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ABSTRACT: Suction bucket jacket foundations are an attractive foundation solution for deep water wind
development in China as an alternative to piled jackets. A design challenge is long-term tilt due to differential
settlement between buckets, driven by prevailing wind directions and soft seabed conditions. Assessing long-
term consolidation settlement is complex, with uncertainties in load sharing between the skirt tip, skirt friction
and the bucket lid, and load redistribution as soil transitions from undrained to drained behaviour. This study
presents centrifuge experiments to investigate the load-sharing mechanisms in suction bucket foundations
installed in soft kaolin clay. Two suction bucket models are employed, and three loading conditions are
evaluated in this study: idealized constant loading (ICL), time-varying loading (TVL), and constant loading
interspersed extreme event (IEE). The experiments examine the initial undrained load distribution and induced
excess pore pressure, alongside load redistribution between the skirt and lid as pore pressure dissipates. Results
indicate significant load transfer from the lid to the skirt during consolidation and “reverse” transfer in response

to cyclic loads, with relevant mechanism being discussed.

1  INTRODUCTION

Suction bucket jackets (SBJ) are an attractive
foundation solution for offshore wind development in
deep waters in China due to their efficient installation
as compared to piled jackets. There are two main
features of the geological conditions and marine
environment in China’s southern eastern coastal
regions, where large offshore wind developments are
being made:

(1) The seabed surface is extensively covered by
recently deposited soft soils. These soils exhibit low
undrained shear strength, high water content, and
significant consolidation compressibility (Liu et al.,
2020).

(2) The dominant wind direction is pronounced,
which means during the life time of the turbines, they
operates under a relatively fixed incoming wind
direction.

Due to the above two features, the buckets of a
SBJ are potentially subjected different vertical loads
for prolonged periods of time, which can lead to
uneven settlement and consequently tilt of the wind
turbine structure. For this reason, during the design
stage of SBJ in such condtions, it is required to
evaluate the long-term consolidation settlements of
the bucket foundations and further evaluate the
potential tilt caused by different settlments between

the buckets. However, to evluate the long-term
consolidation settlement of a bucket foundation is not
a trival task, which is complicated by several factors:

1) As discussed by Liu et al. (2020) and Zhang et
al. (2024), the vertical load sharing between the
bucket lid, the internal and external skirt fric-
tions and the skirt tip resistance has a large im-
pact on the distribution of stress increase within
the soil plug and the soil beneath the bucket
foundation. Therefore, to assess the consolida-
tion settlement of a bucket foundation under
vertical load, it is crucial to know how the ver-
tical load is shared between the bucket lid, the
skirt frictions and the skirt tip resistance;

2) As the foundation settles under a sustained ver-
tical load, the load sharing changes as the soil
transits from undrained response to drained re-
sponse;

3) As the wind speed varies with time, the magni-
tudes of vertical load on the bucket foundations
also vary with time;

4) The consolidation process is often interrupted
by extreme events, such as storms, which can
cause short term intensive loading on the buck-
ets. It is uncertain how such short duration but
high intensity loading event may influence the
long-term consolidation process.

There are relatively few studies reported in the
literature on the long-term consolidation settlement
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of skirted foundations in clay. To support the design
of the first SBJ in China (CTG Shapa Phase I SBJ
demonstration project), Liu et al. (2020) proposed an
analytical settlement calculation model for a bucket
foundation under constant vertical load. The model
was further refined by Zhang et al. (2024) based on
numerical simulation. To verify the theoretical model
and to shed light on the more complex loading
conditions (time varying vertical load and
interuptions of extreme loading events), a series of
centrifuge experiments on suction bucket response to
long-term vertical loading in soft clay are performed.
This paper presents data from the tests. Focus is given
to the load sharing mechanism during consolidation,
which is essential in calculating the settlement of the
suction buckets.

2 EXPERIMENTAL ARRANGEMENT

The experiments were conducted using the 3.6 m
diameter beam centrifuge (Randolph et al., 1991) at
the National Geotechnical Centrifuge Facility
(NGCF) located at The University of Western
Australia (UWA). Given the similarity of the
experimental setup to previous suction bucket model
tests (da Silva Pereira et al., 2024a, 2024b;
Stapelfeldt et al., 2021; Low H. E. et al., 2020;
Stapelfeldt et al., 2020; Bienen et al., 2018b, 2018a),
only a brief description is provided herein.

2.1 Experimental Apparatus

Two suction bucket models were used in the
experiments, with the same diameter, D = 80 mm and
skirt lengths L of 80 mm and 120 mm, respectively,
so that the aspect ratios of the model suction buckets
are L/D=1.0 and L/D=1.5, respectively. The models
have the same skirt wall thickness # = 0.5 mm. The
pictures of these two models are shown in Figure 1,
together with the layout of the total pressure
transducers (TPTs) and pore pressure transducers
(PPTs), which are the same radial distance from the
center of the lid invert.

