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ABSTRACT: Suction Bucket Jacket (SBJ) has become a valid alternative to monopile foundations for offshore wind tur-
bines and the number of Offshore Wind Farms (OWF) founded on SBJ is expected to increase significantly across the globe
in the coming years. However, the existing literature and design guidelines related to SBJ installation are still quite limited.
Available field experience on SBJ installation is mainly associated to North Sea where first SBJ applications to OWF oc-
curred. Very limited field information is available for SBJ installation in lithologies different from typical heavily over-
consolidated North Sea soils. This paper presents experience gained and key observations from the installation of n.52 tripod
SBJs (156 suction buckets) for an offshore wind farm in the East China Sea. Soil stratigraphy comprises mainly normally
consolidated extremely low to low strength clay and lightly over-consolidated low to high strength silty clays. Key observa-
tions from installation are discussed, including self-weight penetrations, suction pressures, penetration rates and set-up fac-
tors. Detailed discussion on the commonly used CPT-based method approach and its suitability to our case study is provided.
Field observations show tendency of recommended DNV predictions to significantly overestimate the installation resistances
and, therefore, the need of a thorough back analysis of the field data. Recommendations for a robust back-analysis framework
are given based on lessons learnt on the specific case study.
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1 INTRODUCTION are poorly addressed. It is evident the need for exten-
sive field data investigation and sea trials installations
to develop consistent set of correlations between vari-
ous types of penetration resistance and allow reliable
SBJ installation predictions.

A recent attempt to derive kj, and kf by back-anal-

Suction Bucket Jacket (SBJ) can be a valid alterna-
tive to monopile foundation solution for offshore wind
turbines, especially for future deeper water develop-
ments. However, very few SBJ installation field da-
tasets have been published in literature to date (Jones, . . .
L. and Harding, A., 2020; Zuccarino et al., 2024). In ysis of SBJ field data measurements was carried out

) . T . Lo for an Offshore Wind Farm (OWF) in the East China
common industry practice, SBJ installation predictions

rely on the CPT-based method (DNV-RP-C212 Sea soft soil conditions (Zuccarino et al., 2024). The
2019a) which links the soil resistance during installa- study - demonstrated  that coeff1c1eqts 'f'rom .DNV
. . . . (DNV-RP-C212, 2019a) can lead to significant instal-
tion to cone tip resistance g, by means of two empiri-

cal coefficients, k,;, and k¢, related to the end-bearing lation resistance overpredictions. As a companion
. . . study, the present work further explores the East China
and shaft friction resistance, respectively. The DNV

.. . ) Sea OWF SBJ installation field dataset (Zuccarino et
coefficients are calibrated by full scale data from in- al., 2024) providing useful observations and recom-
stallz.ltions of gravity base platforms', mainly in sands mendations for robust back-analysis. The paper also
and 1n over-consolidated clay.s, prlcal O,f North Sea highlights how poor quality input data could pose lim-
conditions. However, uncertainties remain regarding itations and uncertainty into the k., and k; assessment.
the conversion from skirt penetration resistance and . P I e

. . P led ffect Lessons learnt are discussed in this paper, in order to
cone penetration resistance, for example due to effects share experience and improve the reliability of the in-
of different rates of penetration and due to excess pore tallati pb K-analvsi fp SBJ y
pressures developing during cone penetration testing stallation back-analyss 1ot 5
(DNV-RP-C212, 2019a). In addition, installation re-
sistances in different soil conditions to the North Sea
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2 CASE STUDY

2.1 Installation Field Data

The dataset includes 52 SBJ installation field meas-
urements from an OWF in the East China Sea, in water
depths ranging from 36.5 to 47.2 m below the seafloor
(bsf). SBJs are 3-legged jacket structures founded on
suction buckets and support 8 MW and 10 MW wind
turbine generators. Suction bucket diameter (D) ranges
from 10 m to 13.5 m and total length (L) from 19 m to
26 m, depending on specific locations, with L/D rang-
ing from 1.4 to 2.6. The input data include the recorded
Self-Weight Penetration (SWP) for each SBJ leg, ap-
plied suction pressure, crane load and the timing. Ad-
ditionally, the dataset includes CPT data for only one
of the three SBJ legs, conducted at each location at the
centre of the northern suction bucket. More detailed
information can be found in (Zuccarino et al., 2024).

