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ABSTRACT: Seaway7 has successfully installed 114 tripod jackets supporting Offshore Wind Turbine Generators (WTGs)
for the world’s deepest fixed-bottom Offshore Wind Farm (OWF). The jackets are supported by three suction caissons
embedded in layered soil conditions. The variable and challenging ground conditions led to various unforeseen installation
refusal events at a jacket location, with unexpected events both adjacent to the caissons and at some distance during
installation. Two re-installation attempts were made, and premature foundation refusal was finally called. The jacket was
recovered and re-installed at a different location. This paper builds up on the work previously published by the authors on
the subject by describing the experience gained during the installation and recovery of the jacket and refusal mitigation
measures applied during installation and recovery. Pump-stoppage and two-way pressure cycling were employed to
overcome cavitation, structural buckling and plug heave refusals. Pump-stoppage was effective in mitigating structural
buckling refusal in cohesionless soils by reducing the required pressure by about 25% with an effective depth advancement
of around 0.1 m. Two-way pressure cycling was also effective in cohesive soils where required pressure was reduced by up
to 40% with depth advancement of up to 0.15 m. The jacket was retrieved 303 days after installation and back-calculation
of the installation and extraction pressures showed that clay set-up was about 1.35 to 1.72. The extraction pressure was about
30% higher than that for installation. These findings are believed to contribute to future planning of decommissioning WTG
jackets supported by suction caissons.
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1 INTRODUCTION documented from the recent installation experience at
the Seagreen Offshore Wind Farm (OWF), Hamdan
et al (2023). On the other hand, installation in layered
soil conditions was not well understood due to the
available limited industry experience in-field. The
perception has changed since the completion of the
Seagreen OWF installation as many caissons were
installed in layered soil conditions.

This paper presents the offshore experience of a
problematic installation at one WTG location.
Installation refusals encountered during three
different attempts between June 2022 and January
2023. Installation and extraction experiences are
described with the various refusal events encountered
(plug heave, cavitation, buckling limit, ratholes, etc.).
Soil resistance during installation and extraction was
back calculated. Clay set-up was determined and
compared with available data. The recovery of the
jacket is considered as a demonstration experience of
possible decommissioning of future WTGs supported
by suction caissons.

The world demands for green energy have rapidly
increased in the past decade. Various challenges
require overcoming to meet these demands. For
example, deploying foundations in deeper waters,
more complex geology and ecologically friendly
installation techniques where local regulations
implement restrictions for installations induced
marine noise. Suction caisson foundation is a main
foundation type that can overcome such challenges
and reduce carbon footprint whilst maintaining
commercial attractiveness for the developers.
Suction caisson installation in clay is well
established and the Oil and Gas industry has a global
track record of suction anchor/pile installation in soft
to stiff clay. The mechanism of installation in loose
sands is also straightforward, where the water flow
reduces caisson tip resistance as well as the internal
shaft resistance, Senders & Randolph (2009).
However, installation in dense sand was thought to
be problematic as seepage may not take place.
Successful installation in dense sand has been



6- Pile Installation Challenges and Decommissioning in sands and clays | Hamdan et al.

2 TRIPOD JACKET DESCRIPTION

The WTG structure comprises a tripod jacket
supported by three legs secured into the seabed via
suction caissons, Figure 1. The outside diameter of
the caisson is 11.5 m with 10.5 m target penetration
depth. The jacket height, from caisson lid to topside,
is about 100 m with an in-air weight of 2200 Te.

Figure 1. Tripod jacket (left) and heavy installation vessel
(Saipem S7000) lifting the jacket from barge (right),
Credit: Seagreen Wind Energy Ltd

3 WTG SITE CONDITIONS

Two Cone Penetrometer Tests (CPTs) were
performed at each caisson location with penetration
depths ranging from 6.1 m to 14.0 m below seabed.
Deepest CPT profiles, with friction and pore water

pressure ratios are presented in Figure 2 and Table 1.
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Figure 2. CPT profiles and soil stratigraphy

Soil classification has been conducted based on
Robertson & Cabal (2014) to determine soil
behaviour type (SBT). This classification system
categorises the soil into 9 zones based on the friction
ratio (f;), the non-dimensional normalised cone

resistance to account for the in-situ vertical stress
(Quw) and soil behaviour type index, L.

