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Figure 1-1. Number of onshore wind turbines reaching 20-year of service duration annually 
in Denmark, Germany, Spain, and the UK (Ziegler et al. 2018). 



Figure 1-2. Examples of monitoring system based on (a) displacement transducer (LVDT’s) 
(Lachmann 2014) and (b) accelerometers for the onshore testing of the offshore Areva 

Multibrid M5000 (Hu et al. 2015a) 





Figure 1-3. Proposed method for extension of service duration of the wind turbine support 
structure based on the use of long-term monitoring of strain, operational, and environmental 

data. 
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Table 2-1. Technical specification of the Vestas V90. 

General 

 

Rotor 

 

Tower Support foundation



Figure 2-1. Wall thicknesses and internal diameters of the tower measured in-situ  



Figure 2-2. Layout of the Juvent SA wind farm located in the Swiss Jura mountains- St-Imier, 
Bern, Switzerland. (a) Modeled annual average wind speed of 100 m (+/- 0.5 m/s); the 

turbine n°10 is shown by the yellow dot. (b) Wind rose based on SCADA data and compared 
with the modeled annual average direction at 100 m by the OFEN, shown with the red line. 



Figure 2-3. pdf distribution of the 10-minutes average of the wind speed at hub height (from 
the SCADA system of the turbine n°10) and theoretical power output curve of the Vestas V90 

– 2.0 MW. 
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Figure 2-4. Environmental data and corresponding statistical analysis from December 2014 
to April 2017 for the turbine n°10. 



Figure 2-5. Operational data and corresponding statistical analysis from December 2014 to 
April 2017 for the turbine n°10. 





Table 2-2. Wind conditions for onshore turbines with site-specific parameters obtained from 
the SCADA data from December 2014 to April 2017 for the turbine n°10 
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Table 2-3. Clustering of 10-minute time series. 



Figure 2-6. Relation between environmental and operational factors 

i.e.,



Figure 2-7. Finite element model used for structural analysis: (a) bottom segment with the 
door opening and (b) nacelle lumped mass. 



Figure 2-8. (a) Stress distribution normalized to the stress calculated at 7.8 m from the 
foundation (bottom section measurement) and (b) correlation between stress measured at the 

bottom section (reference section) and at the junction between tube #2 and #3.  





Table 2-4. Summary of installed sensors 



Figure 2-9. Schematic of the WT n°10 monitoring system. The blue, red, orange, and green 
markers are respectively Pt100 temperature sensors, linear strain gauges, rosette strain 

gauges, and accelerometers.   



Figure 2-10. Images of the monitoring system (a) data acquisition equipment on the first 
platform (b) wiring of the strain gauges and temperature sensors (c) data acquisition 

equipment on tower top platform. 





Figure 2-11. (a) Example of thermal output compensation curve for linear strain gauges and 
possible spread within the same production batch. (b) Example diagram of the fatigue life vs 

stress amplitude of strain gauges (HBM n.d.). 



Figure 2-12. Example of temperature and longitudinal thermal strains distributions along a 
circular steel section. The grey plots correspond to a linear temperature profile when the red 

curves represent an example of a non-linear temperature gradient. 



Figure 2-13. (a) Longitudinal strain gauge with Pt-100 temperature sensor. (b) Rosette with 
Pt-100 temperature sensor 







Figure 2-14.Single day (a) strain (zeroed raw signal) and (b) temperature measurements at 
the bottom section recorded the 25/02/2017 with corresponding SCADA parameters: (c) 10-

minute average, maximum wind speed, and production (d) blades pitch angle and rotor speed. 



Figure 2-15. Average of two opposite strain gauges at the bottom section (a) raw signal and 
(b) after compensating the T/O for the 25/02/2017. 



Figure 2-16. Comparison between the two and the four gauges configuration for the 
25/02/2017 (1 minute averaged signal). (a) Absolute stress and (b) corresponding histogram 

(c) relative percentage error and (d) corresponding histogram. 

i.e.,



Figure 2-17. Observed strains from 0-360° rotations of the nacelle (a) at the bottom section, 
(b) at the top (first 21 rotations) and the middle section (last 21 rotations). The sudden 

change in the 22nd rotation in (a) is a result of the signal zeroing.  

Figure 2-18. Observed strains from 0-360° rotations of the nacelle (a) at the bottom section, 
and (b) at the top section for the strain gauges at 62° over the measurement period for the 
measured, and zeroed signal. The measured signal in (b) for 2016-2017 is from the middle 

section, the gauge at 12°. 



Figure 2-19. Short and long-term variations of remaining zero-point error at the bottom 
section (a) for the measurement period and (b) 7 days in February 2015. 



Figure 2-20. Strain variations for average wind speed between the cut-in and the rated speeds 
for two different turbulence intensities.  



Figure 2-21. Strain variations for average wind speed between the rated and the cut-out 
speeds for two different turbulence intensities. 



