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Nomenclature
A
a
f(z)
fe(z)
n
N
Np
K
T
ze
µn
µe
σe
WM
HAZ

Paris law coefficient
crack length
density of probability
density of probability
Paris law exponent
number of cycles
number of sampled pit depths
stress intensity factor
time
extreme value of the depth
mean value for pit depth
Location parameter for extreme value distribution
scale parameter for pit distribution
Weld Material
Heat Affected Zone

1. Introduction
Offshore wind energy has experienced enormous expansion in the past decade and more development is planned
amid climate change concerns. Based on WindEurope’s analysis, 323 GW of wind energy capacity can be installed in
the EU by 2030, of which 70 GW is offshore (EWEA, 2015). In the UK, 20-55 GW of offshore wind is expected by
2050 (James & Costa Ros, 2015). The dominant majority of installed offshore wind turbines are supported by fixedbottom foundation structures in shallow waters. The near-shore waters are becoming scare and the industry is now
moving toward floating foundations for deeper water, which poses great technical challenges to make it economically
feasible.
The floating offshore wind turbine foundation is a key component in the structure’s stability and it consumes a
large proportion of the total cost of the structure. The floating foundations are fixed to the seabed by mooring lines.
The foundation is continually subjected to large cyclic loads which causes fluctuating stresses with various
amplitudes/frequencies. For a welded steel structure, this can increase the chance of corrosion pitting and fatigue crack
initiation/growth from corrosion pits. Even if cathodic protection is used, corrosion pitting should not be neglected
considering the life span of the structure (Melchers, 2010). Besides having a more complex structure, mooring points
are the components that sustain all the structural loads caused by the movement of the structure and can be more
susceptible to fatigue corrosion. In particular, the heat affected zone (HAZ) and weld metal (WM) regions of welded
structures in marine environments are vulnerable locations for corrosion pitting (Chavez & Melchers, 2011).
Corrosion fatigue fracture process can be divided into four stages (Larrosa, et al., 2017); surface film breakdown, pit
growth, pit to crack transition, and cracking (short and long cracks). The first three stages comprise a significant
portion of the structures life before fracture is started. Even in the cracking stage, the crack growth rate needs to exceed
that of general corrosion before it can extend into a critical crack size. In the present study, the focus is on the fatigue
behaviour of the long crack and the initiation and transition time to long crack is not considered. The analysis is
focused on the points in which the long cracks are either predicted or spotted by NDT, and the aim is to offer a fracture
mechanics based analysis to describe the crack growth and its effect on the structure’s integrity.
The structural integrity of welded components mainly rely on stress-based approaches of unflawed structures (BS
7910, 2013). The stresses can be measured using finite element analysis (FE) of the intact structure in conjunction
with appropriate stress concentration factors. Here, a fracture mechanics approach is applied while the cracks from
pits are explicitly modelled on the structure. In this way, the actual flaw is integrated into the structure and fracture
mechanics parameters are measured to characterise the crack growth behaviour. A numerical approach is proposed to
simulate the crack growth from pits on critical spots on a mooring point for operational loads over several years to
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find if the crack grows to critical state. The cracks are defined using ABAQUS XFEM and a direct cyclic solver
simulates the crack growth over millions of cycles. The cyclic loads are identified from a load analysis that was carried
out in a separate study using HydroDyn and FAST software (NERL, 2019). Rainflow cycle counting technique
(Downing & Socie, 1982) is used to decompose the loads into simple cyclic loads for fatigue analysis.
2. Material degradation due to corrosion
2.1. Pit dimensions and general corrosion
Pitting corrosion of mild steel starts in early stages of exposure time to marine environment. Pits with radius of
100-200 microns initially appear (Melchers, 2004) and then become wider and deeper as time passes. The pitting is a
very stochastic and time dependent process and new pits are continually created while the previously initiated ones
grow. According to the experimental results in the literature (Aziz, 1956), most of the pits are generated in the initial
stage of exposure and the rate of newly formed pits decays with time. In order to track the pitting process, statistical
techniques such as extreme value statistics (Nicodemi, 2012) are used to predict the pit depth distribution over time.
This technique also allows to predict the pit depth distribution when the measurement is done over a small area, which
decrease the chance of missing largest possible pit. In addition, from the fracture mechanics point of view, the
dominant large pits/cracks are of interest since the stress concentration and intensity factors are proportional to the
dimensions of the pits. Fig.1 illustrates the pit dimension distribution and the extreme value definition over time. In
this work, the pit profile is generated using extreme value distribution mathematics.

