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ABSTRACT
Fatigue is the main design driver for offshore wind turbines on monopile foundations. With the first
generation of farms reaching their design life structural reserves become apparent. Monitoring of the
periodic strains at critical locations enables to assess the remaining useful lifetime. Typically, welded
connections beneath the sea bed are determining the lifetime of the entire structure. Since no direct
method e.g. visual inspection is feasible to analyze damage progress at these locations estimation meth-
ods are applied. Three turbines of the Belgian offshore wind farm Nobelwind were equipped with optical
fiber strain gauges over the entire foundation length and with accelerometers on the turbine tower. In this
contribution, a modal expansion algorithm is selected to reconstruct subsoil strain from accelerations
measured on the tower. Within a short-term analysis strain estimations are validated against measure-
ment data on submerged sensors and fatigue assessment is done on the validated data.
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1. INTRODUCTION

Offshore wind turbines (OWTs) are heavy dynamically loaded civil structures. The substructures expe-
rience the action of both wind and waves combined with the rotations of the wind turbine on top. The
substructure design with the biggest market share for common water depths is so-called monopile foun-
dation, which represents over 80% of all offshore wind turbines [1]. A monopile foundation is a single
cylindrical steel pile with diameters ranging from 4 to 8 meter and lengths of up to 70 meter. These
piles are considered to be relatively short with respect to their diameter, especially when compared to the
piles typically found in offshore oil gas (OG). While industry usually still relies on engineering codes
developed for OG industry in the 1970s[2][3] both the non-slender geometry of the monopile and the
cyclic loads fall outside the original design codes. This limitation in design has led to an industry-wide
mismatch between design expectations and the completed OWT. [4] reveals a common 10% underes-
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timation of the first resonance frequency in a study on 400 offshore wind turbines. Resulting error in
soil-pile response also influences the fatigue life of the turbine structure. The design of offshore wind
turbines is driven by the fatigue of the substructure. Monopiles are designed in a way they can withstand
20 to 25 years of combined cyclic loading. In an optimized design, several welds are dimensioned to
match this targeted lifetime. Generally, the most fatigue critical welds are found just below mudline.
Since the monopile foundation has no structural redundancy the lifetime of the foundation is defined by
the remaining life-time of the weld mostly damaged through fatigue. Rather than by relying on design
expectations, updated information about this remaining life time is desired. Visual inspections on sub-
merged welds are costly and below mudline unfeasible. Also the use of sensors to track fatigue progress
is not common because of high costs of installation and maintenance combined with the risk to lose
sensors while pile driving.
In this contribution, measurement data is used to learn about special characteristics of the strains on the
submerged structure in order to emulate them. Precisely, measurement data of three monopiles from off-
shore wind equipped with strain gauges over their entire length is used to validate a method to estimate
strains subsoil using a multi-band Modal decomposition and expansion algorithm. Within the subsequent
fatigue assessment damage characteristics of submerged sensors are analyzed and the performance of the
method is bench-marked.

2. MEASUREMENT SETUP

In the scope of the research project O&O Nobelwind three offshore wind turbines on monopile founda-
tions were instrumented with a extensive monitoring system in the Nobelwind offshore wind farm.

2.1. Nobelwind

The Nobelwind offshore wind farm is situated in the Belgian North Sea consisting of fifty Vestas V112-
3.3 MW turbines on monopile foundations. Generating power between 3 and 25 m/s wind speed these
machines reach the rated output power at 13 m/s. For the Nobelwind measurement campaign three
turbines were selected in the farm. The three turbines were chosen to reflect the dynamic and soil
conditions of the entire farm. Among the selected turbines is the turbine at the lowest water depth and
the deepest turbine in the farm. While two of the turbines were chosen at the opposite edges of the farm
one is situated at one corner. The set of three turbines thus covers the expected range of frequencies as
well as wind conditions.

