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ABSTRACT: A new jack-up type spudcan foundation of offshore wind turbine is examined in terms of the lateral resisting
behaviour of this foundation using centrifuge test. A centrifuge experiment was conducted by forcing lateral displacement
to a pile-type leg equipped with a spudcan at its tip embedded in a model multi-layered soil composed of loose sand — stiff
clay — dense sand. The outer diameter of leg and spudcan was same at 4 m by prototype scale, which is a condition where
no backfill occurs above the shoulder of the spudcan. The lateral loading test was tested until the maximum design load
(Hmax) of 6,106 kN, calculated through structural stability analysis of the upper part of the tower. The scaling factor used 50
in the experiment for making model spudcan and soil. The experiment was set as the 1.13 times target lateral load (1.13Hja).
The soil failure mechanism was confirmed when lateral load was applied to the spudcan foundation, and the maximum
lateral resistance was measured. The sand on top collapsed when pushed laterally on the spudcan foundation, and the clay

in middle of sand layers showed wall failure.
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1 INTRODUCTION

Since 2017, the Renewable Energy 3020 Plan was
announced in Korea, there has been a demand for an
increase in renewable energy of wind power, re-
sponding to the global trend for renewable energy
promotion (Ministry of Trade, Industry and Energy,
MOTIE, 2023). The size of offshore wind turbines
(OWTs) including super structure are increasing for
more efficient energy production. The larger sub-
structures are also required for their bigger capacity
for vertical and lateral environmental loads. This in-
crease raises great concerns on the manufacturing
and construction costs for installing and maintenance
of OWTs. Thus, research and development on new
types of offshore platforms including substructures
are necessary to reduce levelized cost of energy
(LCOE). In particular, the largest portion of construc-
tion costs is the rental and utilizing fees for special-
ized offshore wind turbine installation vessel (WTIV)
of transporting and installation of OWTs and the fea-
sibility of offshore wind farm business is governed
by the availability of the vessel in Korea.

In this paper, the leg — spudcan foundation behaviour
was examined using a newly proposed jack-up type
substructure. This type of substructure allows for
eco-friendly installation without drilling and driving,
as well as self-installation using a jacking system
without expensive WTIVs. This new jack-up type
substructure is one of the recommended offshore

wind power substructures registered by BOEM, the
U.S. Bureau of Ocean Energy Management. OWTs
are mounted on platforms (i.e. body — pontoon type;
see Fig. 1) using the same structure as a standard
jack-up unit. The platform is stabilized by securing
three or four legs equipped with spudcans that are at-
tached to the seabed beneath it (Horwath et al., 2020;
Choo et al., 2023). This type of sub-structure is cur-
rently being developed in Korea (Shin et al., 2023),
as shown in Figure 1. It has the same advantages as a
jack-up unit that can respond to various seabed sur-
faces, including poor soil conditions. This jack-up is
designed with three cylindrical legs with spudcans
and its assembly without soils is illustrated in Fig. 1
(Lee and Choo, 2024).

This jack-up systems with OTWs should be designed
to carry environmental loads including its self-weight
load during its operation. The foundation must be ca-
pable of withstanding combined horizontal and mo-
ment loads caused by wind and waves to have a safe
operation (Brown et al., 1969; Remaud, 1999; Choo
et al., 2014; Lee et al., 2020, ISO, 2016). Thus, cen-
trifuge modelling was utilized to analyse the lateral
behaviour by combined loads and to check the bear-
ing mechanism of a pile-type leg equipped with a
spudcan at tip under lateral load.
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Figure 1 — New substructure of jack-up type in this study
(Lee et al., 2024)

2 CENTRIFUGE TEST

The centrifuge test was conducted at 50 g using a cen-
trifugal test machine with radius of 5.0 m and an ef-
fective radius of 4.5 m in the beam type installed at
KAIST geotechnical centrifuge testing center (Park
et al., 2009)

2.1 Model soil

The prototype of the jack-up in this study is designed
for one of Korean seabed conditions, which is depos-
ited with multiple layers: top loose sand, clay and
dense sand as summarized in Table 1. Thus, the soil
model is designed with three layers: silty sand (loose
condition)-clay-silty sand (dense condition) layers as
tabulated in Table 2.

