
Proceedings of ISFOG 2025  
5TH INTERNATIONAL SYMPOSIUM ON  

FRONTIERS IN OFFSHORE GEOTECHNICS  

Nantes, France | June 9-13 2025 

© 2025 the Authors  

ISBN 978-2-85782-758-0 

 

 

1 

Short-term monitoring of offshore wind turbine jackets 
supported by suction caissons 

P. Gütz* 
Ramboll, Hannover, Germany 

N. Hamdan 
Seaway7, Aberdeen, the UK 

J. Schrauder, J. Tautz-Weinert 
Ramboll, Hamburg, Germany 

D. Grace 
Seaway7, Aberdeen, the UK 

*patrick.guetz@ramboll.com 

 
ABSTRACT: The installation method of suction caisson foundations for jackets supporting Offshore Wind Turbine 
Generators (WTG) could alter soil conditions. In particular, the penetration of the skirt into the soil, as well as transient flow 
of pore water through the soil, may degrade the soil especially if cyclic installation with alternating under- and over-pressure 
is adopted. While the first causes remoulding of the soil, the latter may induce soil’s hydraulic failure. Such changes may 
affect the structural response. The entire installation sequence, including foundation installation, tower mounting, grouting 
the void under the lid and scour protection placement, will have implication on the WTG response. In this paper, the 
philosophy and results of a planned and executed short-term structural monitoring programme on the Seagreen Offshore 
Wind Farm (OWF) are presented. Eleven jackets were monitored for 19 to 186 days during the installation sequence. The 
acceleration data were processed to derive modal properties. The effect of the installation method, grout installation, turbine 
placement and scour protection on the natural frequencies of the structure are investigated. The natural frequencies were 
found to be comparable independent of the installation procedure. The effect of grout altered the first natural frequency by 
about 2%, the tidal variation showed an impact as well of approximately 2%, and the placement of scour protection resulted 
in a change of circa 1%. Installation of the tower and rotor-nacelle-assembly (RNA) significantly affected the first natural 
frequency, by about 90%. An approximately linear relation between the water depth and the natural frequency is observed. 
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1 INTRODUCTION 

The number of planned and executed offshore wind 
developments has recently increased to meet the target 
net zero strategy set by various governments in the 
world. With restrictions on installation induced noise 
that may affect marine life and challenging ground 
conditions at some sites (e.g. presence of shallow 
bedrock) make the suction caisson foundation concept 
attractive given their installability is proven to be 
viable. This is due to avoiding costly offshore drilling 
campaign, relatively fast installation and less noise 
induced by installation compared to driven piles. 

The WTGs of the Seagreen OWF are supported by 
jackets secured into the seabed by three suction 
caisson foundations each (see Figure 1). The height of 
the structure from the tip of the caisson to the topside 
is circa 100 m with an in-air substructure weight of 
circa 2000 t. Caisson diameters are either 10.5 m or 

11.5 m with designed penetration depth between 9.0 m 
and 10.5 m. 

 

 
Figure 1. WTG supporting substructure transportation 

(credit: Seagreen Wind Energy Ltd.) 
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2 MOTIVATION 

Suction caissons are installed by pumping out water 
from the inside the caisson which generates a pressure 
difference when compared to the outside pressure. 
This differential pressure causes the foundation to 
penetrate the seabed as long as the suction pressure 
acting on the caisson lid is greater than the soil 
resistance and less than the refusal pressure limits (i.e. 
cavitation, buckling limit or soil’s hydraulic failure). It 
is intended to install the suction caisson by 
monotonically increasing the pump flow rate and 
thereby increasing the suction pressure as the 
penetration progresses. 

Alternative installation and mitigation techniques, 
installation by pump stoppages and two-way pressure 
cycling, can be adopted should installation pressure 
approach a certain refusal criterion (Joseph et al. 2023, 
Hamdan et al., 2023c). Both installation methods 
induce (alternating and recurring) flow within the soil 
inside and outside the caisson as well as remoulding of 
the soil at the skirt’s interface with potential effect on 
soil stiffness and strength. Cyclic simple shear test 
programme was reported by Hamdan et al (2023b) 
where clay samples were subjected to a specified 
number of two-way cycles and sheared post 
consolidation for various ageing periods. The 
laboratory test results demonstrated soil strength 
regain with time. However, it was unclear whether soil 
stiffness will be impacted by this technique. 

If the installation of caissons refuses prior reaching 
the target depth, underdrive may be considered as a 
ground risk mitigation. This mitigation measure 
comprises multiple implications on the substructure, 
e.g. elevations, loads, geotechnical capacity, structural 
response, corrosion. Hence, such strategy must be 
planned and implemented in the design of the 
substructures. 