2.2. Measurement setup

All three instrumented turbines received the same basic monitoring concept seen in 2(a) [5]. On the tower
accelerometers (ACC) are mounted in three levels, the transition piece (TP) is equipped with two levels
of resistive strain gauges and the monopile (MP) received optical strain gauges on several levels. The
sensor levels on the monopiles differ between the three turbines to accommodate for differences in the
design of the monopiles and different soil conditions. The monopiles were instrumented during monopile
fabrication with 4 optical fiber lines. Each line is imprinted with 8 Bragg gratings. These Bragg gratings
(FBGs) act as 8 localized strain sensors on a single optical fiber line and are positioned above and below
the mud-line of the monopile foundation. Using FBG technology a total of 32 sensors was achieved with
a minimal of required wiring. Note that the sensors had to be installed prior to the actual pile-driving of
the turbine. To assure the sensors survived this process the subsoil sensors were covered with protective
sheeting and a driving shoe. During installation some sensors failed during the pile-driving. However,
the majority of fibers survived and all three monopiles have a functional monitoring set-up which is
operational since August 2017.



Figure 1: (Left) The Nobelwind offshore wind farm, (Right) The finished monopile with 4 optical fibers.

2.3. Data Acquisition and Processing

The monitoring system sends a measurement file to an onshore server every ten minutes where it is
paired with SCADA data. Before the data can be used for research purposes different pre-processing
stages are applied. All strain gauge measurements contain offsets which can change over time. These
offsets are removed using an in-house developed scheme for strain gauge calibration. Additionally, the
strain sensors above water level have to be compensated for solar radiation. While the Bragg gratings
allow to record strains at a sampling rate of 100Hz only low frequent strains are considered important
for the fatigue analysis of the substructure. Thus, FBG data is sampled down to 12.5Hz after a filtering
step to reduce high-frequent noise. The low pass filtering is performed by an eighth-order Butterworth
filter with an upper frequency band of 4Hz. The monitoring setup contains three separate systems: One
for tower accelerometer and upper TP strain sensor SGLAT017, one for the lower strain gauge on the
TP SGLAT005 and one for all fiber Bragg sensors e.g. FBGLATmin017. As a result these systems
are not guaranteed to be synchronous. In fact, a slight drift between the clocks is discovered see Fig.2(b).
This time dependent lag of the lower systems relative to the tower system was removed by correlating all
strain gauges with the top strain gauge SGLAT017 for every data frame.
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Figure 2: (Left) Schematic of the sensor setup at Nobelwind. (Right) Evolution of measurement lag of resistive
strain gauges(brown) and FBGs(blue) over four days.

3. VIRTUAL SENSING

Virtual sensing is a generic term meaning a multitude of techniques which predict loads without di-
rect measurements. For offshore wind different methods are further developed to estimate structural
response by extrapolating measurement data of sensors in easily accessible locations. Response esti-
mation algorithms predict stresses based on the dynamic modes and natural frequencies obtained from



a linearized structural model. So-called joint input-state estimation (JISE), initially proposed in [6] and
further developed in [7], estimates forces and corresponding states of the structural model based on filter-
ing. Similarly, the Kalman filter estimates states based on a limited number of response measurements.
JISE and Kalman filtering techniques are formulated in the state space, which allows to include damping
and measurement uncertainties. Alternatively, the Modal Decomposition and Expansion (MDE) method
assumes the structural response as a linear combination of the mode shape vectors and does not account
for noise. Vibrations or strains are estimated without requiring knowledge of the natural frequencies
and damping ratios [8, 9, 10, 11]. Modal expansion can be used both in a time domain or frequency
domain representation. In a comparative study, Kalman filter, JISE and MDE were benchmarked [12]
based on measurement data of an offshore wind turbine on monopile. [12] concludes on an acceptable
performance in the prediction of acceleration responses despite use of the simplified linear modal model.

3.1. Modal decomposition and expansion

Modal decomposition defines the structural response as a linear combination of eigenvectors or mode
shapes:

~am(t) =

n∑
i=1

~φi,mqi(t), (1)

where ~am(t) ∈ Rnm×1 is a vector that contains the nm measured accelerations for each time instance
t, n is the number of considered modes, qi(t) ∈ R is the modal coordinate component of mode i,
and ~φi,m ∈ Rnm×1 is the vector with the components of mode shape i at measurement locations m.
These mode shapes can be derived either from numerical models or by operational modal analysis [8].
From Eq. (1), the modal coordinates quantifying the contribution of each mode are identified based on
measured accelerations and the mode shape components at these locations. It follows:

~q(t) =
(
ΦT
mΦm

)−1
ΦT
m~am(t) = Φ†m~am(t), (2)

where ~q(t) = {q1(t), q2(t), . . . , qn(t)}T and Φm = [~φ1,m, ~φ2,m, . . . , ~φn,m] combine the n considered
mode shapes at the nm measured degrees of freedom (DOFs). •† is the pseudo-inverse operator. It
is pointed out that only for the number of measurements nm, being equal or exceeding the number of
considered modes n, Eq. (2) can be solved. For practical applications, this implies that the number of
considered modes is always limited by the number of sensors installed to the structure.

