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Abstract

Over the past years offshore wind energy has known huge developments. With growing farm sizes,

increasing wind turbine sizes and the challenging conditions offshore the demand for remote health

monitoring has never been higher. While condition monitoring of the drive train for individual turbines

has become common practice and structural health monitoring of the blades is emerging, the offshore

foundation is still considered as a black box, with little knowledge available on the current condition.

Unfortunately, Non Destructive Testing (NDT) on all offshore turbines is too expensive and these founda-

tions are designed for minimum inspection, consequently little structural data is available. By contrast

there is a lot of operational information available from each turbines SCADA system (e.g. power output,

rpm, wind speed). In the next years OWI-lab is developing an approach to use the available SCADA data

and a limited number of instrumented turbines (so called fleet leaders) to assess the structural integrity

of the entire farm. In particular the progression of fatigue life is a major concern to the wind-farm own-

ers, as fatigue is the main design driver for most offshore wind turbine foundations. As such the fleet

leaders are equipped with an array of (optical) strain gauges and accelerometers. In this contribution

we will show some initial results of the project with a particular focus on the measurements obtained

from 5 fleet-leader offshore wind turbines already instrumented by OWI-lab. It will show how fatigue

can be related to the offshore conditions and the operational history of a turbine. We will also elaborate

on how this knowledge can be used to improve O&M and end-of-life decisions.

1. INTRODUCTION

Offshore wind is developing in Europe at a rapid pace, with ever growing turbine sizes and greater

distances to shore the demand for structural monitoring of the foundations has become more relevant

than ever. Currently there are just a limited number of designs in offshore wind used for foundations.

Most used is the so called Monopile foundation, in essence a single pile driven into the seabed, which

represented over 75% of the total installed capacity in 2014 and 97% of the installed capacity in 2015.

The other 3% of installed foundations in 2015 were jacket foundations. Jacket foundations are lattice

structures which can be favorable in large water depths and at sites with strong wave action. Other

foundation types such as Gravity based, tri-pod and tri-pile foundations have been installed in the past

but represent a far smaller population.

Most foundations for offshore wind are designed inspection-free to withstand a given life-time, typically

20 to 30 years, without the need for any inspection or maintenance. Nonetheless there are several con-

cerns that operators want to keep track of.

One such example is scour, basically erosion around the foundation piles. This erosion will change both

the dynamic behavior, thus affecting fatigue life, as well as static behavior of the foundation structure.

To monitor scour on monopiles most researchers have proposed a methodology based on monitoring

the resonance frequency of the structure [1, 2]. This frequency is known to depend on the scour depth.

However, it also depend on other parameters such as tidal level and temperature. To overcome this issue

a normalization method is required in order to remove other influences from the scour depth [1] . For

jacket structures scour monitoring is typically done using water depth scans [3].
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Figure 1 : A wind farm wide fatigue monitoring set-up will use measurements from the fleet leaders to model their

consumed life time (CLT) using environmental and operational parameters. From the obtained model the CLT of

other turbines in the fleet is estimated. This will allow to pin-point vulnerable turbines in the farm and identify

turbines that might easily surpass their designed life time.

This paper will focus on another concern of operators and talk about monitoring the fatigue life progres-

sion of offshore foundations.

1.1 Fatigue Monitoring

In recent offshore wind projects the monopile foundation has been pushed in terms of weight and diam-

eter. The foundation monopile is subjected to both static and cyclic bending moments, the latter caused

by waves, wind and the turbine’s rotor dynamics. As such the structure is vulnerable to fatigue and

fatigue life is a known design driver for many of the installed monopiles [4, 5].

However, in design many uncertainties in hydrodynamic loading and turbine (thrust) loading and un-

certainties in soil conditions mean that the actual fatigue progression in offshore monopile foundations

might differ from design. This difference might allow for turbines to be run past their initial designed

life time or motivate dedicated inspections on the offshore turbine. The envisioned monitoring strategy

envelops several steps which are summarized in Figure. 1.1. The key idea is to equip a limited number

of turbine foundations with an array of sensors, these turbines are referred to as fleet leaders [6]. They

are chosen to represent the fleet of turbines and preferably represent different foundation designs and

offshore conditions. For fatigue monitoring the measurement typically requires load measurements near

structural interfaces, e.g. just above the top of the monopile, and acceleration measurements over the

length of the tower.