The main objectives of this paper are to 
demonstrate the feasibility of monitoring structural 
response to better understand the impact of actual 
installation and investigate the potential effect of 
various parameters such as installation method, grout 
installation and tower mounting on the structural 
behaviour over the monitored period post installation. 
Ultimately, validation of actual structural responses 
can improve modelling of soil and structural 
dynamics. 

3 METHODOLOGY 

3.1 Measurement campaign 

A vibration-based monitoring technique is employed 
for extracting the modal frequencies of the structure. 

Eleven jackets were instrumented for data collection 
over a short period of time (up to 186 days). The jacket 
selection considered all design clusters at the site, soil 
condition and installation method. Other parameters 
that are expected to affect the response, e.g. grout 
placement, tower mounting, and scour protection 
installation are considered when analysing the results. 

Table 1 presents the monitored WTGs with water 
depth, monitoring period and the installation method 
executed. WTG10 and WTG11 were installed to 
penetration depth shorter than the original design. This 
underdrive is expected to have an impact on the system 
response due to the change in the mass and stiffness as 
well as structural loads (Hamdan et al., 2023a). 

 
Table 1. Monitored structures and associated water depths, 

period as well as installation method 

WTG ID 

(Cluster) 

Water 

depth [m] 

Monitoring 

period [day] 

Installation 

method 

WTG1 (3) 53.4 64 Cyclic 

WTG2 (2) 50.2 60 Cyclic 

WTG3 (3) 54.7 52 Monotonic 

WTG4 (2) 51.3 71 Monotonic 

WTG5 (2) 49.8 94 Cyclic 

WTG6 (1) 44.0 74 Cyclic 

WTG7 (1) 46.3 76 Cyclic 

WTG8 (2) 47.7 68 Cyclic 

WTG9 (3) 55.1 19 Monotonic 

WTG10 
(2) 

49.5 186 Cyclic, 
underdriven 

WTG11 
(3) 

57.4 29 Cyclic, 
underdriven 

3.1.1 Accelerometers at the transition piece 

Due to their practicality in offshore mobilisation to the 
jacket worksite, fixation, and removal from the 
structure, as well as insensitivity to temperature, 
accelerometers were fixed to the jacket’s transition 
piece via a magnetic clamp (see Figure 2). The 
structure’s motion was recorded for a sufficient period 
to capture the relatively low first natural frequency. 
Acceleration, rotation, and temperature data were 
collected at 51.2 Hz sampling rate, which is 
sufficiently high as the sampling rate is recommended 
to be at least five times the frequency to be monitored. 

Acceleration measurements were used to obtain the 
natural frequency of the structures. This is a relatively 
cost-effective monitoring strategy as data collection 
can be gathered during the installation campaign in the 
field without incurring additional costs for a vessel to 
mobilise for this purpose. The accelerometers were 
ensured to be installed immediately after jacket 
installation. A data acquisition unit, within a protected 
box, was fixed via magnets near the accelerometer 
sensor. 



Short-term monitoring of offshore wind turbine jackets supported by suction caissons 

Proceedings of the 5th ISFOG 2025 3 

 
Figure 2. Acceleration sensor (left) and location of mounted 

sensor on TP (right) 

3.1.2 Wave buoys 

Sea state data, including wave height, wave period, 
and peak wave directions, were measured at 1-minute 
intervals by two wave buoys at the site. For analysis, 
10-minute statistics were used in post-processing to 
align with other datasets. 

3.2 Data processing 

Operational Modal Analysis (OMA) is a technique 
employed to determine modal parameters such as 
natural frequencies, damping ratios, and mode shapes 
of structures by analysing their response to 
environmental loading conditions. The method utilises 
the structure's acceleration as input data. Stochastic 
Subspace Identification (SSI) is a time-domain, data-
driven method that relies exclusively on output data to 
estimate a stochastic state-space model. The modal 
parameters are identified from the stability diagram 
generated through the SSI solver (Van Overschee and 
De Moor, 1991). 

The Triangulation-based Extraction of Modal 
Parameters (TEMP) method acts as a post-processor 
for estimating modal parameters by analysing 
stabilisation diagrams generated by the SSI solver, 
employing triangulation techniques to enhance the 
efficiency of extracting dynamic properties (Häckell 
and Rolfes, 2013). 