A soil model was prepared in a soil container, which
is a circular pipe shape container made of steel with
an inner diameter of 895 mm and an inner height of
705 mm. The container provides a soil bed with an
inner diameter of 44.75 m and an inner height of
35.25 m in the prototype scale at 50 g.

The sandy soil is prepared using pluviation method
and the clay layer is initially prepared in a slurry state
in the container and consolidated to a target condi-
tion. Finally, the sand in the experiment is silica sand
manufactured using the hammer crusher process as
uniformly graded sand. The dry pluviation method is
used to prepare a dense sandy soil, a lower sand layer,
where placed on the container bottom. For clay layer,
Indonesian kaolin powder was mixed with water at a
water content (w) of 150 %, which is 2 times the lig-
uid limit (LL), using a mixer. The clay layers were

then prepared by consolidating the mixture at pres-
sures up to 800 kPa using a pre-consolidation actua-
tor system. Then water pluviation method was done
to prepare the upper loose sand layer. The final soil
conditions are presented in Table 2.

Table 1. Prototype soil conditions
Depth Thickness

Soil layer (m) (m) N-value
Silty sand 0~45 4.5 1~6/30
Clayey soil  4.5~8.5 4.0 10 ~ 31/30
Silty sand 8.5 ~ 10.7 2.2 46 ~ 50 /30

Table 2.Model soil conditions

Thickness (mm)

Soil layer (D%r)) (lfi"a) Model Prototype
scale scale
Loose sand  28.31 - 84.70 4,235
Clay - 165 82.75 4,138
Dense sand  89.41 - 257.75 12,888

D, : Relative density of sand
S, : Undrained shear strength of clay

2.2 Model spudcan

A scale model of a spudcan and leg with a diameter
of 4 m is made using an aluminium material. The
model leg was designed with similar E7 of the proto-
type leg. The dimensions of the model spudcan are as
shown in Table 3, and the manufactured model is as
shown in Figure 2. An extended loading rod was re-
quired to apply a horizontal load to the spudcan, and
it was manufactured as shown in Figure 2 (b). In ad-
dition, it was manufactured to be 23 kg to simulate
the self-weight of one leg during operation (i.e total
2,947.5 ton per one leg weight in prototype). Strain
gauges are attached at the spring-line of the leg sec-
tion to measure the member forces and reactions of
the foundation under a horizontal load.

Table 3. Model spudcan specifications

&

D, t

sk

Items Material Er
(mm) (mm)
Aluminium
Model - 7075 80 2.4 197,547
Prototype Steel 4,000 40 204,886

*D, : Model foundation outer diameter
"t : Model foundation thickness

oksk

'EI : Flexural rigidity or bending stiffness
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Figure 2 — (a) Model spudcan, and (b) extension rod for
lateral loading

2.3 Loading system

A vertical actuator capable of controlling displace-
ment is used to penetrate the spudcan into the model
soil during a 50 g centrifugal acceleration, as shown
in Figure 3 (Lee and Choo, 2024). The load generated
when penetrating the spudcan in the vertical direction
is measured by a TCLK-50KN loadcell installed be-
tween the head of spudcan — leg model and the verti-
cal actuator. The actuator is controlled by a remotely
operational actuator controller. The load is measured
by an independent DAQ system. After spudcan is in-
stalled, the centrifuge equipment was spinning down
to 1g condition.
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Figure 4 — The lateral loading system

The maximum design load of 6,106 kN, calculated
through structural stability analysis using integrated
load analysis method of the upper part of the tower,
was set as the target lateral load (Huax) in the experi-
ment. The loading sequence in the experiment is pre-
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Cone tip

Figure 3 — Vertical loading system for spudcan installation

And then the lateral loading system (lateral actuator,
loadcell, extended rod and laser sensors) is installed.
If the whole system connection is finish, the test ma-
chine is spinning until 50g condition for lateral load-
ing test to analyse the behaviour of a spudcan embed-
ded on the model soils under lateral load. The lateral
loading system is shown in Figure 4 and controlled
by the same controller as the vertical actuator.

sented in Table 4. The lateral loading test was per-
formed by sequentially applying the load at 50 %, 100
% and 150 % of the maximum target lateral load.