One of the challenges in fatigue assessment is the location of the fatigue hot spots. For monopiles these

hotspots are typically below water level and often even under the seabed. This implies that direct mea-

surement of fatigue stresses at the hotspot is unfeasible or even impossible on existing foundations. To

resolve this OWI-lab implemented and verified the use of virtual sensing to predict the strains at fatigue

critical locations using sensors installed on more accessible locations, [7–9]. A second step is to model

the damage progression, or Consumed Life Time (CLT), to the environmental and operational data con-

tained in the turbine SCADA system, such as wind speed, wind direction and power output. Once the

obtained models are validated between fleet leaders, the models can be used to extrapolate the CLT to

the other turbines within the wind farm.

In this contribution we will limit us to the analysis and fatigue assessment using actual measurements

on a fleet leader turbine and a fatigue analysis applied to these measurements.



(a) Overview Belgian Offshore wind farms (b) Belwind (c) Northwind (d) C-Power

Figure 2 : (a) Position of the three monitored wind farms within the Belgian zone for offshore wind energy (b)

Belwind V90 turbine (c) Northwind V112 Turbine (d) C-Power Senvion 6MW with indication of accelerometers

(yellow) and optical fiber strain gauges locations (white)

2. MEASUREMENT SCOPE

Currently 5 offshore wind turbines outside the Belgian coast are instrumented to act as fleet leaders,

spread over three wind farms Fig. 2. Both turbines on jacket and monopile foundations are considered

and are currently continuously monitored.

In this contribution we will focus on the measurements obtained thus far from the three turbines on

monopile foundations in the Belwind and Northwind farms, Figure 2. At the start of the research project

in 2012 one turbine at Belwind, a farm consisting of 55 Vestas V90 turbines, was equipped with LVDTs

and force transducers to monitor the condition of the grouted connection, accelerometers for dynamic

analysis, corrosion sensors in the monopile and since 2014 optical fiber Bragg gratings (FBGs) to mon-

itor strain and consequently loads. At the more recent Northwind wind farm, 72 Vestas V112, two

turbines were equipped with an optimized setup in 2014.

At C-Power, 48 Jackets + 6 Gravity based foundations both with Senvion turbines, two jacket founda-

tions are monitored with a similar set-up. However, as the jacket foundation is less prone to fatigue the

results from these structures are less relevant for the current contribution.

At each instrumented turbine the bending loads are measured close to the interface between the turbine

tower and the actual foundation substructure. The setup uses at least three strain gauges spread across

the circumference of the turbine wall. This setup allows to easily, after calibration, determine the bend-

ing moment, Fig. 3.a. Several lessons have been learned over the past monitoring campaign. One is

the sensitivity of the results with respect to temperatures. In particular solar radiation can significantly

interfere with the measurements. The sun will locally heat up parts of the tower, introducing a temper-

ature induced apparent strain in the strain gauges. With temperature differences up to 15 degrees C the

temperature error can easily exceed the actual strain on the tower. Without proper compensation the

found bending moments differ strongly over the course of a single day.

Another interesting lesson was learned while testing different types of adhesions for the strain gauges.

In essence there are two possibilities, either the strain gauge is glued to the turbine wall or the strain

gauges are welded to the steel using a shim. In Fig. 3.(b) the two types of attachment are compared for

three pairs (Welded and glued) of strain gauges, in this example optical fiber Bragg gratings (FBGs),

spread over the circumference of the tower wall. The results show that the welded strain gauges have a

reduced sensitivity of up to 10%. Otherwise put the bending moment measured with these welded strain

gauges will be only be 90% of the bending moment measured using the glued sensors. This difference

in sensitivity will also imply smaller recorded stress ranges and potentially an underestimation of accu-



(a) Example of recorded bending moments vs. Wind

speed

(b) Sensitivity difference between welded and non-

welded sensors

Figure 3 : (a) The default set-up allows determine the loads applied to the wind turbine foundation (b) One of

the lessons learned is the reduced sensitivity of welded strain gauges (WFBG) compared to glued strain sensors

(FBG). The plot shows the measurements of 6 sensors which were installed in pairs of welded and non welded

sensors at three different headings in the turbin. The black line indicates the 1:1 relation. A simple regression

shows that in general the welded strain gauges have a reduced sensitivity compared to the glued sensors.

mulated damage. A similar observation can be made for classic resistive strain gauges.