Table 1. Soil stratigraphy and description

CPT D[erﬁih Soil description Ds:, [[ZOI}a(;r
Medium den
0.0-0.4 eds‘;Nge 5 40%
A 0439  Verystff CLAY  210-23%z
3.9-74 Very dense SAND 90%
0.0-0.5 Dense SAND 80%
B 0.5-4.0 Very stiff CLAY 250-29%z
4.0-6.0 Sandy SILT
6.0-11.8  Very dense SAND 90%
Medium dense
0.0-0.3 SAND 40%
C 0.3-3.5 Very stiff CLAY 250-160%*z
3.5-6.5 Sandy SILT
6.5-14.5  Very dense SAND 90%

4 INSTALLATION METHOD AND
PREDICTIONS

The CPT method outlined in DNV-RP-C212 was
adopted for the installation assessment. This method
uses empirical factors, the CPT tip resistance (qc),
and the caisson geometry to predict soil resistance:

R = kp (d) Ap dc,av (d) (1)

d
+Asf kf(Z)CIc,av(Z)dZ
0

where R refers to the soil resistance, d is the tip
depth, k, & kf are the empirical tip and skin friction
coefficients, A, is the caisson tip area, A is the total
shaft area and ¢. .« is the average CPT tip resistance.

A suction caisson trial installation campaign was
undertaken at site to understand soil behaviour during
installation and reduce installation risk (Jones and
Harding, 2021). The as-recorded pressures were used
to calibrate soil resistance factors by performing
installation back-analyses with the soil classification
system of Robertson & Cabal (2014).

Soil resistance factors were assigned to the
different soil zones depending on the SBT with
introducing a differentiating parameter (g. value)
based on the trial installation results; Table 2. The
soil installation resistance is calculated by applying
soil resistance factors on the relevant soil units
classified and Equation (1). The required installation
pressure is determined as the soil resistance minus the
submerged weight of the caisson divided by the
cross-sectional area of the caisson. It is worth noting
that this method was derived for homogenous soil
conditions (either sand or clay). Effect of water flow,
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results in reducing effective pressure at the caisson
tip and decreasing the internal shaft friction, is not
considered by the current method.

Table 2. Calibrated soil resistance factors from installa-
tion trials

Type SBT qe Soil resistance factors
zone [MPa] kp kf
<13 0.6 0.06
Clay 1,2,3 >1;& 0.4 0.045
>4 0.3 0.03
5.6 >12 0.2 0.001
Sand o
7,8 <12 0.3 0.003
Silt 4,9 0.3 0.03

The cavitation and buckling installation limiting
pressures were determined. It was predicted that the
installation pressures at caissons C & B will become
close to the limiting buckling pressures (but still
lower than the limits) at circa 3.7 m and 4.2 m,
respectively with the installation being possible
without refusal.

5 JACKET INSTALLATION

5.1 First installation attempt

The jacket was first lowered into the seabed at 10:03
pm on the 16" of June 2022. The self-weight
penetration stage lasted around 40 minutes achieving
0.7 m, 0.4 m and 0.45 m for caissons A, B & C
respectively lower than predicted values of circa 1 m.
Suction operation commenced and various refusal
events were encountered, Figure 3 and Table 3. The
first two refusal events occurred at caisson C due to
approaching allowable buckling limit. The operation
was stopped for a period of time to allow pore
pressure dissipation in sand and resumed without
neither beneficial reductions in the installation
pressures nor penetration advancement. Two-way
pressure cycling was attempted where the installation
pressure reduced on average by 25% at caissons A &
B while caisson B did not measure penetration
advancement with caisson C recorded 0.2 m of

Table 3. First installation attempt refusal events

further penetration. A second two-way cycle was
applied and reduced the pressure by 20% with 0.1 m
and 0.06 m depth advancement in caissons B & C,
respectively. This contradicts the past experience in
the field, (Hamdan et al., (2023b), Jones and Harding
(2021) and Joseph et al., (2023)) where the
effectiveness of two-way cyclic installation was
documented. The high spatial variability of the site
can be a possible explanation as the soil conditions at
the CPT location may not be representative to the
actual soil conditions across the footprint of the
caissons, (15 cm? cone area compared to 100 m?
caisson area).
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Figure 3. Measured suction pressure and refusal events