Figure 2-22. Variation of strains during the start-up and shut-down of the turbine around the 
cut-in wind speed.  

Figure 2-23. Signal variations (a) during a change in operation condition (b) focused on a 
single event of blade pitch change by controller.  



Figure 2-24. Variation of strain during icing of the blades for (a) a wind speed of 5.0 m/s and 
(b) a wind speed of 9.0 m/s.  

Figure 2-25. Variation of strain during an emergency shutdown procedure. 



Figure 2-26. Variation of strain during parking condition for (a) a period with wind below the 
cut-in speed and (b) during a storm. 

Figure 2-27. Two hours of measurements during idling condition. Variations of the signals 
are a result of the nacelle orientation.  



Figure 2-28. Example of nacelle rotation (a) below cut-in wind speed and (b) during low wind 
speed. 



Figure 2-29. 20-minute window PSD along the turbine fore-aft axis for a 12 hours 
measurement period. The red line shows the normalized average hub force evolution.   





Figure 2-30. Comparison between ¼ bridge (b) and two ½ bridge configurations (a) and (c).   
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Figure 3-1. (a) Tower coordinate system in which the x-axis is aligned with the door and (b) 
coordinate system for the tower cross section with sensors position.   
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Figure 3-2. Average 10-minute hub force over the first 330 days of the monitoring period.  



Figure 3-3. Average and maximum hub forces and corresponding histograms. 



Figure 3-4. Measured hub forces for various turbine conditions. 



Figure 3-5. 10-minute average (left) and maximum (right) thrust loads with the 10-minute 
average and maximum wind speed, respectively.   





Table 3-1. Wind conditions and power productions for two periods.  

Figure 3-6. Effect of ice on blades. (a) Measured 10-minute average hub forces and (b-d) 
power, pitch, and rotor speeds as a function of the wind speed.   



Table 3-2. Parameters used to determine the hub mass eccentricity and ice 
mass on blades 



Figure 3-7. Simplified stress histogram and bi-linear S-N curve adapted from (Hirt, Bez, and 
Nussbaumer 2006) and (SIA 263 2003). 





Figure 3-8. (a) Picture of the bottom tube-to-tube bolted connection between the foundation 
tube and the first tower segment and (b) generic schematic of the construction details adapted 

from Eurocode (Eurocode 3 part 1-9 1990) 



Table 3-3. Parameters for S-N curve 



Figure 3-9. The process to estimate the damage based on monitored data and S-N curves. 



Figure 3-10. (a) Histograms of the stress cycles calculated with two different window lengths 
and (b) relative errors compared with the histogram from the 24-hour window (c) damage 

distribution and (d) relative errors for both window length. 



Figure 3-11. (a) Cumulative fatigue damage calculated from the stress histogram at an angle 
of 20° and (b) damage distributions over the section for 604 days of measurement. 

Figure 3-12. Influence of the S-N curve on the damage. The dashed lines are obtained with 
the 10-minute time series. 



Figure 3-13. Relation between the calculated damage distribution (red line) and (a) the 
absolute wind direction and (b) 10-minute time series with high damage, high wind speed, 

and turbulence intensity.  



Table 3-4. Summary of damage in the construction detail. 

i.e.,

Figure 3-14. 10-minute fatigue damage calculated over the whole set of data for the 20° 
angle. 



Figure 3-15. (a) 10-minute damage frequency (20° angle) with the 50 % and 99 % limits (red 
and orange dotted lines) and (b) percentage of the cumulated damage and electricity 

production as a function of the monitoring time.  



Figure 3-16. Estimated service duration of the turbine as a function of the monitoring 
duration.  



Figure 3-17: Histograms of the stress cycles for the first 12 months of measurement. 



Figure 3-18. Variation of the monthly damage for the first year of measurement. 



Figure 3-19. 10-minute damage as a function of (a-c) environmental and (d-f) operational 
parameters. 



Figure 3-20. Calculated 10-minute damage for various turbine conditions. 



Figure 3-21. Total and relative damages of different turbine conditions. 

Figure 3-22. Relation between the damage and the hub force standard deviation.  
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Figure 4-1.Comparison of the extracted extreme loads for the (a) BMM and (b) POT on a 30 
minutes hub force signal.   









Figure 4-2. (a) 1-hour maximum wind load over the 604 days of measurement. (b) Histogram 
of the 10’ maximum wind load. (c) Subset histogram of the 10-12 m/s mean wind speed bin 

and (d) zoom on the extreme values region. 



Figure 4-3. Distribution of wind loads as a function of the wind speed during normal 
production condition. (a) 10-minute average hub force and (b) 10-minute maximum hub 

force. 

Figure 4-4. Database of the 10-minute resultant hub force binned according to the hub-height 
10’ average wind speed. 

i.e., 



Figure 4-5. Database of extreme values obtained with the POT method. 



Figure 4-6. Comparison of the two most extreme events recorded during the monitoring 
period.  



