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Abstract

Installing internal bulkheads in a composite bucket foundation alters the rotational symmetry characteristic of a single-compartment bucket
foundation, consequently influencing the stress distribution within the bucket and surrounding soil. During the seabed penetration of a spudcan
from a jack-up wind turbine installation vessel, an angle may form between the spudcan’s axis and the axis of symmetry of the adjacent
composite bucket foundation in the horizontal plane. Such a misalignment may affect load distribution and the non-uniform interaction between
the foundation, soil, and spudcan, ultimately influencing the foundation’s stability. This study employs physical model tests to ascertain the
trends in end resistance during spudcan penetration in sand, the extent of soil disturbance, and the backflow condition. The finite element
coupled Eulerian-Lagrangian method is validated and utilized to determine the range of penetration angles that induce alterations in the
maximum vertical displacement and tilt rate of the composite bucket foundation in sand. The differential contact stress distribution at the base
of the bucket is analyzed, with qualitative criteria for sand backflow provided. Findings demonstrate that the maximum vertical displacement
and tilt rate of the composite bucket foundation display a “wave-like” variation with the increasing spudcan penetration angle, peaking when the
angle between the spudcan and bulkhead is the smallest. Stress distribution is predominantly concentrated at the base and apex of the bucket,
becoming increasingly uneven as the penetration angle deviates from the foundation’s symmetry axis. The maximum stress gradually shifts to
the junction of the bulkhead and bucket bottom on the side with the shortest net distance from the spudcan. Considering the in-place stability
and stress state of the composite bucket foundation is therefore imperative, and particular attention should be paid to the foundation’s state
when the angle between the spudcan and bulkhead is small.
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1 Introduction

In light of the diminishing reserves of traditional fossil
fuels and mounting pressures on the environment, reduc-
ing fossil fuel consumption, curbing greenhouse gas emis-
sions, and developing renewable energy have emerged as
pivotal trends in global energy advancement. Wind energy
represents an important branch of renewable energy, offer-
ing a sustainable and non-polluting source of energy that
is instrumental in advancing renewable energy solutions
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(Ma et al., 2025; Zhang et al., 2019). Oceans, with their
abundant resources, stable wind conditions, high hours of
power generation utilization, absence of land occupation,
minimal impact on the ecological environment, lack of
water consumption, and suitability for large-scale develop-
ment, have become key sites for wind power generation
(Dao et al., 2020). Given the distinctive and intricate nature
of the marine environment (Zhang et al., 2020), the foun-
dation is a critical element in the construction of offshore
wind turbines. The composite bucket foundation has gained
significant attention in offshore wind power construction
due to its efficiency and low cost. Installed using a jack-up
wind turbine installation vessel, it has become a common
method for deploying fixed-bottom offshore wind tur-
bines. During operation, the jack-up wind turbine installa-
tion vessel is supported by its legs on the seabed through
spudcan penetration, with the hull raised to ensure opera-
tional stability in complex marine environments. However,
the operational cantilever length limits the positioning of
the operational site, which must be close to the offshore
wind turbine platform. The soil squeezing effect generated
during spudcan penetration can impose additional loads on
adjacent foundations (Siciliano et al., 1990). In severe cases,
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this effect can lead to instability, excessive deformation, and
other adverse effects (Li et al., 2018).