Event Caisson Depth [m] Refusal Mitigation
1-6 C 3338 Buckling Pump stoppage 10 - 15 anutes each event
Two-way cycling
711 B 40— 430 Buckling Pump stoppage 10 - 15 anutes each event
Two-way cycling
12-13 B 4.31 Pressure loss Sandbags deployed — 350 minutes duration
14-16 B 430 — 4.60 Buckling Pump stoppage 100 minutes
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17 B 4.76 Pressure loss Sandbags deployed — 378 minutes duration
18 -22 C 4.90-6.20 Buckling Pump stoppage 10 - 15 minutes each event
23-25 A 6.21 - 6.85 Buckling Pump stoppage 10 minutes each event
26 -27 B 745-750 Pressure loss Visual survey: leak observed around the caisson at

seabed and cracks observed

5.1.1

At around 4.31 m penetration depth, pressure loss was
recorded at caisson B. Following underwater visual
inspection, piping was observed to occur around the
caisson with seabed level changes adjacent to the
caisson wall where seabed sediments were sucked
inside the caisson. Sandbags were deployed to
overcome pressure loss to enforce forming seal around
the caisson. This was successful in the second attempt
and the penetration was advanced to about 7.45 m.
After that, pressure loss was observed, (events 26 and
27) where two cracks developed around caisson B, the
first was 5 m away from the edge of the caisson and
the second was about 14 m away; Figure 4.

The jacket was then temporarily abandoned at
04:37 pm on the 18™ of June 2022. The pre-installation
survey did not reveal presence of the cracks and it is
concluded that the developed cracks were associated
with suction operation; however, no clear explanation
could be deduced for the cause of these cracks. One
possible explanation was that due to the very stiff
nature of the clay, the applied monotonic and cyclic
pressures exerted stresses on the soil leading to these
cracks due to differential pressure inside the caisson
and at some distance.

~ 5 m away from caisson edge ~ 14 m away from caisson edge

Depressions and cracks

Figure 4. Cracks observed around caisson B

5.2 Second installation attempt

Various under-water inspection surveys were
performed to examine the state of the as-left cracks.
The seabed level at the cracks locations was similar to

the natural seabed and it was decided to re-attempt
installation after 75 days. At 12:21 am on the 3™ of
September 2022 a second installation assessment was
made (averaged caissons penetration depth was about
7.3 m). The first refusal event was encountered at
caisson A due to cavitation with caisson depth ~ 7.5 m.
The plug heave measurement was very high at caisson
B (>1 m). After a few hours of operation stoppage,
application of two-way pressure cycling and
resumption with no further progress, it was decided to
temporarily abandon the installation. The long period
of installation suspension demonstrated the closure of
flow channels, ratholes, adjacent the caisson wall as
well as cracks developed at a distance from the
caisson. Installation pauses can be adopted in future
installation to close flow channels.

5.3 Third installation attempt

The 3 installation attempt was made on the 17® of
January 2023. Pressure loss was recorded at caisson B
once the pumps were engaged. The pumps were
stopped to allow closure any developed flow channels
and suction operation resumed after that. A second
refusal event was encountered at caisson B where
excessive plug heave was recorded. Two-way pressure
cycling was applied in an attempt to assist further
penetration, however, pressure loss occurred, and it
was decided to terminate the operation.

5.4  Jacket retrieval

The in-place stability of the jacket was then checked
for the as-penetrated caisson depths and found to be
insufficient due to the premature installation and effect
of the cracks on the conditions of the soil plug. The
required ballast weight to satisfy the in-place capacity
was calculated and considered impractical. Thus, the
jacket was retrieved and installed at another location.
Figure 5 presents the recorded over-pressure during
extraction and the under-pressure during installation.
During extraction, the over-pressure approached
the caisson buckling and cavitation pressure limits and
pump stoppages were tried several times as pressure
loss was encountered at the start of pressing out the
caissons. After slight upward movement of the
caissons, six two-way cycles were applied to reduce
the extraction pressure which proved to be effective.