2.2 Soil Conditions

Soil stratigraphy comprises shallow very soft to
soft normally consolidated clay (Unit 1) followed by
lightly over-consolidated (OC) to OC silty clay (Unit
2a). Locally, a layer of loose to medium dense silty
sand (Unit 2b) is found between Unit 1 and Unit 2a.
Medium to dense silty sand (Unit 3b) is found below
Unit 2a down to the maximum investigated penetration
(approximately 30 m bsf). Soil unit depth ranges are
summarized in Table 1. Additional details on soil
properties are given in (Zuccarino et al., 2024). It shall
be emphasised that such soil units are significantly dif-
ferent from the North Sea typical conditions consid-
ered in the DNV regulation (DNV-RP-C212, 2019a),
as presented in Figure 1. This comparison based on
cone tip resistance (q.) highlights the remarkably soft
soil conditions characteristic of the East China Sea
case study site in contrast to a typical CPT from the
North Sea region, which generally consists of layers of
very dense sands and overconsolidated clays.

Table 1: Soil unit description and depth ranges

Unit  Description Top Bottom Thickness
[m bsf] [m bsf] [m bsf]
1 Very soft to 6.1-
soft CLAY 0.0 15.0 6.1-15.0
2a Firm to stiff 6.5- 17.5-
silty CLAY 15.6 25.7 4.0-17.7
2b quse to me- 61- 8.0-
dium dense 297 235 0.6-6.9
silty SAND ’ ’
3o Medium e, g
dense to dense 249 257 0.5-3.5
silty SAND ’ ’
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Figure 1: Typical CPTs from East China Sea case study (a)
and North Sea region (b)

2.3 Site-Specific k,, and ky Coefficients

Back-analysed site specific calibrated empirical k,,
and kf coefficients are summarized in Table 2 and
Table 3 (Zuccarino et al., 2024). Coefficients were ob-
tained by trial and error methodology by fitting the in-
stallation field measurements available for each SBJ
location. Values are provided for both SWP and the
suction-aided phase, and differentiated for each soil
unit. Low Estimate (LE) and High Estimate (HE) val-
ues of the coefficients were determined to cover the
range of measured values between the three legs for
each installed SBJ. The selected combinations of k,,
and ky were chosen to achieve the best engineering fit
valid for all the 52 installed SBJ foundations. Field ob-
servations including challenges, limitations, and po-
tential improvements to the coefficients depending on
the specificity and accuracy of the provided dataset
will be further discussed in this paper in Section 3.

Table 2: Site-specific coefficients for the SWP phase
Self-Weight Penetration phase

Soil - LE HE
type Soil unit k, k, k, k,
Clay Un.it 1 0.3 0.009 03 0.012
Unit 2a 0.1 0.007 0.1 0.010
Sand  Unit2b&3b 0.2 0.002 03 0.002

Table 3: Site-specific coefficients for the suction phase
Suction-aided phase

Soil oo LE HE
type Soil unit k, k, k, k,
Clay Un'it 1 03 0011 04 0.022
Unit 2a 02 0.009 0.3 0.018
Sand Unit2b & 3b 03 0.003 04 0.004
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Installation prediction comparison between DNV
and site-specific coefficients in terms of suction pres-
sures for a representative SBJ location is given as ex-
ample in Figure 2, showing the good fit of site-specific
coefficients for predicting the installation measure-
ments. It is worth noting that the unitisation at Loca-
tion 29 does not include Unit 3b, which is present in
the stratigraphy of 24 out of 52 SBJ locations up to the
target penetration depth.

Suction pressures represent the underpressure ap-
plied through a pump inside the suction buckets to al-
low their penetration to a specified target depth. Suc-
tion pressures are exerted when the submerged weight
of the structure balances the soil resistance during pen-
etration, thus reaching the SWP depth, and increasing
with soil resistance as per Eq. 1 (DNV-RP-E303,
2019b):

rR-w'
Ain

Au = (D

where Au is the suction pressure [kPa], R is the soil
resistance [KN], W' is the submerged weight acting on
each leg [kN] and A;,, is the cross-sectional area where
underpressure is applied [m?].

