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Abstract. Operators need accurate knowledge on structural reserves to decideifabmé extension of offshore wind
turbines. Load monitoring enables us to directly compare design loads with real loading histories of the support structure in
order to calculate its remaining useful lifetime. Monitoring of every hot spot is technicallfireancially not feasible. This

paper presents a novel idea for load monitoring of monopiles. It recatissmeasurements at only orevel convenient

for sensor installation, such as tower bottom. Measurements are converted into damage equaigalémt 1®minute time

intervals. Damage equivalent loads are extrapolated to other locations of the structure with a simulation model azld statistic
algorithm. For this, structural loads at all locations of the monopile are calculatecdevihydro-elastic softwareand

updated finite element models. Damage equivalent loads at unmeasured locations are predithedsirooiation results

with a knearest neighbor regression algorithm. The extrapolation was tested with numerical simulations of an 8 MW
offshore wind turbine. Results show that damage can be predicted with an er®®@6fflthis is done conditional on mean

wind speed, which is very promising. The load monitoring concept is simple, cheap and easy to implement. This makes it

ideal fortakingdecisions on lifetime extension of monopiles.

1 Introduction

Load monitoring of foundations for offshore wind turbines enables to reconstruct load histories that these structures
experienced. The load history can be compared against design loadkutate remaining useful lifetimes, which is
essential for decisions on lifetime extension. Direct monitoring of every hot spot at the structure is impossible due to cost
and access restrictions. Structural responses must be extrapolated from askinitesensors.

81% of offshore wind turbintoundations were monopiles in 20{l8o and Mbistrova, 2017fxisting monitoring strategies

for monopiles are based on physical models or artificial intelligence. Mmdeld timedomain algorithms require
acelerometers and (partly) strain gauges at the structure. They try to reproduce the time history of dynamic response
parameters, such as acceleration or strain, of the whole structure. This has been investigated for monopiles using Kalma
filters (Maes et h, 2016; Fallais et al., 2016)oint inputstate estimatior(Maes et al., 2016)and modal expansion

algorithms(Maes et al., 2016; lliopoulos et al, 2016)
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In many cases, the remaining useful lifetime can be assessed using accumulated cycles entelgaigdsl Detailed load
time series are not required. This is exploited by artificial intelligence algorithms (e.g. neural ne{@onéia and Cheng,
2013; Cosack, 2011)After being trained using measurement data from all hot spots, the algorithnte detdtistics of
dynamic response parameters, such as equivalent loads, from standard Sigoia et al, 2014)

There is almost no experience with lifetime extension of offshore wind turp@te¥indeby, the firscommercialoffshore

wind farm instaled in 199, was decommissioned recently after 25 years of operaitherexistingstructurese.g.bridges,
offshore oil platforms, and lately onshore wind turbingshave dealt with lifetime extension fonultiple years already
Lifetime extensiorassessments and decision making in the oil and gas indusliscussed by ErsdahdHérnlund (2008)
Jacketsfor oil platforms are redundant structures where even the loss of some memnidfas ugthin acceptable limits of
probability of failure.Lifetime assessments focus datection of fatigue cracks in combination wftacture mechanics
analyseskFor offshore wind monopiles, however, Ziegler and Muskulus (@0i&ve shown that therobability of detecting
decisive fatigue crackr lifetime extension of monopilels small as the crack growth isxpected to progress fast the
circumferential welds of these structures once it reaches a certainThizeauthors conclude that numerical fatigue
reassessment and structural maring is needed for lifetime extension decisions of monopiles. stateof-art of lifetime
extension in the onshore wind industry is reviewedZlagler et al. (submitted)T'ypically, lifetime extension assessment
have an analytical anat practical part. The analytical part isvamerical fatigue reassessmaevtterestructural loadings
recalculatedwith updated design models amgrtain assumptions (mainly environmental and operational conditions)
(Ziegler and Muskulus, 20b%. Drawbacls are that longerm measurements of some environmental conditions, such as
turbulence intensity, are often not available or expensive to offtaenpractical paris on-site inspections, whichvould be
possible but expensive due to offshore rigkegler and Muskulus, 2018. Load monitoring will be useful for lifetime
extensionhowever, operators are still reluctant due to associated costs.