Proceedings of the 5th ISFOG 2025



Installation and extraction of an offshore wind turbine jacket — practical experience

Pressure [kPa]
800

--------- Caisson C Installation

Pressure ,
-------- Caisson C Extraction

Pressure

5.

Penetration Depth [m]

gqo

Figure 5. Recorded installation and extraction pressure

As shown in Figure 5, the extraction pressure was
on average about 30% higher than the installation
pressure. This could be due to the set-up/ageing effect
following installation. As shown in Figure 6, the
under-pressure was reduced by about 50% and 70% on
average at caissons A, B & C following the application
of two-way cycling (from over-pressure to under-
pressure). The application of two-way pressure cycling
assisted in additional extraction heigh of about 0.1 m
for caissons A & B and >0.2 m for caisson for caisson
C. After ensuring that the upward movement of the
caissons was taking place steadily, the crane load was
engaged with pump pressure until the recovery of the
jacket above seabed level was achieved. This
demonstrated the effectiveness of this technique not
only during installation but also during recovery or
decommissioning the structure.

To investigate the effect of ageing, the soil
resistance was back calculated from the extraction
pressure. The shaft resistance during extraction, Ryt
is calculated using the recorded over pressure during
caisson extraction, P,,; Wwith accounting for the
caisson’s submerged weight, W'.

d

Rexer = As.[ kf_extr(Z)CIc,av(Z)dZ (2)
0
R +w’
Pexer = ext;l' (3)
in

where kjf oyer refers to the extraction soil shaft

friction factor and A;, being the plan view inside area
of the caisson.
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Figure 6. Recorded verses back-calculated over-pressure
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Figure 7. Normalised shaft friction  in clay

The extraction shaft friction coefficient, kf gx¢r
was calibrated from the recorded extraction pressures.
The back calculated over-pressures are plotted in
Figure 6. The kf ,x;, was then normalised by the shaft
friction factor during installation, kf. The back
calculated soil resistance during extraction was
normalised by that during installation (Ry), utilising
ks extr and kg, and plotted in Figure 7 with available
published data from suction pile extraction, Andersen
& Jostad (2004), Colliat & Colliard (2011), Jeanjean
(2006) and Zhang et al., (2013), and the site-specific
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Cyclic Simple Shear (CSS) test results, Hamdan et al.,
(2023a). The normalised soil resistance ratio, { =

Rexer Ry was determined. The jacket extraction took

place after 303 days of installation and the normalised
soil resistance ratio, ¢, was found about 1.35 to 1.72.
This confirms the set-up effect in clay. The normalised
shaft friction ratio for another jacket extracted 6 days
after installation was also included in Figure 7. The ¢
value was about 1.05. The caisson penetration depth
was about 4 m with minimum penetration in clay. This
explains the low value of set-up. The set-up effect was
determined from this practical example. The recovery
of the jacket was possible with the application of two-
way pressure cycling and pump stoppages. Such
experience can be utilised for future decommissioning
of WTGs supported by suction caissons.

6 CONCLUSIONS

This paper presented the practical experience during
the installation and recovery of a tripod jacket
supported by suction caissons at the Seagreen OWF.
The following remarks are drawn:

e While installation on sand over stiff to very
stiff clay was demonstrated to be possible,
Hamdan et al., (2023b), installation in such
soil conditions could be problematic should
the surficial sand thickness be small,

e Two-way pressure cycling was beneficial in
clay to mitigate some refusal events (during
installation and extraction),

e Pump stoppage was demonstrated effective in
reducing required pressures,

e Pressure loss occurred due to seabed
sediments being sucked inside the caisson
leading to the development of bowel shape
hole around the caisson. Sandbags can
overcome this if well placed,

e Unclear explanation was found for cracks
development around the caisson, and

e The required over-pressure for extraction was
about 30% higher than the installation
pressure after 303 days of installation. Set-up
effect was estimated to be around 1.35 to 1.72.
This experience contributes to future
decommissioning of WTG jackets supported
by suction caissons.
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