negligible effect on 
the final crack depth. However, seasonal weather trends are clearly visible in the crack growth rates closer to the end 
of structural lifetime (cf. Figure 5). In Figure 5, crack growth due to a persistent weather simulation (with 
seasonality) is compared to an identical wind speed occurrence but randomized in order (no persistence, no 
seasonality). Figure 5b is a zoom into the area marked red in Figure 5a. Crack growth follows weather seasonality: it 
accelerates from autumn to spring and retards in the other half of the year. This is caused by higher wind speeds in 
winter than in summer time. This seasonality effects can become relevant for answering questions about a detected 
fatigue crack close to the end of structural life, such as: 

 How much does the detected fatigue crack propagate until the next scheduled inspection?  
 Must the crack be repaired or will it not develop to a critical size during the remaining service life? 

The relevance of the seasonality effect is limited by the uncertainty in sizing of a detected fatigue crack for specific 
inspection technique. As an example, according to DNVGL [36] the sizing error for an indicated 1 mm deep crack 
in a butt weld of an offshore jacket is accounted for with a standard deviation of 0.5 mm for an eddy current 
inspection method. Compared to this assumption, the crack depth differences due to weather seasonality partly 
exceed the sizing uncertainty (cf. Figure 5b).    

5. Conclusion and Outlook  

The effect of load sequence and weather seasonality on fatigue crack growth was studied with a simplified crack 
propagation model applying Paris’ law. Results for a monopile-based 5MW OWT in 20m water depth indicate that 
loading sequence does not influence the long-term crack size development considering fatigue relevant load cases 
only. Weather seasonality causes likewise only negligible differences in structural lifetimes. However, throughout a 
year the acceleration of crack growth during winter and retardation during summer can become relevant for 
predictions regarding the future propagation of detected fatigue cracks.  

Concerning the question of lifetime extension, this study indicates - under the assumption made - that it is not 
necessary to reassess lifetime calculations in terms of occurred fatigue load sequence. The common procedure of 
neglecting sequence effects in monopile design seems appropriate for the studied reference case. However, it is 
strongly emphasized that this is only an initial study with major simplifications in the fracture mechanics model. 
Additionally, the analysis does not consider the physical effect of crack retardation due to overload, which can 
significantly change the importance of load sequence. Further research is needed to implement crack growth 
retardation phenomena for offshore wind monopiles and to evaluate the impact of ultimate loads on fatigue lifetime. 

Fig. 5. (a) Comparison of crack growth at ML and TB hot spots from persistent weather simulations and random weather occurrence; (b) Zoom 
into the red-marked area in Figure 5a for visualization. Crack growth follows annual weather seasonality. 
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