Pit depth

Figure 1 Pit depth distribution over time and extreme value distribution (Strutt, et al., 1985)

𝑓𝑓𝐼𝐼 (𝑧𝑧𝑒𝑒 ) = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑒𝑒𝑒𝑒𝑒𝑒(−

(𝑧𝑧𝑒𝑒 −𝜇𝜇𝜇𝜇)
))
𝜎𝜎𝑒𝑒

(1)

In Fig. 1 and Eqn. 1, f (z) is the cumulative distribution function and z is the pit depth. e stands for extreme value and
fI(ze) is the extreme probability density function (Fig. 2). Now, 𝜇𝜇𝑒𝑒 (location parameter) and 𝜎𝜎𝑒𝑒 (scale parameter) can
be calculated from 𝜇𝜇𝑛𝑛 and 𝜎𝜎𝑛𝑛 , which are mean pit depth value (for all pits) and standard deviation of the normal
distribution respectively (Strutt, et al., 1985):

And

𝜇𝜇𝑒𝑒 = 𝜇𝜇𝑛𝑛 + 𝑌𝑌𝜎𝜎𝑛𝑛 ǡ𝜎𝜎𝑒𝑒 = 𝑆𝑆𝜇𝜇𝑛𝑛
𝑌𝑌 =

2 𝐿𝐿𝐿𝐿 𝑁𝑁𝑝𝑝 −0.5𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿 𝑁𝑁𝑝𝑝 −𝐿𝐿𝐿𝐿(2√𝑁𝑁𝑝𝑝 )
√2𝐿𝐿𝐿𝐿𝑁𝑁𝑝𝑝

(2)

and

𝑆𝑆 =

1

√2𝐿𝐿𝐿𝐿 𝑁𝑁𝑝𝑝

(3)

4

Behrooz Tafazzoli Moghaddam et al. / Procedia Structural Integrity 17 (2019) 64–71
Behrooz Tafazzolimoghaddam/ Structural Integrity Procedia 00 (2019) 000–000

67

Probability of density

The experimental data for marine steel is scarce. For this study, the pit dimensions are taken from work of Chavez
et al. (Chavez & Melchers, 2011) which is for three zones of welded specimen. They followed 5 deepest pits in each
region over 3.5 years. This experiment was performed in Pacific Ocean in a half-tidal marine environment. Although
the mooring points were submerged, using this data is conservative since the corrosion rate is higher in tidal regions
(Momber, 2011). Fig. 2 shows an example of the generated density of probability for the 3.5 year time in HAZ using
formula 1. Similar plots can be created for other times/regions as long as the average and extreme values for the target
group of pits are given.
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Figure 2 Probability of density for pit depths in HAZ at 3.5 years for all pits (dashed line) and the extreme value distribution (solid line)

A python script was developed to generate 3D pits on the mooring point based on the probability of density
distributions for HAZ and WZ for the pit dimensions. Base material pits are not considered as the stress levels and
pitting severity is much higher in HAZ and WZ.