The suction bucket models were deployed using
an electromechanical actuator. The installation
resistance was measured via an in-line load cell
integrated with the actuator's vertical shaft (Figure2).
This load cell's output is fed into the actuator's
feedback control system, enabling either: (i)
maintenance of prescribed self-weight stress during
suction-assisted installation, or (ii) generation of the
target cyclic loading protocol. Vertical displacements
of the lid of the suction bucket were measured with a
linear displacement transducer (LDT) that was
mounted independently.
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Figure 2. Experimental arrangement: (a) top view;(b) end

view (from(Stapelfeldt et al., 2020))

2.2 Sample Preparation and Characterization

One normally consolidated kaolin clay sample was
prepared for the experiments. The clay properties of
the kaolin used at The University of Western
Australia are widely reported, e.g. (Mei et al., 2025;
Wang et al., 2023; da Silva Pereira et al., 2024a; Reid
et al., 2023) and are summarized in Table 1.

The soil sample was prepared as slurry with a
water content of 210% in a large mixer, and the slurry
was transferred to the strongbox and consolidated on
the centrifuge at an acceleration of 100g for seven
days. Two-way drainage for consolidation was
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provided by a sand layer at the bottom of the
strongbox. The internal length and width of the
strongbox are 650 mm and 390 mm, respectively.
The final height of the soil sample after consolidation
is 215 mm.

Sample characterization is carried out using a
miniature T-bar penetrometer (Stewart & Randolph,
1994) with a projected penetrating area of 100mm?.
The tests were carried out at a penetration rate of
Imm/s to ensure undrained conditions. The
undrained shear strength (s.) profile of the clay
calculatd using Ny=10.5 is shown in Figure 3. The
undrained shear strength exhibits a linear
relationship with the effective vertical stress (o),
with a constant s./o,' ratio of 0.165.
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Figure 3. Undrained shear strength profile

Table 1. Properties of UWA Eckalite kaolin clay (da Silva
Pereira et al., 2024b; Reid et al., 2023; Wang et al., 2023)

Property Value
Liquid limit, LL (%) 73.7
Plastic limit, PL(%) 44 .4
Specific gravity, Gs 2.6
Plastic index, I(%) 293
Critical Stf’ite friction angle, 23.0 (triaxial)
(Pcs’ (degrees)
Gradient qf nolrmal compres- 0435
sion line, A
Swelling index, k 0.063
Void ratio at p’=1kPa on
normally consolidated line 3.99

(NCL), ex

2.3 Experimental Procedures

In the present study, three distinct loading conditions
were investigated: (1) ideal constant load (ICL),
wherein a constant vertical load was imposed on the
suction bucket until full consolidation was achieved,
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after which the load was either discontinued or
incrementally increased; (2) time-varying load
(TVL), characterized by stepwise
increments/decrements in loading; and (3)
interspersed extreme event (IEE), superimposed on a
compressive mean load. The ICL is intended to
replicate the idealized operational loading of offshore
wind turbines under steady wind direction and power
output conditions. In contrast, the TVL accounts for
more realistic environmental variability, wherein
fluctuating wind patterns generate variable loading
on the suction buckets. The IEE, meanwhile,
addresses infrequent but severe occurrences, such as
typhoons. All loading steps are performed after a
stabilization period following the suction-aided
installation, which allows the residual pore pressure
to fully dissipate.

A total of five centrifuge tests were performed
across the three loading regimes and two suction
bucket geometries. The numeral appended to each
loading conditions marks the L/D ratio of the
corresponding suction bucket. All applied loads were
normalized relative to the drained ultimate bearing
capacity of skirt friction (ps_ui_a) of the respective
bucket: ps_uii_a = 40 kPa for L/D = 1.0 and 60 kPa for
L/D = 1.5, calculated by the method proposed by
(Zhang et al., 2024) using the following equation:

Ps.uita = 2 fOL nDojtanddz (1)

where ou’ is the effective horizontal stress and J
represents the friction angle at the soil-skirt interface.
The loading sequences of ICL, TVL and IEE tests are
shown in Figure 4 (a), (b) and (c), respectively. The
storm load in IEE test is defined as sine wave load
with a frequency of 0.5 Hz and 20 cycles. Each storm
load lasts for about 4.5 days in prototype.