Suction pressure measurements in Figure 2 begin
at the SWP measured depth for each of the three SBJ
legs at Location 29, ranging between 12 m and 13 m,
and continue until the target penetration depth at about
21 m is reached. It can be observed that the predicted
SWPs reach values of approximately 7.5 m and 9.5 m,
respectively, with the highest expected and most prob-
able coefficients from DNV. Additionally, the suction
pressures required indicate that using the DNV coeffi-
cients result in significant overestimates of the instal-
lation soil resistance when compared to field measure-
ments.

Soil Unit Suction pressure  [pay
8

Suction pressure  [par
1 2 3 4 5 1

o 2 3 4 5 6

Measured Leg 1

2 Measured Leg 2

~—— Measured Leg 3
DNV Most Probable
DNV Highest Expected

Measured Leg 1
Measured Leg 2
Measured Leg 3
= Site-specific LE
—— Site-specific HE

8 2b
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Figure 2: Example of DNV (DNV-RP-C212, 2019a) vs
site-specific predictions for SBJ location 29
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3 FIELD OBSERVATIONS

Key factors to be taken into account for a robust back-
analysis of coefficients k,, and k; are discussed in this
section. While these empirical coefficients were al-
ready defined in Zuccarino et al. (2024), the following
sections aim to highlight the lesson learnt from the pre-
vious study, including valuable field observations as
well as challenges, limitations and potential improve-
ments to the back-analysis carried out for this specific
case study. Ensuring that all relevant field measure-
ments are available during the SBJ installation process
is essential for enhancing the accuracy of back-analy-
sis and improving soil resistance predictions.

3.1 Penetration rates

Penetration depth and time were recorded during
the installation at each leg of the SBJ, allowing for cal-
culation of penetration rates. The available measure-
ment depth intervals are not constant in depth and
across the different locations. Derived penetration
rates for all SBJ locations during SWP and suction-
aided phase are shown in Figure 3. Values are reported
in cm/s to appreciate the differences with the typical
CPT penetration rate of 2 cm/s. The penetration rate
emerged to be a crucial factor to describe the installa-
tion response. Indeed, coefficients k,, and k¢ had been
differentiated for SWP and suction aided phases due to
the significant penetration rate differences (Zuccarino
et al., 2024). In particular, as shown in Figure 3, the
SWP phase resulted in consistently faster penetration
rates compared to suction-aided phase. By averaging
the penetration rates in m/h for each location, the mean
penetration rate across the 52 SBJ locations varies
from 8.2 m/h to 25.8 m/h during the SWP phase and
from 0.5 m/h to 5.8 m/h during the suction-aided
phase.

Penetration rate [cm/s]
00 05 1.0 15 20 25

Depth [m BSF]
& =

[
o

- Self Weight Penetration
- Suction-aided phase

25

30

Figure 3: Penetration rates derived for all SBJ locations
Jfor SWP (green) and suction phase (light blue)
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The penetration rates during suction-aided phase
derived for all SBJ locations are further analysed and
presented as depth average penetration rate intervals in
m/h in Figure 4. Case study average penetration rates
during the suction phase are compared with available
literature data from the SBJ installations at Seagreen
OWEF, located in the North Sea off the coast of Scot-
land (Hamdan, et al., 2023). It can be noted that the
majority of the case study suction phase penetration
rates is generally in line with Seagreen OWF values
(Figure 4). No detailed information is available about
SWP penetration rates at Seagreen (Hamdan et al.,
2023). It is worth noting that Seagreen and current case
study present strong differences in terms of SWP depth
(less than 2 m versus up to 21 m), overall maximum
target penetration (11 m versus 26 m) and bucket ge-
ometry (L/D of about 1 versus up to 2.6).

Further research is currently ongoing to develop a
novel approach aimed at estimating k, and k¢ for each
measurement depth and allow deeper investigation of
the dependence of the two coefficients on the penetra-
tion rate.