The study of spudcan—soil—-adjacent foundation interac-
tions can be categorized into two principal approaches:
test research and numerical simulations. Test research can be
further subdivided into standard gravity (1 g) tests and centri-
fuge tests. Standard gravity tests, because of their low stress
levels, often exhibit notable discrepancies in soil bearing
capacity relative to actual conditions. Therefore, centri-
fuge tests, which replicate in-situ stress levels, are the pre-
ferred methodology (Craig and Chua, 1990). A series of cen-
trifuge tests were conducted to investigate the effect of
spudcan penetration on pile bending moments and soil
flow around piles of adjacent jacket platforms under condi-
tions of soft clay and sand overlying soft clay. The results
indicated that factors such as spudcan penetration depth,
pile spacing, pile length, overlying clay thickness, and pen-
etration time influence the bending moments of adjacent
jacket platform piles. Specifically, the bending moment
increases with penetration depth and decreases with pile
spacing. In contrast, longer piles and thicker clay layers
help mitigate the pile bending moment (Xie, 2009; Xie
et al., 2012; Xie et al., 2017). The effect of spudcan pene-
tration on the bending moment distribution of adjacent sin-
gle pile foundations in uniform clay and clay with an over-
lying sand layer was investigated through standard grav-
ity (1 g) tests. The results showed that the bending moment
induced by spudcan penetration is greater in clay with an
overlying sand layer than in uniform clay (Falcon et al.,
2021). The influence range of spudcan penetration and
extraction in sand, along with the corresponding changes in
soil strength, was studied through a combination of model
tests and theoretical analysis. A theoretical method was
proposed for calculating the bearing capacity of the adja-
cent spudcan within the affected zone. The study found
that when the relative distance between two spudcans
exceeds twice the diameter of the penetrating spudcan, the
penetration and extraction do not affect the bearing capacity
of the adjacent spudcan foundation (Liu et al., 2020).

The complexity of factors affecting soil mechanical prop-
erties presents a major challenge to studying large defor-
mation phenomena resulting from spudcan-soil interac-
tions using analytical methods and traditional numerical
approaches (Bui et al., 2008; Qiu et al., 2011). To address
this issue, more effective numerical simulation methods
have been adopted (Wang et al., 2015; Chouhan and
Chavda, 2021). Qiu et al. employed the coupled Eulerian—
Lagrangian (CEL) method in ABAQUS to simulate a range
of problems, including strip foundation footings, pile pene-
tration, and ship grounding. A comparison of finite ele-
ment method results and field measurements demonstrated
the robustness and efficiency of the CEL method. Subse-
quently, this method was employed in marine geotechnics
to investigate the penetration of spudcan foundations of
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jack-up drilling platforms into the seabed (Qiu and Henke,
2011). The findings align with the existing analytical
results and centrifuge test data (Craig and Chua, 1990; Teh
et al., 2008). The CEL method was employed to investi-
gate the effects of continuous spudcan penetration on adja-
cent pile foundations for jack-up drilling platforms (Tho
et al., 2013). Their results corresponded with Xie et al.’s
centrifuge tests (Xie, 2009), further confirming the feasi-
bility of the method in marine geotechnics. In addition to
the CEL method, A novel approach was introduced for cal-
culating the response of an adjacent pile foundation to
spudcan penetration. This method employs large deforma-
tion finite element analysis to extract variations in pile
deflection caused by spudcan penetration and transform
them into equivalent nodal loads on a nonlinear beam on an
elastic foundation. These additional loads are then deter-
mined on the pile. The efficacy of this methodology was
substantiated through 50 g centrifuge tests (Fan and Wang,
2021). A simple yet effective “remeshing and interpolation
technique with small strain” approach for large deforma-
tion finite element (LDFE) analysis in geomechanics was
proposed. The robustness and numerical accuracy of this
method were validated through four case studies, includ-
ing the penetration of structures with varying shapes and
sizes, plate anchor anchorage, and shallowly buried subsea
pipelines (Tian et al., 2014). In addition to pile founda-
tions, researchers focused their attention on wide and shal-
low bucket foundations. A physical model test and the
CEL method were employed to investigate the influence
of the ratio between the clear distance from the spudcan to
the composite bucket foundation and the spudcan diameter
on the in-place stability of an adjacent bucket foundation
during spudcan penetration (Le et al., 2024). The effect of
spudcan penetration speed on the insertion performance of
bucket spudcans in saturated sand was examined through
small-scale model tests. Based on foundation bearing capac-
ity theory, a method for calculating penetration resistance
was proposed. The penetration process was simulated using
CEL finite element analysis and compared with experi-
mental results (Wu et al., 2018).