3 RESULTS

When a vertical load is applied to the suction bucket,
a certain proportion of it is initially borne by the lid,
as indicated by the total pressure measurements
through the TPTs installed on the lid invert. To
facilitate discussion, the ratio of the change of load
carried by the lid (Apiid) to the change of total applied
load (Apioal), i.€., Aprid/ Apiowr 1S denoted by 7 in this
paper. Upon application of each load increment, the
soil responses in an undrained fashion. For
interpretation of the test results, the ultimate
undrained shaft capacity (ps_u_u) is evaluated for both
buckets according to the following equation
(DNVGL, 2017):



Psultu = asu(avg)Asur (2)
where a is the interface roughness factor; syavg) is the
average undrained shear strength along the skirt and
A 18 the area of the skirt (including both internal and
external shaft areas).
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Using an a value of 0.6 (with consideration of set-up
after installation), ps_uiu is calculated to be 20 kPa
and 36 kPa for L/D=1.0 and L/D=1.5, which are
lower than their drained counterparts as calculated by

Eq. (1).
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Figure 4. Loading sequences of ICL, TVL and IEE tests

The evolution of initial 7 i, with the ratio of the
current load p; and ps wi o in ICL and TVL tests is
presented in Figure 5. It is clear that the proportion of
load carried by the lid increases in an approximately
linear fashion with the normalised load level, as
illustrated by the results from the ICL tests (Figure
5a). The same trend is followed in the TVL tests in
loading steps in which the load on bucket increases
(referred as “load rise” hereafter in this paper) except
for load Step 4 (Figure 5b). For the load steps in
which the load on the bucket reduces in the TVL tests
(Steps 3, 7, 8, referred as “load reduction” hereafter
in this paper), the load change is mainly responded
by the skirt resistance as ri_ini is only 20-40%, which
is much lower than the ratio when the load on the
bucket rises. As for load Step 4, the ri i, value is

between those for “load rise” and “load reduction”.
This is because the load change between Step 4 and
Step 3 can be divided into two parts: i) load
restoration to the load level of Step 2, which follows
the same load distribution rule as “load reduction”
(i.e., the behaviour for unloading and reloading is the
same); ii) load rise from the level of Step 2 to Step 4
which follow the “load rise” distribution rule (i.e.,
virgin loading).

The accompanying figures (Figure 6 to 10)
illustrate the distribution of the total load (piotar)
between the lid and the skirt (pwin). Time is
normalized using a reference vertical coefficient of
consolidation (cyet = 1.75 x 107 m?/s at 5,' = 20 kPa),
as derived from da Silva Pereira et al. (2024a). Red-
tinted regions represent the portion carried by the lid,
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while blue-tinted regions denote the contributions
from skirt friction and tip resistance. The change of r;
with the consolidation process of the soil is shown by
the green line.

It is clearly demonstrated that the external load
variation is distributed to the lid and the skirt at the
beginning of each load steps. The load carried by the
lid progressively shifts to skirt friction and tip
resistance over time, which aligns with the
conclusion drawn by Zhang et al. (2024). It can be
reasonably inferred that with adequate consolidation
time, the lid load can be fully transferred to the skirt,
provided sufficient holding capacity of the skirt.

1.2
1= «ICL-10
L7« eICL-15 -
0.8 L
£10.6 e
A~ 2
0.4 +
0.2 H
0
1.2
I ; 2 IVL-lO Load step 4
| **TVL-15  (Load restoration) , 3.~ *
(V™
0.8 - i
. ] ',.«' vy
£10.6 «*
A e
0.4 — Load rcdugsion # o .!- “FYEs
. \”"A" & i !
0.2 Ttk
0 T T T ! T !
pl/ps ult u

Figure 5. The values of ti_ini in ICL and TVL tests

The ICL tests (Figure 6 and 7) composed of
several loading steps, the proportion of the load
variation carried by the lid at the onset of each load
step progressively increases. This trend is likely
attributed to the diminishing reserve holding capacity
of the skirt. During the load step 1, the skirt possesses
ample holding capacity (40kPa for initial loading),
allowing it to accommodate a large share of the load
variation (around 0.4Apwa). However, as the total
load on the bucket increase in subsequent load steps,
the residual capacity of the skirt diminishes,
prompting a greater reliance on the lid. This is
evidenced by the relatively lower initial values of r;
in models with an aspect ratio (L/D) of 1.5 compared
to those with L/D = 1.0. For a given diameter, longer
skirt provides greater skirt capacity, leading to less
load initially borne by the bucket lid. This
observation is consistent with the findings from
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numerical simulations reported by Zhang et al.
(2024).

In TVL tests (Figure 8 and 9), the load sequences
become not purely ascending and contain load
reduction steps. Load reduction results in reduction
in excess pore pressure at the lid invert, potentially
generating negative pore pressures if the initial
excess pore pressure is minimal (Step 8 in TVL-10
and Steps 3, 8 in TVL-15). Following this drop, the
excess pore pressure — whether positive or negative
— gradually dissipates with time.