Based on the raw measurement data, the 10-minute 
modal parameters were calculated, quality control 
procedures applied, and results stored. Mode shapes, 
damping ratios, and frequencies were utilised for mode 
pairing with a reference mode, enabling the detection 
of specific frequency-changes over time, caused by 
grouting, placement of scour protection or turbine 
installation. 

3.3 Natural frequency 

The natural frequency fn of a structure can be 
determined by the following expression: 

 𝑓𝑛 = 12𝜋√𝑘𝑛,𝑒𝑓𝑓𝑚𝑛,𝑒𝑓𝑓 (1) 

where keff is the effective stiffness of the structure and 
meff is the effective mass. Thus, changes in the mass or 
the stiffness of the system affect the natural frequency 
of these structures. For instance, the events of the 
installation of grout, turbine, and scour protection were 
monitored during the measurement campaign and the 
observations are described in Section 4. Within this 
paper, the terminology of “natural frequency” refers to 
the first natural frequency (mode n = 1). 

4 RESULTS AND DISCUSSION 

4.1 Effect of the tides 

The influence of the tide can be observed in Figure 3. 
Here, the normalised natural frequency (normalised to 
the mean value of the entire measurement period) of 
WTG11 and the tide levels at Aberdeen, Scotland, are 
plotted over a three-day example period. 
Measurements of the natural frequency of an offshore 
jacket structure, without the tower and RNA, reveal a 
significant negative correlation between the natural 
frequency and sea level. This effect can be explained 
by the 'added mass' phenomenon: as the water level 
rises, the increasing mass of the surrounding water 
adds to the effective mass of the structure, leading to a 
decrease in natural frequency, see Equation (1). The 
natural frequency fluctuates by ± 1% over time and 
scatters by about 0.1%. Further, it is observed that a 
larger magnitude of sea level variation correlates with 
greater changes in the normalised frequency. 

 

 
Figure 3. Measured normalised natural frequency and sea 

level tide data over the period of three days 

4.2 Effect of grout installation and curing 

During the measurement campaign, the void 
underneath the suction caisson lid was grouted at six 
structures monitored. Figure 4 illustrates the 24-hour 
moving median of the normalised natural frequencies 
for these. The natural frequencies were normalised 
with respect to the date of grout installation and shifted 
to t = 0, thus facilitating uniform comparison. 
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Figure 4. Daily moving median of normalised natural 

frequency before and after grout installation date 

 
Following the installation of the grout, a rise of 

between 1% and 3% was observed in the natural 
frequency. The increase of the measured natural 
frequency developed over a period of one to three 
days, which may be linked to the curing of the grout. 
In general, the grout establishes the contact between 
the suction caisson lid and the soil, which enables 
further load transfer and stiffening of the soil-structure 
interaction, thus leading to an increase of the 
normalised frequency. 

4.3 Effect of scour protection installation 

Figure 5 illustrates the effect of the scour protection 
installation. For both structures monitored, an increase 
of approximately 0.6% to 1% in the daily moving 
median of the natural frequency can be observed after 
the installation of the scour protection (with a six-day 
data gap for WTG10). Therefore, the impact from the 
scour protection is lower than the one observed from 
grout installation. The increase of natural frequency is 
expected to be associated with an increase of soil’s 
effective stresses enhancing the stiffness of the soil 
structure interaction. 

 

 
Figure 5. Daily moving median of normalised natural 

frequency before and after scour protection installation 

 

 
Figure 6. Daily moving median of normalised natural 

frequency before and after tower and RNA installation 

4.4 Effect of turbine installation 

Figure 6 presents the normalised natural frequency of 
three structures on which the tower and RNA were 
installed during the measurement campaign. The 
natural frequencies were normalised to the date prior 
the tower installation, revealing a significant decrease 
in the natural frequency of approximately 90% due to 
the installation of the tower and RNA. Besides the 
added mass from tower and RNA, the structure’s mode 
changes entirely once the WTG is installed 
completely. Hence, the structure’s mode is dictated by 
tower and RNA and the mode of the jacket-only cannot 
be separated anymore from the measurements. 

4.5 Effect of water depth and caisson 

installation method 

The natural frequencies of the jackets before and after 
grouting are shown Figure 7 in dependency of the 
nominal water depth and with highlighted cluster 
boundaries. The natural frequencies are normalised 
separately for the states before and after grouting by 
the largest mean value monitored. The natural 
frequency decreases with increasing water depth. This 
finding correlates with the observation from the effect 
of the tides (see Section 4.1). Further influences may 
result from various parameters affecting the structure’s 
natural frequency, e.g. installation method, soil 
conditions and (sub-)cluster. Particularly regarding the 
influence from the jacket cluster, WTG8 and WTG1 
belong to the next deeper cluster respectively. Thus, 
these jackets have a different stiffness and greater 
mass compared to the jackets for shallower water 
cluster causing a drop of their natural frequency. 