Seagreen OWF
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Figure 4: Depth average penetration rates for the case
study (suction-phase) compared to typical ranges for the
SBJ installed at Seagreen OWF (Hamdan et al., 2023)

3.2 Self-Weight Penetration (SWP)

Once the foundation has landed on the seabed, SBJ
penetrates under its own self-weight until downward
force is balanced out by soil resistance. Recorded SWP
penetrations range significantly across the site, from
9.2 m to 21.4 m (Figure 5SErreur ! Source du renvoi
introuvable.). The reason of such wide range can be
found in the stratigraphic lateral thickness variability
of soil unit at site (see Table 1). Figure 5 presents the
SWP depth related to the thickness of the shallow very
soft to soft clay (Unit 1) for each location, showing that
greater SWPs are usually found at locations where
Unit 1 is thicker. In other words the SWP seems to be
controlled by the thickness of Unit 1.

Unit 1 thickness [m]
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Figure 5: SWP vs Unit I thickness

3.3 Installation Data Variability within SBJ
Footprint

It was found that at some locations the recorded in-
stallation measurements at the three legs of the same
SBIJ footprint could be significantly different. Figure 6
presents the field-measured suction pressures for each
SBJ leg at WTG Locations 12 and 38. Suction pres-
sures begin to be applied upon reaching the SWP depth
and continue until the target penetration depth, which
is 25.5 m at Location 12 and 21 m at Location 38. Re-
garding the data variability within the SBJ footprint,
significant differences in SWP between the three legs
for these two locations can be noted in Figure 6, as
summarised in Table 4.

Table 4: Delta SWP within the SBJ footprint

Location Delta SWP between SBJ legs [m]
Legs [1-2] Legs |1-3| Legs |2-3|

12 2.7 32 0.5

38 2.8 2.7 0.1

As reported above, the differences between mini-
mum and maximum measured SWP at the three legs
reach 3.2 m at Location 12 and 2.8 m at Location 38.
Variability is also found in the suction pressures
applied per leg. Such differences could be attributed to
various factors, including installation operations and
tilt corrections, but typically they can reflect lateral
soil variability between the three legs of the jacket. As
mentioned in Section 2.1, a single CPT was performed
for only one of the three SBJ legs at each location.
Lack of geotechnical data (CPT and/or soil sampling)
at each leg as well as geophysical data did not allow
for a clear understanding of such behaviour. It is,
therefore, of paramount importance to plan and per-
form a detailed site investigation across the jacket
footprint which should enhance both the design and
the installation analyses of the suction buckets and to
remove the uncertainties in case of back-analysis. CPT

Proceedings of the 5th ISFOG 2025
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data at each suction bucket location and geotechnical
samples at the jacket centre are recommended (Off-
shore Wind Accelerator, 2019), especially in case of
expected high variability at site. Both jacket legs and
CPT coordinates should be made available in order to
match the field measurements with the corresponding
geotechnical and geophysical information in order to
properly address soil variability.

(a) Suction pressure (pan (b)

0 1 2 3 0 1 2 3

Suction pressure  pan

—— Measured Leg 1
Measured Leg 2

—— Measured Leg 1
Measured Leg 2 j_)_\

16 - Measured Leg 3 € \ | —— Measured Leg 3
] © \
o~ L
17 v
\.
18 \
[y e N\
B 19 \ \
£ \ £ Y -
20 { o ‘\)X
‘é ) o e =
za \ ==

22 \>

23 % )

24 \\
VSO

>

25

26

100 200 300 0 100 200 300
(kPa) (kPa)

Figure 6: Example of field measurement variability within
SBJ footprints: Location 12 (a) and Location 38 (b)

3.4 Crane loads

A crane load is usually applied to the SBJ during
installation. Crane loads reduce the effective weight
acting on the single leg and, therefore, they influence
the soil resistance calculation and back-analysis. In the
present study, crane load measurements were mostly
not available or unreliable in the SWP phase, while
during the suction phase there was no crane load ap-
plied. For locations where crane loads were deemed
reliable, a sensitivity check was performed including
crane loads and showing negligible influence on the
estimated SWP. Anyway, it is highly recommended to
record and report on the installation data sheet the
crane load values throughout the installation since they
can provide a better picture of the operations at site and
be used to highlight or explain any differences be-
tween locations.