In the load restoration step subsequent to load
reduction (Step 4 in TVL tests), the proportion of the
load variation carried by the lid is notably constrained
relative to purely ascending sequences. This
phenomenon likely arises from the contact stiffness
reduction between the lid invert and the underlying
soil due to soil consolidation. Moreover, negative
pore pressures developed during load reduction
potentially induce partly detachment on the interface,
further reducing the contact stiffness. Consequently,
during load restoration step, the holding capacity of
the skirt and tip mobilizes preferentially, thereby
restricting the lid's contribution to the load variation.

In the IEE test illustrated in Figure 10, the load
initially carried by the skirt shifts toward the lid
following storm loads. The change in excess pore
pressure mainly originates from the difference
between the cut-in and cut-out load levels at the start
and the end of storm loads (p.i), as illustrated in
Figure 11. The four sub-figures in Figure 10 shows
the zoom-in view of the 4 storm loads. They are SL 1
to 4 from (a) to (d) and the labels on the horizontal
axis are omitted to accommodate the layout.

During the first quarter-cycle (load raise) of the
first storm load cycle, the load variation is distributed
between the lid and the skirt following the proportion
(ri = 75%) mentioned above. Subsequently, in the
second and third quarter-cycles (load reduction), the
load variation is distributed according to the
unloading proportion (i = 40%). In the fourth
quarter-cycle (load restoration), it follows the
reloading proportion (ri=40%). This pattern (load
reduction and restoration) continues in subsequent
cycles and the value of p. gradually converge. It
should be noted that, due to the sharp load decrease
during the unloading phases of storm loads, the
reloading proportion is lower than that observed in
the TVL tests (r;=60%).

In summary, the essence of the "reverse" load
transfer following storm loading lies in the different
initial distribution proportions of the lid for load
variation at different loading phases (load raise, load
reduction, load restoration).



Figure 12 depicts the proportion of load carried by
the lid during storm loading in test IEE-10, where
Ppiid_pv represents the peak-to-valley distance in the piiq
curve, and poal_pv denotes the corresponding distance
in the total force (pita) curve. Within each storm load,
the ratio of these parameters remains nearly constant.
As consolidation progresses, this proportion exhibits
a slight decline, signifying an increasing reliance on
the skirt holding capacity.

Zhang et al.

Figure 13 illustrates the excess pore pressure
accumulation across the storm loads in test IEE-10
over the full consolidation period. In the early
consolidation phase (SL 1 and 2), approximately half
of the pore pressure fluctuation ultimately contributes
to net accumulation; this proportion diminishes by 6—
7% in the later stages (SL 3 and 4).
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4 CONCLUSIONS

This study investigates the response of suction bucket
foundations under vertical loading in soft clay,

Proceedings of the ICPMG 2026

100
90 T T
i Ple \‘ ‘ “ \‘ ‘ \‘ I\ M H \ I M U ‘\ I ‘)‘ I \‘
c\°' 80 ‘\H‘Hw‘fida \‘\mu‘\ﬂ\‘mm( “l‘“
2 70
\Q::-x b . u Il B h \ | \ \ \T'\‘T' \‘ T‘ N 4\\7;""
QE“ 60 — Pn‘i S
b Storm Load
504 +—— = 143w
. B S < 5 2e40
40 T T T T T T ¥
0 0.5 1 1.5

T=c, /D"
Figure 13. Final excess pore pressure accumulation of
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utilizing centrifuge test data to examine load-sharing
mechanisms during consolidation.

The vertical load is shared among the lid and the
skirt of the suction bucket, with the initial load
sharing governed by the soil strength profile, the
bucket's aspect ratio (L/D), load magnitude, and load
history (load raise, load reduction or load restoration).



During consolidation, the load carried by the lid
progressively transfers to the skirt, and the lid
ultimately carries no load provided sufficient
capacity of the skirt. During load reduction, excess
pore pressure at the lid invert dissipates rapidly,
potentially yielding negative pressures that markedly
alter load distribution in subsequent load restoration
step.

For interspersed cyclic loading amid mean-load
consolidation, the cyclic excursions prompt a
reversal in load transfer, which results from the
different distribution proportion of load variation on
the lid for different load steps (load raise, load
reduction, load restoration). Cyclic loading induces
excess pore pressure fluctuation at the lid invert with
an amplitude of approximately 40% of the cyclic load
amplitude, which diminishes slightly in later
consolidation stages. 40% to 50% of the excess pore
pressure amplitude is transferred to the lid from the
skirt at the end of each storm load with the proportion
decreasing over time.
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