Figure 4-7. (a) Database of the tower hub force with outliers and (b) after outliers removed. 



Table 4-1. Selected short-term distributions depending on the wind speed bin and the 
monitoring period and duration. 



Figure 4-8. Gamma, 3-parameter Weibull, and GEV distribution fit 10-minute block maxima 
for different wind speed bins and for the 50-year return period extrapolation (dashed 

horizontal line) based on 600 days of measurement and removed outliers. 



Figure 4-9. Aggregated long-term pdf and extrapolation to the 50-year return level for (a) 
various 120 days monitoring periods and (b) increasing monitoring period. 



Figure 4-10. Evolution of the 50-year load extrapolation with the best combination of 
distributions over the monitoring length. 

Figure 4-11. Long-term extrapolation with the “fitting before aggregation” method and 
BMM. 



Table 4-2. 50-year extrapolated loads from long-term distributions and Block Maxima 
Method compared with the maximum observed normalized load. 

Table 4-3. Probability of occurrence  of different wind speed bins (based on a Gamma 
distribution) and probability that the extrapolated 50-year load arises from a certain wind 

speed bin.  





Figure 4-12. Return level plots of the GPD for various thresholds with confidence intervals 
and the two largest extreme events included.  



Figure 4-13. Summary of parameters for GP distribution fits with the 95 % confidence 
interval for the shape and scale parameters and the 50-year estimate for various thresholds. 

Figure 4-14. Summary of parameters for GP distribution fits for various thresholds and the 
effect of outliers on the threshold selections and extreme value estimates. 



Table 4-4. Comparison of the 50-year load extrapolation with POT and GP distribution and 
the effect of outliers. 



Figure 4-15. Diagnostic plots for the 50-year return value from 604 days of measurement 
using POT method and a threshold of 305 kN. 



Figure 4-16. Diagnostic plots for the 50-year return value from 604 days of measurement 
using POT method and the 7 highest outliers removed and a threshold of 285 kN. 

i.e



Figure 4-17. Evolution of the GPD parameters and extreme value estimates with an 
increasing monitoring period for the full data set with a threshold of 295 kN.  



Figure 4-18. Effect of the monitoring period and duration on (a) the normalized 50-year 
extrapolation and (b) the 95 % confidence interval for 15 (blue), 30 (green), 60 (violet), 120 

(orange) days and red being for the 600 days full period. 
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Figure 5-1. Illustration of the methodology for the reconstruction of the endured fatigue 
damage 
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Figure 5-2. Capture matrix of the number of recorded 10-minute time series. 

Figure 5-3. Capture matrix of the 10-minute average damage [-log(D)]. 



Figure 5-4. Capture matrix of the total damage [-log(D)]. 

Figure 5-5. Damage distribution within four different wind speed and turbulence intensity 
bins. 



a
b

Figure 5-6. Distributions of the normalized damage for 1’000 time series of 10 minutes for (a) 
a linear S-N curve, (b) a bilinear S-N curve, and (c) bilinear S-N curve with endurance limit.  



Figure 5-7. Validation of the model over the monitoring period. 

Figure 5-8. Impact of the monitoring duration on the estimated damage over the full 
monitoring period with an indication of two standards deviations. 



Figure 5-9. (a) Wind speed variations since the installation of the turbine (the monitored 
period is highlighted) and (b) reconstructed 10-minute damage (the red curves are the 30-day 

running average). (c) Cumulative damage.  



Figure 5-10. Results of the cumulative estimated damage from 3 scenarios.   

Figure 5-11. Cumul. damage (5 years) distributions obtained from 1’000 simulations.  





Figure 6-1. Typical stress-strain relation of UHPFRC. 





Figure 6-2. (a) Schematic of the casting procedure with a sock and (b) pair of specimens 
obtained from a single plate.  



Figure 6-3. Specimen fabrication: (a) vertical casting of the fresh UHPFRC and (b) details of 
the forms. 



Figure 6-4. Specimen geometry, measuring devices, and testing set-up. 



Figure 6-5. Loading procedure for (a) the static tests and (b) the fatigue tests.  



Figure 6-6. (a) Stress-strain curves for three quasi-static tests from the 3rd batch and (b) 
histogram of the compressive strength of heat treated UHPFRC plates.  



Table 6-1. Results of compressive tests on UHPFRC plates.  

 



Figure 6-7. S-N diagram obtained from compressive fatigue tests on UHPFRC plates. 

Figure 6-8. Comparison of the S-N diagrams obtained with ultimate strength fUc (a) from the 
specimens pair and (b) from the average of the static tests. 



Figure 6-9. Strain growth curves for the top, the center, and the bottom of the B3 1-2 
specimen. 



Figure 6-10. Specimen B3 1-2 (failure at 6’213’225 cycles) 



Figure 6-11. Deformation growth curves of the B3 3-2 and B3 5-2 tests  

Figure 6-12. Specimen B3 5-2 (failure at 222’623 cycles) 
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