In Figure 7, the structures WTG3 and WTG9 were 
monotonically installed (see Table 1). Similar natural 
frequencies within cluster 3 can be observed 
comparing those of monotonically installed jackets 
with WTG1 being cyclically installed (WTG11 is 
discussed specifically below). 
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Figure 7. Effect of water depth variation on normalised 

natural frequency before and after grout installation 

 

 
Figure 8. Effect of installation method on normalised 

natural frequency of assembled WTG including tower and 

RNA 

 
The jackets WTG10 and WTG11 were underdriven 

(see Table 1). Figure 7 shows that WTG10 has a 
similar natural frequency compared with those of 
WTG8 and WTG2 within the same cluster 2, which 
indicates that the underdrive has negligibly affected 
the natural frequency. In contrast, the underdriven 
WTG11 shows a lower natural frequency within the 
cluster 3, which is expected to be linked to an 
increased stick-up at the jacket leg in the sub-cluster 
leading to a lower stiffness. Analogously, WTG7 
belongs to a deeper sub-cluster with larger stick-up 
and thus has a lower natural frequency compared with 
WTG6 in the same main cluster (cluster 1). 

Figure 8 provides a comparison of the normalised 
natural frequencies (normalised by the median value 
of all monitored structures) for assembled WTG 
including tower and RNA between structures with 
monotonic and cyclic installation. WTG4 was 
monotonically installed and thus serves as reference. 
Although there are minor differences among the 
monitored frequencies, no significantly altered natural 
frequencies are observed for structures that are 
cyclically installed. Further, the measurement of these 
natural frequencies confirmed that the actual response 
is within the design envelope. 

5 CONCLUSION AND OUTLOOK 

This paper summarises the motivation for 
implementing short-term monitoring for WTG in 
OFW as a cost-efficient instrument for reduction of 
uncertainties and verification of design assumptions. 
A measurement set-up is outlined that fulfils that 
purpose although the authors acknowledge that more 
complex measurement concepts can be implemented 
depending on the intention and requirements of the 
outcome of the monitoring. In the case investigated in 
here, the installation of the accelerometers to derive 
the structural response fulfilled the defined objective. 

The analysis revealed that various parameters 
influence the natural frequency of the jackets 
supported by suction caissons. Given the tidal impact 
on the natural frequency, it is crucial to account for 
uncertainties in individual data points, as each point 
reflects a specific tidal state. 

The installation of the grout as well as the tower 
and RNA influenced the natural frequency. These 
effects were expected as these have been analysed in 
finite element simulations by the authors. Such 
accompanying numerical analyses are highly relevant 
for the right interpretation of the measured and 
processed data. Further, such simulations may be used 
to validate the design model. 

The effect of pressure cycling during installation of 
the analysed structures showed that these behave in a 
similar way as the reference structures with regards to 
their behaviour of natural frequencies. This could be 
an indication that the soil stiffness was not affected or 
regained. This applies to both types of structures 
considered in here, i.e. jacket only, and assembled 
WTG with tower and RNA. Analogously, no 
detrimental effect from underdriven caissons was 
observed for the monitored structures, where the 
underdrive was incorporated in the design as a 
potential mitigation. 

Regarding the soil stiffness, the authors remark that 
it may have a significant influence on the structure’s 
higher modes. Since this contribution focuses on the 
structure’s first natural frequency, the soil stiffness 
was not found to have a major impact. However, these 
influences need to be addressed appropriately for 
further analyses. 

This analysis shows the value of temporary 
monitoring campaigns during and after installation, 
both to validate the structural dynamics and to 
recognise the impact of site conditions such as scour, 
corrosion, marine growth, and soil (stiffening). This 
also enables finite model updating, allowing a 
calibrated structural model to be used for fatigue and 
integrity reassessment (Augustyn et al., 2020; 
Augustyn et al., 2021). 
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The authors remark that there is an opportunity for 
more precise instrumentation to be installed at 
relatively low-cost during fabrication stage if a 
monitoring strategy is conceived early in the project 
and planned to be maintained for a longer period. The 
benefits may include monitoring during the 
installation process for de-risking this critical phase 
and allowing for higher efficiency regarding vessel 
operation time. Further benefits may include 
continuous monitoring of structural integrity and 
fatigue consumption, with ultimately a potential 
lifetime extension of the jackets supported by suction 
caissons. 
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