Estimated modal coordinates derived from Eq. (2) are assumed to apply to the entire structure. Thus, Eq.
(2) can be expanded to predict the accelerations and dynamic strains at any point as long as contained in
the mode shape vectors obtained from a numerical model. The modal expansion at virtual sensor location
p uses the following expression [8]:

~εpdyn(t) = ΦεpL−1
{

1

s2
L{~q(t)}

}
, (3)

where Φε,p comprises the mode shapes and strain mode shapes, respectively, of the n considered modes
at the np DOFs, which coincide with the virtual sensor locations p. L{•} and L−1 {•} are the Laplace
transformation and the inverse Laplace transformation, respectively.

In addition, the estimation of strains from acceleration measurements requires the double integration of
accelerations to displacements. This double integration is performed on the estimated modal coordinates
in the Laplace domain, resulting in the 1/s2 operation in Eq. (3).
However, during the double integration there is a considerable risk of blowing up frequency noise when
approaching 0Hz, resulting in erroneous predictions of displacement. As such [12] proposes to use a
lower bound fl for the acceleration data. The lower bound fl is situated well below the first structural
mode, while sufficiently high to avoid exaggerated low frequency contributions. From the high-pass



filtered acceleration data, the dynamic contribution of the strain extrapolation ~εpdyn is obtained through
Eq. (3).
In [8] the band below fl is then added using a static strain extrapolation. Instead of accelerometers, a
single strain gauge level is used to extrapolate the quasi-static strain to all virtual sensors. The quasi-
static estimation step is basically scaling the measured strain signal εmqs with a deflection shape of the
substructure ~φqs. This ~φqs is derived from the low-pass filtered strain distribution on the monopile
caused by a rotor top load where the upper filter bound is set to fl.

~εpqs(t) = φ̃qsε
m
qs(t) (4)

The estimated strain with this dual-band MDE approach is thus calculated using following expression:

~εp(t) = ~εpqs(t) + ~εpdyn(t) (5)

3.2. Quality indicators

Reconstructed time series are evaluated using the Time Response Assurance Criterion (TRAC) and Fre-
quency Response Assurance Criterion (FRAC). The TRAC checks the correlation between time domain
signals, here predicted and measured stress ~σp(t) and ~σ(t) [13]. The TRAC returns single values for
every virtual sensor location i ranging from 0 to 1, where values close to 1 imply a good agreement. The
TRAC does not account for scaling errors between two signals but is suitable to detect phase shifts.

TRAC =
[~σ(t)T~σp(t)]2

[~σ(t)T~σ(t)][~σp(t)T~σp(t)]
, (6)

where •T denotes the transpose of the vector. In order to assess the estimated signal in the frequency-
domain the FRAC is introduced. Similar to the TRAC, it returns the correlation between two signals
but here transformed into frequency domain. With the FRAC the match between measurement and
estimation can be assessed for a frequency band of interest. While the TRAC is unable to detect scaling
errors an additional check with FRAC spots these because of different spectral densities.

FRAC =
[~σ(f)H~σp(f)]2

[~σ(f)H~σ(t)][~σp(f)H~σp(f)]
, (7)

where •H denotes the conjugate transpose of the complex frequency domain vector.
For fatigue assessment short-term damages(10min) are calculated. First, sensor stresses are transformed
into stresses in rotor plane (SS) and perpendicular (FA) using linear bending theory. Secondly, stress
cycles are counted via Rainflow counting, followed by the linear damage accumulation as in Eq. (8). nk,i
refers to the number of oscillations of frequency k on the virtual sensor location i for all time instances
and Nk,i is the assigned number of cycles to failure for stress range ∆σk,i. Note, that no safety factors
and stress concentration factors were applied. Rather than the total damage, the damage equivalent stress
range ∆σdel,i, Eq. (10), is used as a quality indicator. It returns a single stress range that over ndel,i = 107

cycles will produce equal damage to the actual fatigue spectrum (9) [14]:

Di =
∑
k

nk,i
Nk

=
1

ā

∑
k

nk,i∆σ
m
k,i ≤ 1, (8)

Di =
ndel,i
Ndel,i

=
1

ā
ndel,i∆σ

m
del,i ≤ 1, (9)

∆σdel,i =

(
ndel,i
āDi

)− 1
m

, (10)

where m is the negative inverse slope and ā the intercept of S-N curve with N axis according to [15].
S-N curve D, m = 3, log ā = 11.687, for free corrosion as defined in DNV GL RP-C203 [15] is applied
to all welds for the sake of simplicity.



4. RESULTS

For this short-term validation of MDE measurement data of one turbine over a period of four days is
used. The period is chosen in such a way that most operational conditions and a wide range of wind
speeds would are present. This contribution uses a basic scheme of MDE as it would be used for strain
predictions above water level.
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Figure 3: (Left) Wind speed(blue) versus time and yawing of turbine(orange) from ten minute SCADA data.
(Right) Shapes of the first two structural modes as obtained from OMA.

4.1. Mode shape analysis

MDE requires the structural modes of the turbine. Since only the lowest frequent structural modes
contribute considerably to fatigue the first two mode shapes are of most interest. In order to estimate
stress MDE demands a mode shape component for every virtual sensor location. Thus, if no data of
the estimation locations is available e.g. location is inaccessible mode shapes need to be obtained via
finite element model. Within this contribution mode shapes are not retrieved from a numerical model
but obtained via operational modal analysis (OMA) directly from operational strain data of the wind
turbines. The operational modal analysis was performed on a combination of tower acceleration and
substructure strain measurements using PolyMAX [16] technique. PolyMAX means poly-reference least
squares frequency domain estimator for modal parameters and performs well in distinguishing physical
modes from the numerical modes inherent to modal parameter estimation making it very suitable for
automation. While a stationary FE-model returns a single set of mode shapes, results from operational
data can change over time. Considering the short time period one set of mode shapes was calculated
to fit all experienced environmental and operational conditons. Therefore, mode shapes were separately
calculated for every 10 min data frame and averaged subsequently.
The dual-band approach of MDE uses a quasi-static pseudo mode shape instead of the dynamic modes
for frequencies up to a frequency limit flim. This frequency was set to 0.15 Hz because earlier analysis
revealed considerable wave action between 0.15 Hz and 0.25 Hz [5]. The so-called static deflection
shape is obtained from mean strain values of all strain sensors on TP and MP over a ten minute data
frame.

4.2. Short-term subsoil strain estimation

Fig. 4 shows an example of the two staged stress estimation in MDE. First, the quasi-static stress is
estimated by scaling the low-pass filtered stress of the top TP strain gauge SGLAT017 on the static de-
flection shape (also see Sec. 3.1.). The dynamic contribution based on tower acceleration measurements
is added in a second step. Over four days stresses of 576 10min data frames are predicted. In a first step
TRAC values of the estimations are analyzed see Fig.6. Values worse 0.98 only occur at low wind speed
i.e. below cut-in of the turbine. A closer look into time domain data Fig.5(a),(b),(c) shows generally
good agreement between measurement and prediction. However, also three distinct error characteristics
are visible: First, a phase lag between measurement and estimation occurs, especially pronounced on
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Figure 4: Estimation steps of MDE: Quasi-static(blue) and dynamic(orange) contribution.

lower sensors. Second, a small set of estimations contains a poor quasi-static fit, visible in FRAC values
obtained for the quasi-static band Fig.6. Finally, estimated stress cycles often show a smaller amplitude
than measured stresses. In these cases spectral plots show deviations in intensity of the natural frequen-
cies, which is caused by imprecise mode shapes. Note, that these scaling effects in time domain data will
not influence TRAC values, meaning the TRAC does not indicate this error characteristic. Additionally
obtained FRAC values of solely the quasi-static frequency band show a high accuracy of the q-s predic-
tion and only a small number of poor estimations in Fig.6 (b). Interestingly, MDE was able to reconstruct
stresses which were not detected by the FBG. Fig.5(c) shows capabilities of MDE below the noise floor
of the strain gauge. Since the method uses the modal coordinates of tower acceleration measurements,
this phenomenon is explained by the better properties of accelerometers for high frequent vibrations.