In the next section we will describe how the measurements are used to perform a fatigue assessment

3. FATIGUE ASSESSMENT

The steps in the proposed monitoring strategy, are summarized in Figure. 4. The first step is to calculate

the bending moments from the measured strain gauges using the known geometry of the tower. The

measured bending moments are then transformed into the nacelle’s frame of reference using the known

yaw angle from the turbine SCADA. The final result are the bending moments in both the forwards -

backwards , Fore-Aft (FA), and sideways , Side-Side (SS) directions. As the turbine nacelle is typically

aligned with the wind direction, the FA bending moment timeseries mainly contain the contributions

from the thrust loading, wave action and the structure’s eigen modes. Especially the wind or thrust

loading, which is partially directed by the turbine controller, results in large low frequent cycles clearly

visible in Figure. 4. In sideways direction these cycles are not present as sideways motion is only driven

by the structure eigen modes and mis-aligned waves. The found bending moments are again translated

into strains in the FA and SS directions. The time series of these FA and SS strains are continuously

recorded and stored on dedicated servers.

To assess the accumulated damage in the structure a state-of-the-industry fatigue assessment is per-

formed. The recorded stress ranges are translated into stress histograms, a.k.a. fatigue spectra, using a

classic time-domain rain flow counting algorithm. Faster frequency domain techniques exist for fatigue

analysis, e.g. Dirlik Method [10], but their use has not yet become widespread. A comparison between

Dirlik Method and time-domain cycle counting for wind turbine fatigue assessment can be found in [11].

A stress histogram provides the number of cycles ni at a given stress range σi. The stress histogram is

translated into a damage ratio assuming the linear Miner’s rule [12].

∑ k
i=1

ni

Ni

= ∑ k
i=1Ci =C (1)

in which C is the accumulated damage ranging from 0 to 1. If C equals one the structure is assumed to

fail under fatigue. Ni are the number of allowable cycles of a specific material subjected to the stress

range σi. The values of Ni are defined using so-called SN-Curves. It is key to consider the correct

S/N curve for each feature and location during the fatigue assessment. The values of C therefor differ



Figure 4 : The followed strategy is to transform the measured strain into strain as induced by the thrust loading

(FA Strain) and Sideways (SS) strain. Note the difference in FA and SS strain after the transformation. As the FA

strain is driven by wind and thrust loads it shows strong low frequency oscillations induced by variations in wind

load.

immensely for the considered SN curve, and a damage value has no real meaning unless the SN-curve

is clearly documented. The SN-curves themselves are typically set by the normative body. However, for

offshore wind these SN-curves have been under discussion as they were built up over 40 years ago con-

sidering steel and welding conditions of that day [13]. Modern welders and steel manufactures achieve

far better fatigue properties and research projects have been set up to update the SN-curves.

An oddity of the Miner’s rule in Eq. (1) is the linear sum. Basically it calculates the damage induced by

each stress range σi and assumes the total damage is a linear combination of these individual contribu-

tions Ci. It therefore does not consider the sequence of different fatigue loads over time. To include this

sequence into fatigue assessment sparked for instance the FELOSEFI project spearheaded by TNO in

the Netherlands.

The found damage C has a very large range of values, making it hard to interpret on a linear scale.

Therefor often the Damage equivalent load DEL is calculated as a more linear measure for damage. The

Damage Equivalent load is the amplitude of a hypothetical load at a given frequency, typically 1Hz, that

generates the same damage C. Note that similar to the damage C the DEL is heavily dependent on the

considered SN curve.

4. RESULTS

In this section we will briefly show some the determined damage equivalent loads (DELs) for a

representative dataset using an actual SN curve. However, as mentioned earlier these results differ

greatly for different SN curves. The results shown should only be considered as the possible outcome

of an analysis. An other focus, e.g. a different feature, may result in different results and conclusion.

In Fig. 5.(a) results are shown for the DEL against the wind direction. To clarify the figure only results

during run-up conditions are shown, i.e. wind speeds between 5 and 9 m/s. This particular turbine is at

the outer edge of the farm. In particular from 100 to 200 degrees the turbine is pointing outside the farm

and receives clean, non-turbulent, air for other wind directions the turbine is facing inside the farm.