Despite extensive research on the influence of spudcan
penetration on adjacent pile foundations, relatively few
studies investigate the effect on bucket foundations, which
are widely used in offshore wind power and differ from
pile foundations. Unlike the symmetrical configuration of
pile foundations, the internal bulkheads of composite bucket
foundations influence structural strength and soil partition-
ing. A discrepancy between the spudcan penetration angle
and the foundation’s symmetry axis may increase stress
unevenness and alter the interactions between the bucket,
soil, and spudcan, potentially affecting the in-place stability
of the foundation. Accordingly, this study employs physi-
cal model tests and the CEL method to investigate the influ-
ence of the relative angle between the spudcan and bucket
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foundation formed during penetration on the in-place sta-
bility and contact stress distribution of the composite bucket
foundation.

2 Spudcan penetration test design

The composite bucket foundation is gaining attention
in offshore wind power for its efficiency, low cost, and
enhanced floating stability, making it ideal for wet tow
transportation (Zhang et al., 2013; Zhang et al., 2023) and
improving construction efficiency (Hossain and Randolph,
2010; Ding et al., 2019; Ding et al., 2020), as illustrated in
Figure 1. With the scaling up of offshore wind power
development, efficient construction and operation & main-
tenance have become key industry priorities. In this con-
text, jack-up wind turbine installation vessels, known for
their multifunctional integration, high load-bearing capacity,
and stability, are widely used for the transportation, instal-
lation, and maintenance of wind turbines, as illustrated in
Figure 2 (Shi et al., 2024; Domingos et al., 2024). These
vessels maintain stability by using spudcans at their base,
which penetrate the seabed to provide strong support,
ensuring the vessel remains stable under the effects of
waves and currents, thereby facilitating the installation of
wind turbines. However, the soil squeezing effect generated
during spudcan penetration in sand may affect the in-place
stability of the adjacent foundation. Given the high cost of
physical model testing, conducting a comprehensive study
under all possible design conditions are impractical. This
chapter presents the design of a physical model test for
spudcan penetration in sand. The objective is to elucidate
the trend of penetration resistance with depth, the extent of
soil disturbance caused by spudcan penetration, and the
soil backflow mechanism at the spudcan site. The results
are compared with those obtained using the CEL method
to validate the accuracy of the physical model test, thereby
supporting further numerical simulation studies under vari-
ous design conditions.

Figure 1 Composite bucket foundation

(a) Wind turbine tower lifting

(b) Wind turbine installation

Figure2 Schematic of a jack-up wind turbine installation vessel

2.1 Test model and instrument layout

The experiments were conducted in a soil container with
dimensions of 2m x 2m x 1 m. Fujian standard sand was
used as the test soil, and its parameters were determined
through geotechnical testing, as presented in Table 1. The
particle size distribution curve is depicted in Figure 3. A
layer of gravel, with particle sizes ranging from 5 to 20 mm,
was laid at the bottom of the soil container at a depth of
0.2 m. Drainage pipes were installed over the gravel layer
and covered with geotextile fabric. To guarantee uniformity
of the soil across different locations, the sand was added
using the sand rain method, with the objective of achiev-
ing the designed elevation of the soil surface. The layout
of the soil container is illustrated in Figure 4. The spudcan
model, made of stainless steel, was scaled to 1:100 in accor-
dance with the engineering design specifications, with the
precise dimensions shown in Figure 5.

The test was conducted in accordance with standard grav-
ity conditions, namely, 1 g. The spudcan penetration depth
was set to 1.5 times the height of the spudcan, rounded up
to a value of 60 mm, following a standardized procedure.
The penetration speed was maintained at 3.6 mm/s. To guar-
antee accurate data collection and analysis, the test setup
incorporated a high-power worm gear vertical loading
apparatus capable of applying a maximum load of 10 000 N.
Load control was achieved by adjusting the voltage to reg-
ulate the loading speed. A stainless steel reaction frame
was used to support the loading device. The setup also
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Table 1 Parameters of Fujian standard sand
Soil properties Speci_fic Max_imum dr;g Min!mum dr)g Relati_ve Elastic Internal friction Per'm_eability
gravity density (g/cm®)  density (g/cm®) density modulus (MPa) angle (°) coefficient (cm/s)
Standard sand 2.42 1.50 1.28 0.58 18 325 0.039