4.3. Fatigue assessment

With the reconstructed time domain signal, fatigue assessment is done by obtaining damage equivalent
stress ranges(DEL) of measurement and prediction. Fig.7(a) shows DELs of over all analyzed time
frames. High DEL values are found in data frames with high wind speed thus an accurate prediction
in these data frames is very important. However, as seen in Fig.7(b) precisely those data frames with
high wind speed return highest relative errors on fatigue damage i.e. up to 60%. The error cause is
easily determined because of the three error characteristics found in Sec.4.2. two only apply to low wind
speed. Thus, the mainly underestimated spectral density of the two considered modes influences the
fatigue estimates to deviate the most. MDE performs better for intermediate wind speeds between 4 and
9m/s. Depending on sensor location the mean relative error on fatigue ranges from−3%(SGLAT005)
to −25%(FBGLATmin33).

5. FUTURE WORK

This validation of a basic MDE scheme showed different challenges to work on. The phase lag found for
locations below mud-line is likely to be caused by local damping. The used time-domain implementation
of MDE is ad hoc not capable to learn damping since every time step is estimated independently. A
frequency-domain implementation can help to solve this issue. Especially fatigue estimations showed
offsets because of an erroneous spectral density at the first structural mode. The mode shapes in this
contribution are defined as mean values of OMA estimations over all data frames. Even if these mode
shapes offer the best fit over examined time in average that is not necessarily true for a single data
frame. For a longer measurement period a definition of mode shapes dependent on environmental and
operational condition is suggested. Finally, a bench marking of different response estimation methods is
envisioned. Such a comparison should feature a sufficient time scale e.g. 6 months.
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Figure 5: From left to right: Ten-minute time history, detail time history and power spectral density of measured
(blue dashed) and predicted signal(orange) [Top: Data frame with 3.1 m/s wind speed, Middle:6.1 m/s Bottom:
12.0 m/s].

0 20 40 60 80 100
time [h]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T
R

A
C

 [-
]

0

4

8

12

16

w
in

d
sp

ee
d

[m
s-1

]

0 20 40 60 80 100
time [h]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

FR
A

C
 [-

]

0

4

8

12

16

w
in

d
sp

ee
d

[m
s-1

]

TP_SG_LAT017_Mtn
TP_SG_LAT005_Mtn
MP_FBG_LATmin017_Mtn
MP_FBG_LATmin028_Mtn
MP_FBG_LATmin033_Mtn
MP_FBG_LATmin035_Mtn
10min SCADA

Figure 6: (Left) TRAC values for all data frames. (Right) FRAC values for quasi-static frequency band.

6. CONCLUSIONS

The dual-band scheme of modal decomposition and expansion technique showed capabilities to recon-
struct stress time domain data with good accuracy especially for wind velocities between 4 and 9 m/s.
TRAC calculations confirm proper fit between measurement and estimation for locations above and be-
low mud-line. The additional used FRAC proves the high accuracy of the low frequent estimation. How-
ever, this short-term validation also showed different shortcomings when dealing with subsoil data. First,
increased deviations of the reconstructed stress signal were found for wind speeds below cut-in. Partly an
erroneous estimation of quasi-static stresses was causing this but mostly a phase lag was accountable for
the poor result. This phase lag especially found on sensors sub soil is seen likely to be caused by the high
local damping on this part of the structure. Fatigue calculations of the estimated stresses showed another
shortcoming to be more severe. The spectral intensity of the first structural mode was underestimated
especially for high wind speed causing stress cycle amplitudes to be down scaled. The resulting error on
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Figure 7: (Left) Damage equivalent load(DEL) of strain measurements and estimations. (Right) Relative error on
DEL in strain estimation.

10 min. DEL values was in average 20 % but reached 60 % for single data frames. Overall this work
could pinpoint challenges of the basic MDE scheme when dealing with subsoil data allowing to tune the
method for this application.
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