
 
Monitoring the integrity of grouted connections using a 
robust data-normalization approach. 
 
C. Devriendt, W. Weijtjens, Tim Verbelen, Gert De Sitter 
OWI-lab / Vrije Universiteit Brussel 
 
Introduction (minimum 50 words /maximum 100 words) 
 
Monopile foundations are currently the most common type of offshore substructures for wind 
turbines.  Most of them have been installed with a grouted connection. This contribution 
introduces a method to monitor the integrity of the grouted connection using displacement 
sensors. A robust monitoring approach, with a low number of false alarms, can only be 
achieved by taking into account the operational and environmental variability of the monitored 
grouted connection. Real-life data obtained from 2 monitored offshore turbines is used to 
demonstrate the performance of the presented approach.   
 
 
Approach (minimum 250 words /maximum 350 words) 
 
This paper uses the results obtained from the Northwind offshore wind farm located 37km 
outside the Belgian coast. The farm consists of 72 Vestas V112 3MW wind turbines all on 
monopiles at water depths of up to 30m. The campaign started in 2014 and is currently still 
ongoing. Data is transferred continuously to an onshore server and is processed on a daily 
basis. 
 
Both turbines are equipped with a multi-physics sensor lay-out consisting of corrosion 
sensors, strain gauges and accelerometers. This contribution uses the 3 installed 
displacement sensors mounted between the transition piece and the monopile. An example of 
an installed sensor is shown in Figure 1.  The sensors are spread around the circumference 
of the Transition Piece, Figure 1. There are three sensors for each turbine with 120 degrees 
in between each sensor.  
 
 

        
 

Figure 1: (left) Example of an installed displacement senor (right)  Sensor-layout 
 

 
The development of a monitoring solution poses several challenges. Firstly, a proper 
installation and a calibration of all sensors are crucial for the success of the followed 
monitoring approach. Additionally, it is impossible to modify or damage the structures for the 
sole purpose of learning damage-patterns. As such the monitoring system will be designed for 



unsupervised learning and will take into account the operational and environmental variability 
in order to distinguish natural changes in the monitored parameters from the real structural 
changes due to a failing grout connection. 
 
This work will introduce the basic steps from measurements to sensitive monitoring features 
that are not affected by the operational and environmental conditions. 
 
Main body of abstract (minimum 500 words /maximum 700 words) 
 
Many monopile foundations are constructed using a grouted connection. In late 2009 there 
were initial reports that the grouted connections were failing, some years after completion of 
construction and installation. Starting from 2011 OWI-lab performs the monitoring of the 
grouted connection at the Belwind wind warm and concluded that the turbine was indeed 
slipping due to a failing grout connection. These findings resulted in an adaptation of the 
design guidelines by including shear keys to improve the performance of the grouted 
connection. The turbines at the Norhwind windfarm are using these shear keys. To ensure the 
stability of the grouted connection with shear keys and to check if the grouted connection is 
performing as expected it was decided to perform continuous monitoring. 
 
Two turbines have therefore been equipped with a setup of displacement sensors to 
continuously monitor the integrity of the grouted connection. This work will present the results 
obtained after the first 6 months of monitoring. The parameters that are monitored are 
the relative displacement and relative angle between the monopile (MP) and the transition 
piece (TP). 
 
The key idea behind these parameters is to use the displacement sensors to define an 
inclined plane w.r.t. to the monopile reference plane. The value of the relative MP-TP 
displacement will be a direct indicator of slippage of the TP over the MP. Note that the relative 
MP-TP angle represents the angle between the MP and the TP and it is not the absolute 
inclination angle of the turbine. Beside the fact that these parameters are considered to be 
sensitive to structural changes in the grouted connection they also depend on the operational 
and environmental conditions of the monitored wind turbine. 
  
Figure 2 shows a typical behavior of the monitored inclination angle in function of the wind 
speed.  
 

 
 

Figure 2: Relative  MP-TP angle in function of wind speed 
 
It follows the logic that the angle increases for larger wind loads. Failing of the grouted 
connection will ultimately result in a reduced resistance to bending and might therefore result 
in a larger inclination angle for the same wind load. A robust monitoring approach can only be 
achieved by taking into account the operational and environmental variability of these 
monitored parameters using proper data-mining techniques. This paper presents a data 
normalization approach using regression models. This approach is crucial for improved 



decision support and increases the robustness and the sensitivity of the monitoring approach. 
 
Figure 3 shows the mean MP-TP displacement over a period of 6 months (blue). It can be 
observed that this parameter is highly influenced by changing operational and environmental 
conditions. When using a regression model (red) trained by using multiple operational 
and environmental parameters over the entire considered training period we achieve a R2, 
which is a measure of quality-of-fit of a regression, over 80%. In Figure 3 we can observe that 
the model is able to follow all variations on the measured displacement due to operational 
and environmental changes during the training period. 
 

 
 

Figure 4:  Mean MP-TP displacement original data (blue) modeled with all relevant operational and ambient 
parameters (red) 

 
The importance of this is that the regression model and the used data normalization approach 
is able to minimize the standard deviation on the monitored MP-TP displacement by removing 
the variability due to the changing conditions. Similar results are found for the monitored MP-
TP angle. This allows us to  define narrow 3sigma boundaries on the monitoring feature in 
order to monitor the grouted connection with high sensitivity to structural changes. 
 

 
 

Figure 5:  Mean MP-TP displacement after data normalization (blue) and 3-sigma boundaries (red) 
 

It can be concluded that up to today the monitored turbines are not showing any slippage or 
inclination outside the normal operating ranges of the wind turbine and that the current design 
with shear keys is properly functioning. 
 
Conclusion (minimum 100 words /maximum 350 words) 
 
In this contribution we showed the results of a monitoring strategy for the grouted connection 
of offshore wind turbines using displacement sensors. The results are based on 2 monitored 
turbines within the Norhtwind wind farm. Using a data-normalization approach it was shown 
that all variations over the full monitoring period could be attributed to the changing operating 
and environmental conditions. Therefore the grouted connection using shear keys is 
considered to be stable at the moment. The proposed method will however allow the operator 
to continue to follow the integrity of the monitored grouted connections in a robust way. 
Ultimately, reducing the cost of O&M through early detection and reduce the insurance fees of 
operational wind farms. 



Learning objectives (minimum 25 words /maximum 75 words) 
 
The main goal of this contribution is to demonstrate the feasibility of a robust grout integrity 
monitoring strategy using displacement sensors. It will be shown that a data-normalization 
approach that takes into account the operational and environmental variability is able to 
improve decision support.  
 
	  