Figure 3 Example of randomly generated pits for different years at HAZ (1, 2 and 3.5 years)

2.2. General corrosion rates
In order for a crack to grow and cause failure, it has to surpass the general corrosion rate, otherwise the crack
geometry will be exfoliated and no fatigue crack growth will occur. The general corrosion rate is highly dependent on
the temperature and chemical composition of seawater. Melchers (Melchers, 2006) provided a temperature dependent
distribution for corrosion loss and considering the North Sea average temperature to be around 8-10 C, 0.2 mm/year
corrosion was considered for the OC3 Hywind foundation. Also, (Momber, 2011) provided the underwater and splash
zone corrosion rates for different offshore locations in the world and it suggests 0.14 mm/year for England (port
facility).
3. Numerical Implementation
In this study, the structure of interest is ‘OC3-Hywind’ spar-buoy platform for 5MW NREL offshore baseline wind
turbine (Bae, et al., 2011). The mooring lines are connected to the foundation in the arrangement depicted in Fig. 4.
The mooring lines have 120 degrees angle between them and for the simulation, one mooring point is created in
ABAQUS (Fig. 5). 30 mm S355 steel plates are considered for the mooring point. The mooring loads are transmitted
onto the mooring points via cradles, which are pinned onto the mooring points. The pin load is simulated using
equation constraint in ABAQUS such that it only sustain horizontal load on the vertical surfaces around the pins and
the vertical load is put on the surface that cradle sits (Fig.5). The structure is partitioned such that high concentration
of mesh is achieved around the pits and the mesh size gradually increases further away, to minimize the number of
elements.
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Figure 4 Mooring lines connected to the foundation in star shape. Image on the right from (Steen,
2016)

Figure 5 CAD drawing for the mooring point and foundation section and the boundary conditions.

3.1. Direct Cyclic solver and Paris law
ABAQUS direct cyclic solver is used for fatigue crack simulation. The cracks from pits are defined explicitly using
extended finite element method (XFEM) on randomly generated 3D pits. When multiple cracks are present, separate
cells should be defined for each crack individually. The crack planes are placed in the pit at an angle perpendicular to
the direction of the maximum principal stress, which was calculated in an initial FE simulation without cracks (Fig.
6). Elements ranging from 0.3 to 1 mm were generated around the pits to fully capture the crack dimensions. The
solver applies one cyclic load at a given step and finds a stabilized response of the structure iteratively. When the
stabilized state is achieved, the energy release rates change between maximum and minimum load is measured to
calculate the crack growth rate using Paris law (SIMULA, 2017).

Figure 6 Example of XFEM cracks placed at randomly created pits on the mooring point critical spots
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Paris law constants are taken from SLIC experimental results (Mehmanparast, et al., 2017) which is for R = 0.1.
The cyclic stresses in floating offshore wind turbines have higher R values. Walker formula (Walker, 1970) is used in
order to adjust the crack growth rate for different R values:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴 [

𝑛𝑛
∆𝐾𝐾
]
(1−𝛾𝛾)
(1−𝑅𝑅)

(4)

As seen in Equation 4, 𝛾𝛾 controls the sensitivity to the changes in R ratio. For the current study 𝛾𝛾 = 0.6 is used
(Dowling, 2004). The values for Paris law constants are reported in Table 2. These values are calculated using
reference values at R = 0.1. The critical SIF is 542 MPa m (Mehmanparast, et al., 2018). In this study only subcritical
loading is considered in the Paris law region, for K between 0 and 30% of KIC.
Table 2. Paris law constants for different R ratios (for K in MPa m)
R ratio