The second and third loading series are applied after
foundation unloading to its original position (1% and
2™ ynloading) to analyse gradually increasing loading
and unloading effect.
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Table 4. Loading plan for test

Table 6. Maximum displacement and load in actuator

Target load of each scales
Model (kN) Prototype (kN)
1.2212 3,053 (0.5Hmax)

Back to the origin position
2.4424 6,106 (1.0Hmax)

Back to the origin position
2.7537 6,884 (1.13Homax)

No Loading step

1% loading
1% unloading
2m Joading
2" ynloading

whn B W=

3 Joading

2.4 Instrumentation

When the lateral load is loaded to structure, laser sen-
sors are used to measure the lateral displacement of the
model leg during the lateral loading test. A total of four
laser sensors are utilized to measure the displacement
of the leg, steel rod on the leg and lateral actuator. The
laser sensors are installed as shown in Table 5.

Table 5. Laser sensors for centrifuge test

Height from the ground
Laser Measurement surface
No. position Model scale Prototype
(mm) scale (m)
Laser2  Lateral actuator 420 21.00
Laser 3 Extension rod 315 15.75
Laser 4 Leg 134 6.70
Laser 6 Extension rod 446 22.30

3 TEST RESULTS

The actuator, designed for displacement-controlled
simulations, was operated by inputting a target dis-
placement. During the experiment, the load and dis-
placement measured from the loadcell and laser sen-
sors from the lateral actuator operation.

3.1 Load-displacement relationship

The load-displacement curves are derived by measure-
ments obtained from the loadcell and laser sensor 4
(laser shooting the leg of foundation). The load at the
loading point and displacement relationships are pre-
sented in Figure 5.

Although there is difference in the loading at the be-
ginning of lateral actuator loading, the leg displace-
ment (near the ground surface; Laser 4) occurs up to
0.65 m, the load increase with a similar trend.

The maximum displacement and load that occurred at
the loading point (i.e. lateral actuator position) at each
loading step are as shown in Table 6 by prototype
scale. The displacement of the spudcan is minimal, but
the displacement of the leg occurs dominantly. The
sliding of this spudcan with the soil profile simulated
in this experiment was not observed for 6,106 kN.

Maximum Maximum
Loading  displacement (mm) load (kN)
step Model Prototype = Model Proto-
scale scale scale type scale
1% 29.3 1,465 1.2212 3,053
2nd 63.6 3,180 2.4424 6,106
3rd 134.4 6,720 2.7537 6,884
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Figure 5 — Load - displacement curves (prototype scale)

3.2 Soil failure mechanism

After the completion of all testing sequences, the half
section of the model soil was excavated as shown in
Figure 6.

%

7%

| Sand layer

(Dense condition)

Figure 6 — Soil failure mechanism after lateral loading

Figure 6 illustrates the failure mechanism of the soil
surrounding the leg after all lateral loadings. The clay
layer (the white layer in the middle) at the front of the
leg in the loading direction was deformed by forcing
displacement from the leg model, and a cavity was
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formed during unloading afterwards. And then the up-
per sandy soil collapsed into the formed cavity and in-
filled to the cavity (sand collapse in Figure 6), indicat-
ing the rotation against the spudcan tip.

4 CONCLUSIONS

A centrifuge model test was performed to analyse the
lateral behaviour of a jack-up leg with spudcan foun-
dation developed for offshore wind turbine in multi-
layered soil. The model foundation, with the same
outer diameter of the spudcan and leg of 4 m, could not
support a lateral load exceeding 6,884 kN. In addition,
the head of leg was forced to be displaced and the leg
was rotated against the spudcan tip as a rotation point
because of high lateral resistance and weak constraint
of the loading connection at the leg head. The sand
trapped between the clay and leg at the top and bottom
of the clay layer after repeated loading and unloading
sequences. The upper sand was collapsed through the
gap between the leg and soil.
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