Therefore we developed a novel load monitoring concept that requires only minimal sensor placement. Load measurements
at tower bottom are transformed into damage equivalent loads and extrapolated to other hot spots. This novel idea i

presented in Section 2. Performaraf the algorithm is discussed in Section 3 and concluded in Section 4.

2 Methodology

The methodology presented here requires to measure loads at only one location of the structure where installation an
maintenance is convenient, such as near towgotno This information is used to predict damage equivalent loads (DELS)

at all relevant hot spots of the monopile. Figure 1 (right) illustrates the setup.

DEL is defined as the singkemplitude load (or stress) range that causes the same amount of dareagereference

number of cycles\, as the variablamplitude load (or stress) time serfgswith corresponding number of cyclés (cf.

Eqg. 1). Heren is the number of stress ranges, ani$ the inverse sipe of the considered Sturve (DNVGL, 2A6). Further

information on DELs can be found in (Cosack, 2011)
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The methodology consists of the following steps:

1.

The finite element model of the monopile from the design phase is updated (e.g. whtltersh onsite
measurements) to ensure consistent dynamic behavior.

Aero-hydro-elastic simulations are performed with the updated model and an extended design basis. Simulation
outputs are 10nin load (or stress) time series at the measurement loaaibat all locations of interest. Rainflow
counting is performed on these time series and DELs are calculated for all hotspots of interest.

The transfer function between hotspots and measurement location are calibrated using simulated DELs. Details or
themodel are given in Section 2.1.

The load measurements are converted intonirtute DELS. The extrapolation model is used to predict the DELs at
other locations of the structure.

Calculation of accumulated fatigue damdget desired locations and retiming useful lifetime with Eg2 and 3.

Herea is the value of the SNurve atN, cycles and,, is the number of yeathe wind turbine has operated already.
o —- 2

YYD — 0o ©)

2.1 Extrapolation model

The relationship between DELs at tower bottomDELS) and other locations of the monopile is assumed to be well

defined. The extrapolation to DELs at mudline-DELS) is investigated as an example in the following. In Figure 1 (left,

top) T-DELs from aerehydro-elastic simulations are plotted in ascending order for 1700 load cases. The corresponding

M-DELs are shown as black dots. Each load case has different inputs in terms of mean wind speed, turbulence intensity, se

state, wind and wave directiality, and operational condition.

Figure 1 (top, left) showsvidence for the existence afweltdefined lowerenvelopefor M-DELs. Scatter of MDELs

above this curve is limited. Theghest MDEL is only a factor of 2.3 higher than the lowesNEL for similar T-DELSs.

The observed small scatter ofMELS enables to usesample statistical model for-DEL extrapolation (cf. Figure 1):

1.
2.
3.

Sort a measured-DEL into the array of simulated-DELSs.

Select a number of simulatedDELSs close to the measuredDEL value (nearest neighbors).

Predict desired MDEL as mean or a weighted mean of the simulateDBL values corresponding to the nearest
neighbor simulated -DELs. Weighting can be donsith occurrence probability of simulation load cases, when

statistics from the site are available.

This methodology is an application of the&arest neighbors regressiogaithm from machine learnindAurphy, 2012.
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Figure 1. Left top: DELs at tower bottom (‘DELS) sorted ascending for 1700 load cases. Corresponding DELs at mudiDEL®)
are plotted as function of-IDELSs. Left bottom: Zoom into picture above. ThedMEL (green dot) corresponding to a measurddHEL
(blue dot)is estimated as mean value of A&arest neighbor values (from simulations) on each side. It deviates from the D&zl M
with an estimation errcg Right: Scheméc setup of load monitoring concept. MeasureBHLs are extrapolated to other locations