A

n

0.1

6.29e-12

3.23

0.5

1.34e-11

3.23

Only one value for Paris law is allowed for the direct cyclic solver in ABAQUS. For this reason, HAZ properties
for the fatigue crack growth are used, as a conservative approach, since it has the highest growth rate compared to the
WM and the base metal. Elastic modulus of S355 are used for all the zones as the difference is negligible. Several
direct cyclic analysis steps can be used in the simulations which will allow application of different cyclic loads. Each
cyclic load case defined from the result of Rainflow cycle counting is used in a separate step with its corresponding
number of cycles.
3.2. Cyclic loads in mooring lines
Sample data for 11 wind speeds with 6 wave seeds in each category was used in the simulation. The loading data
is broken down into simple load cycles using Rainflow cycle counting algorithm in order to carry out fatigue analysis.
The identified cycles and the number of their repetition are calculated considering the probability of each wind speed
occurrence. In total, 18 different subgroups were generated, comprising nearly 3 million cycles every year. These 18
cyclic load sets have four load components for the two bridles of each mooring point. The four components are applied
in the arrangement illustrated in Fig. 5. The tests were executed for a 2 year time period and for R = 0.1 and 0.5.
4. Result
The results from quasi-static simulation of the flawless structure shows that the cyclic stresses have the highest
magnitude near the weld fillet. Table 2 shows what range of mean values and amplitudes the cyclic stresses have. The
cyclic loads in every category can have different frequency but in this study the effect of varying frequency on the
crack grow is not considered.
Table 2. Cyclic stresses near weldment and their frequency
Amplitude (MPa)
Mean stress (MPa)
Cycle/hour
2-8
12-39

60-90
75-100

309
19

The stress distribution around the pits/cracks and the crack growth are illustrated in Fig. 7. The crack growth rate
is plotted for different R ratios and at different zones (Fig. 8). Higher R ratios clearly experience larger crack growth
rates. In HAZ, maximum 0.69 mm/year growth occurred for R = 0.5 at pit 5.
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Figure 7 Crack growth from pits at HAZ and WM
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Table 3 summarizes the growth for all the pits in one year. The cracks that exceeded the general corrosino rate are
shown in bold text. Pits 5 & 6 show high crack growth rate above the general corrosion, dispite having lower stresses
since they are not close to the weld. These two pits have large initial dimensions, resulting in higher stress intensity
factor and subsequently larger crack growth . The results suggest that the factors that decide whether the crack can
survive the general corrosion are the size of the pit and the location of the crack.
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Figure 8 Crack grow for two years in HAZ (left) and WM for different R ratios

The outcome highlights the importance of R ratio effect on corrosion fatigue crack growth analysis of offshore
wind turbine floating foundations. The cyclic stresses in the mooring point have high R ratios and accurate Paris law
constants are essential to be employed in the analysis. It should be noted that using Walker’s formula for Paris constant
manipulation might overestimate the crack growth rates and the dependency of the changes to R ratio can varry for
different structural steels. For instance, de Jesus, et al. argues that the crack growth rate increase happens when R
changes from 0 to a positive value and after that, increase in R does not change the crack grow rate significantly (de
Jesus, et al., 2012).
Pit #

Table 3. Pit depth growth (mm) in one year for pits in Fig. 8.
1
2
3
4
5
6

a0 (mm)

1.86

1.19

0.65

0.52

2.4

1.88

R=0.1

0.069

0.13

0.12

0.18

0.22

0.21

R=0.5

0.19

0.14

0.20

0.15

0.69

0.22

5. Conclusion
Aframework bass been defined for the analysis of fatigue cracks from corrosion pits on the mooring point of
floating wind foundations. The pits were created randomly on the critical spots at the weldment using extreme value
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distributino for the pit depths, based on available experimental data for steel in marine environment. The cracks from
pits were simulated using ABAQUS XFEM in conjunction with direct cyclic solver.
Another acheivment of the study is the definition of cyclic loads from a dynamic analysis results for mooring line
forces. Nearly 40,000 seconds of loading data on three mooring lines where analysed and the cyclic loads were
identified and grouped into 18 subgroups, which were applied one by one in direct cyclic steps.
The crack growth simulation was carried out for multiple cracks over a two year time to see whether they surpasses
the general corrosion rates. The results indicate that the initial size of the pit/crack is the most important factor in crack
growth rate and at high R ratios, which is common in floating foundations, the crack grow rate can exceed the general
corrosion rate for the initial cracks larger than 1.8 mm, although exceptions exist depending on the pit location. HAZ
material experiences more damage since the pitting is more severe and larger depths are more probable. The study
highlights the fact that larger R ratios will result in higher crack growth rates, as calculated by Walker formula. This
also emphasizes the importance of having accurate experimental test results for these specific R ratios as well as the
effect of frequency on the corrosion fatigue crack growth rate.
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