3.5 Out of verticality

The tilt of the SBJ foundations during the installa-
tion phase represents another important parameter to
be monitored in field. Tilting corrections are typically
made by acting on the single leg suction pressures and
regulating the penetration rates. These adjustments
could be necessary during installation where lateral
soil variability occurs within the SBJ footprint. No tilt

Proceedings of the 5th ISFOG 2025

measurement were available in the dataset. However,
very low values of suction pressure were observed im-
mediately at the start of the suction phase at some SBJ
locations. Although lacking detailed information,
these values are believed to be related to tilt correc-
tions accumulated during the SWP phase to ensure the
stability of the foundation. It would be highly valuable
to include tilt data during the installation process, as
this could help explaining potential differences in field
measurements between the three SBJ legs (see Figure
6) and further elaborate on the lateral variability at site.

3.6  Set-up factor

At four SBIJ locations, the installation was inter-
rupted during the suction phase and then resumed after
time for various reasons, including adverse weather
conditions. As an example, Figure 7 presents the case
of Location 18, where the application of suction pres-
sures for the three SBJ legs was stopped at around 20
m, and then restarted until the target penetration depth
of 21 m. It is noted that higher peaks in suction pres-
sures are found at the installation restart for Location
18, corresponding to increments of about 166%, 194%
and 134% for SBJ legs 1, 2 and 3, respectively. Once
the penetration is onset, the required suction pressure
decreases and slowly converges to the pre-stoppage

trend.
Suction pressure (bar)
Qo 1 2 3 4

—— Measured Leg 1
14 Measured Leg 2 |
\— Measured Leg 3
\
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Figure 7: Example of installation stop and re-start effects
for Location 18

Set-up factors a for these four SBJ locations were
determined as the ratio between the average soil re-
sistance at the installation restart (R, gg¢qs¢) and imme-
diately before the installation break (Rpye—stop):

R
a = restart (2)

Rpre—stop
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The calculated set-up factors as function of the
operational restart time for each SBJ location are
plotted in Figure 8, along with recommended values
by DNV for low plasticity normally consolidated clays
(PI < 30 %) (DNV-RP-E303, 2019b). The back-
analysed set-up factors align with the trend suggested
by DNV of low plasticity clays in line with the clay
properties at site (summarized in Table 5).

Table 5: Site-specific sensitivity and plasticity index values

Unit St [-] PI[%]
1 2.0 18
2a 3.2 13
4
¢ Case study
A& DNV-RP-E303 (2019b) - Pl < 30%
3
]
s
&2 S
= ¢
s ¢ a *
é A
0
1 10 100 1000
Time [days]

Figure 8: Set-up factor versus time

4  CONCLUSIONS

SBJ installation analyses in common industry
practice make use of the well-know DNV CPT-based
installation method. The study complements the
results of back-analysed k,, and ks values from a large
scale SBJ installation campaign for an OWF in East
China in soft soil conditions (Zuccarino et al., 2024)
with valuable field observations, highlighting
challenges, limitations and possible improvements. In
particular, penetration rate played a crucial role in
differentiating the coefficients k,, and k; between the
two main installation phases, highlighting its im-
portance as a key parameter to be derived from instal-
lation measurements. A correlation was observed be-
tween the thickness of Unit 1 and the SWP depth
across all SBJ locations, with greater SWP depths typ-
ically recorded at locations where Unit 1 is thicker.
Furthermore, differences in field measurements within
the same foundation were investigated highlighting the
importance of properly assessing the lateral soil varia-
bility. More comprehensive site investigations, includ-
ing CPTs at each leg and geophysical surveys, are rec-
ommended. Also, during the installation operations it

would be highly valuable to record in detail possible
SBI tilt corrections and crane loads, in order to possi-
bly improve back-analysis accuracy. Future research
should focus on improving field data collection and re-
fining empirical coefficient models to minimize uncer-
tainties and enhance the optimization of SBJ installa-
tion predictions for foundation design.
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