2.2 Accuracy and choice ofeighbors

The accuracy of the extrapolation model is validated against simulation data here, as measurements were not available at tf
project stage. We use leaweeout cross validation to assess the performance: Gmeulation result is
dismissedconsdered asmeasured IDEL§, the corresponding NDEL is extrapolated with the remaining simulations, and

then compared with the value known from simulations.
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Figure 2 shows extrapolated-DELs in red plotted over simulated-MELs for one neighbor (left) ahfor 15 neighbors on

each side (right). An increase mumber of neighbors causes smoothing of extrapolation re$hkésrumber of neighbors

should be chosen so that damage at the end of service life is predicted best.

Figure 3 shows a measure of the estimation error of accumulated damage as a function of number of neighbors (solid line;
Damage ratisare calculated as fractiaextrapolated dmage / simulated damdg&he dashed line indicates extrapolation
uncertainty. It represents the deviation of damage filerired resutwhen the standard error of the mean of the neighbors

M D Eit added to the mean value during-I¥EL extrapolation ¢f. Eq. 4).0 is the standard deviatioof the sample of

considered neighbors, is number of neighbors.
YO 000 — (4)

The damage ratio converges to 1.08 after four neighihdigs example (design basis, no binning, mean of neighibofs

Section 3). The deviation of lifetime damage decreaseafrcreasing number of neighbaasthe beginningBeyond four
neighborsthe extrapolation accuracy seems insensitive to the number of oesgided. The true value of 1.0 is inside the
interval of two standard deviations (not plotted). The variance of the extrapolation error of individual DEL values increases
with the number of neighbors (cf. Figure 3 right).

Available data from the turbineontrol and performance monitoring system (SCADA) can provide additional information

for improving the extrapolation. Potentially relevant parameters are average wind speed, wind direction, and operational
condition (power production or idling). To utiézthis information,simulated DEs are binned according to e
parameters. Only DELshat hawe similar conditions (i.e., are from the same bin) are considered as neighbors in the

extrapolation.
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Figure 2. Simulated (blacldoty and extrapolated NDELs (reddot9 considering one neighbdleft) and 15 neighbors (rightapplying
leaveoneout crossvalidation.
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Figure 3. Left: Estimatbn error of lifetime damage as function of number of neighbors considered in the extrapolation alc
Right: Variance of individual DEL ratios as function of number of neighbDEL ratios are calculated ésxtrapolated MDEL /
simulated MDEL&

2.3FE model updating

The FE model of the monopile frothe designphasemust be updated before the extrapolation can be performed (cf.
Section2). The process of FE model updating should verify that the global dynamic behaviour of the strucapterid
correctly in thesimulationmodel. Typical model updating techniques try to match natural frequentiede shapesand
damping.Operational modal analysis has beppliedby Devriendt et al (2014) to identify natural frequencies and damping
of an offshore wind turbine usingccelerometerslistributed at tower and transition pieddodern turbines are often
equipped with accelerometers in the naceddditional accelerometers at the tower or transition piecenatealways
present.Maeset al (2016) showedthat the firstand second foraft and sideside natural frequeries of a monopileare
identifiablefrom straingaugemeasurements at the towiaroperating conditions of theind turbineby transformingstrain

time series into power spectadgnsities

After identification of the relevant modakoperties a sensitivity analysis shouletvealwhich parameters in the original
design model are uncertain and influential on mhismatched modal propertieBor the case of the monopiipport
structure, these paramete@n befor instance soil properties, manufacturing toleragcgrouted connection (early designs
of transition piecésand secondary steel elements if omitted in the initial FE m&ieral methods exist to updakte t
finite element modethrough minimization of an objective functioaddressing the selected parame@ssdescribed in
standard literaturee(g. Friswell and Mottershead, 1995)he updatingprocedure should be repeated in time to identify
possible changes on natural frequencies of the strucBureh changes could occur, for instance, due to scour or soil
stiffening over time.Future work with measurement data is necessary to address FE model updatdgon strain

measurements for a mapite and the sensitivity of the extrapolation algorithm to this.
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2.4 Simulation software