This is clearly reflected in the damage equivalent load which is larger when the turbine is facing inside

the farm. On itself the result demonstrates that a turbine that receives more turbulent air, e.g. one in the

middle of the farm, might be prone to accelerated fatigue progression while certain favorable positioned

turbines might easily reach their design life time.

Fig. 5.(b) tries to analyse the impact of the wind speed on damage equivalent load. As the effect of

turbulent air is quite significant this plot only shows results for wind directions in which the turbine

is pointing outside the farm and receives clean air, other wind directions are plotted in gray. The



(a) Wind direction (b) Wind speed

Figure 5 : Damage equivalent load for a turbine in Northwind offshore wind farm. (a) vs. wind direction for run-

up conditions ( 5 < wind speed < 9 m/s), wind directions where the turbine is in clean air have been highlighted.

(b) vs. wind speed, filtered for clean air conditions other points are in gray. The colors correspond to different

operational cases (EoCs) of the turbine, see [14] for more details.

results are plotted using different operational cases (EoC), e.g. Rated Power (dark blue) or Run-up

(Orange) [14]. Interestingly, as to be expected the DEL increases with higher wind speeds. This is quite

counter-intuitive as wind loads do not necessarily increase with increasing wind speed, see Fig. 3.(a),

as the controller will reduce thrust load once rated power is reached. The wind load, or equivalently

the root bending moment, is thus not the sole driver of the damage equivalent load. It is most likely

that the increased wind speed in combination with pitching actions of the controller introduce the

elevated fatigue loads once rated power is achieved. In addition one must not forget the role of waves

on offshore wind turbines, especially for larger diameter monopiles, which will also increase at higher

wind speeds. Current research is focusing on how the role of wave action can be appropriately quantified.

5. DECISION SUPPORT

From the known DELs per wind speed and per wind direction it is then possible to extrapolate the ac-

cumulated damage over the expected life time using the expected wind distribution over time. This way

the expected wind distribution over the entire life time is factored in. In contrast if one would consider

the accumulated damage over one year and extrapolate these over the entire life time, one does not factor

in the (exceptional) wind conditions of the year of measurement. Effectively, wind conditions can vary

strongly over time and one year of measurements might not be fully representative for the entire life

time. Once the expected wind distribution is factored in the RUL life is calculated. In addition a detailed

analysis on the impact of periods of downtime or short events, e.g. emergency stops, can be added to

analyse their effect of life time.

Starting from a full RUL analysis it is possible to vary the SN curve that was used in the calculation of

the DEL. For instance, depending on the amount of corrosion protection the SN curve differs in design,

Fig. 6. From an maintenance point of view it is then interesting to assess the remaining fatigue life if

a different corrosion protection strategy is chosen. Alternatively, this methodology can also be used to

assess the gravity of a certain anomaly, e.g. excessive corrosion or an unconsidered stress concentration

factor.

In this paper we relied mainly on classic linear fatigue analysis, using Miner’s law. An alternative ap-

proach is starting from the assumption cracks are already present and apply fracture mechanics concepts

in stead. In particular the use of Paris’ law [16] for fatigue crack growth can be applied in this setting.
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Figure 6 : Type D SN curve for different corrosive environments [15]. For decision support the results from

fatigue monitoring can be put against different SN curves to asses the gravity of corrosion.

This analysis can be targeted to determine the allowable crack size at hot spots, which again is input

for both maintenance or inspection. However, note that these structures are typically designed to be

maintenance free, so no direct cost reduction is achieved from this knowledge.

6. CONCLUSION

Fatigue is a design driver for many offshore wind turbines and a concern to the operators. A fatigue

monitoring strategy was discussed in this paper that will be developed to assess the structural integrity

of the entire wind farm using a group of fleet leaders.

Currently the project has already recorded the stress histories of 5 turbines over a combined period of

several years. From this data interesting results on the fatigue progression in offshore wind have been

deduced, including the effect of turbulent air and the variability with the different operational conditions

of the turbine. A proper Remaining Useful Life (RUL) analysis as well as an extrapolation to the entire

farm will need to factor in this variability.
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