The software used for load simulations were LACflex and RO@#Bouse tools of RambollLLACflex is an aereelastic
software for timedomain analysis of wind tuibes based on the solver FLEX 5 (Passon and Branner,. ZROSAP is a
structural analysis program which Ramboll uses for design of offshore wind foundations. The detailed model of the
monopile is reduced to a CraBampton superelement including correspiog wave loads for accurate integration into
LACflex. Response time series at tower bottom are imported into ROSAP to model hydrodynamic loading and structural
response of the detailed finite element model of monopile and transition(piasson and Braer, 2014; Passon, 2015)
Design simulations of 10 min duration were performed for the fatigue load cases power prd@ldiidh?) and idling

(DLC 6.4)accordingto IEC 614063 (IEC, 2009) Time series of theending moment around a local axis at a single point of

the circumferential ofower (neartower bottom) and monopile (neamudline were extractedrom the simulationsThe

point of the circumferential woullde chosen identical to the location of theistgauges in @ractical application.

3 Results and discussion
3.1Case study

Results are presented for a case study of a monopile4@30water depth supporting an 8 MW wind turbine. Turbine and
monopile were modelled in detail following industry staf-art. The turbine tower is connected to the monopile with a
flanged transition piece.
The extrapolation model is testedfive cases:

1. design basis,

2. extended simulations,

3. design basis with wind speed binning,

4. extended simulations with wind speed bimg) and

5. design basis with artificial measurement noise
The design basis includes 1700 load cases of normal operation and idling with wind speeds from 2 m/s to 32 m/s anc
corresponding sea states and turbulence intensity. Wawe directionality is condered in 30° bins including
misalignment. The extended simulations include the design basis and additional 1700 load cases with reduced turbulenc
intensity. Table1 presentshe different load case combinations in grolgsch group contains between 18I0 simulations
of 10-minute duratiorwith different random realizations (seed&)l wind directions(0-360°) are simulated in bins of 30°
with two ses of yaw errors In addition, various wnd-wave misalignments betweer90° are considered for each wind

direction.
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Table 1. Load case combinations presented in gragussisting of mean wind spe¥f, significant wave heightls, wave peak periodp,

turbulence intensityl, and IEC load cas&ach group contains 1€8D0 simulations of I@ninuteduration

Vi [M/s] Hs[m] Te[9 TI [%)] Tl reduced[%] IEC load case
2-4 0.51.0 5.06.0 15-20 5-6 1.2,6.4

5-8 0515 5.06.0 1517 4-5 1.2,6.4

9-12 1.02.0 6.07.0 12-15 3-5 1.2,6.4

1316 2.03.0 6.57.5 1012 34 1.2,6.4

17-20 2.54.0 7.58.5 1011 34 1.2,6.4

21-24 4.05.0 8.59.5 1011 34 1.2,6.4

2528 5.56.5 10.011.0 1011 34 6.4

2932 7.08.0 11.5125 1011 34 6.4

For the last test case, artificial noise was imposed on the time series of bending moments at tower bottom extracted from th
simulation model to represent potential measurement errors from strain sensors. The measurement noise was modelled
white Gaussin noise with zero mean and a sigtmahoise ratio of 40 dB. The procedure of rainflow counting and DEL
calculation was performed equally to the previous test cases without artificial noise.

M-DELs for the design basis (black) and lower turbulence intengied) are plotted in Figure 4 (left). The extended
simulations follow the same pattern as the original set. In Figure 4 (rightEMs are colored according to their mean wind
speed. The lowesnvelopeobserved for MDELSs is driven by wind speedslber rated power (12 m/s). The high end of the

scatter occurs predominantly for load cases abovewuwind speed (24 m/s).
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Figure 4. M-DELs as function of ascending-OELs. Left: M-DELs for design basis (black) andwer turbulence intensity (red
Right: Design basis MDELSs are colored according to the input mean wind speed