100 utilized, including soil pressure sensors (range: 0—50 kPa)
_90r for monitoring soil pressure fluctuations and the impact
°§ 80 area of the spudcan penetration; laser displacement sen-
g 70F sors (range: 200 mm) for measuring the depth of spudcan
5 60 penetration; wire displacement sensors (range: 0—500 mm)
< 0r for cross-checking and correcting measurements from the
% 40+ laser sensors; and load cells (range: 3 000 N) for measur-
£ 30} ing resistance during spudcan penetration and removal.

5 20¢ The specific layout of the test setup is shown in Figure 6.
10 To accurately observe the dynamic changes in the soil
g.m 0.1 T 0 100 during spudcan penetration into the sand, soil pressure sen-

Grain size (mm)
Figure 3 Particle gradation curve of sand
included a Weekend WKD3840 (Tianjin Weekend Measure-
ment and Control Equipment Technology Co., Ltd., Tianjin,

China) strain gauge data acquisition system with a sam-
pling frequency of 10 Hz. Additionally, various sensors were

(a) Gravel layer and water supply pipcliné

Figure 4 Soil container layout
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(b) Geotextile laying

sors were pre-installed at a depth of 1 cm below the soil
surface at distances of 0.5d, 1.0d, 1.5d, 2.0d, and 2.5d
from the long edge of the spudcan (where d is the length
of the spudcan’s long edge). After preparing the test setup,
sensors, and soil container, the system was allowed to
settle for 12 h to minimize the effects of soil disturbance.
Figure 7 illustrates the spudcan penetration.

(c) Sand rain method for sand preparation

73.18

| 29.74 |
o —

le
e

P s / \.\\\
1 1 | AL
/ - - TR
129 | 8.41
L
| | |2

(a) Spudcan test model

Figure 5 Schematic of spudcan structure
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(b) Size of spudcan (mm)
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Figure 6 Schematic of test apparatus layout

(a) Before

Figure 7 Spudcan penetration

2.2 Comparison between the CEL method and
model testing

The soil dimensions, soil parameters and spudcan dimen-
sions in the CEL model were consistent with those observed
in the physical model test. The dimensions of the soil model
were 2 m x 2 m x 1 m, comprising Eulerian elements with
a void layer of 0.4 m. To guarantee computational accuracy
and efficiency, the fine mesh size was set to 0.6 mm (approx-
imately 0.05 times the diameter of the spudcan), and the
fine mesh region was defined as twice the spudcan diame-
ter (Dai et al., 2018). The boundary conditions included
normal constraints in the X and Y directions, full con-
straints at the bottom of the soil, and a free surface at the
top. The spudcan was modeled using steel material, and
rigid body constraints were employed to enhance computa-
tional efficiency because spudcan deformation was not con-
sidered. The specific model is illustrated in Figure 8.

To guarantee a quasistatic penetration while maintaining
computational efficiency, the spudcan was required to pen-
etrate at a uniform speed of 0.2 m/s to a depth of 6 cm in

(b) During

(c) After

sand. Figure 9(a) illustrates the variation in soil pressure at
distinct observation points relative to the depth of spudcan
penetration, as determined through the physical model
test. The soil at the 0.5d position exhibited the most nota-
ble backflow in response to the spudcan penetration, result-
ing in pit refilling and minimal soil pressure fluctuation,
with a maximum of 0.5 kPa. The soil pressure at the 1.0d
position exhibited the most pronounced variation, ini-
tially increasing and then decreasing as penetration depth
increased. The maximum soil pressure of 3.55 kPa was
reached at a penetration depth of 38.81 mm. The variation
in soil pressure at positions 1.5d to 2.5d exhibited a decreas-
ing trend as monitoring distance increased. The overall
trend indicated that soil pressure increased with penetra-
tion depth. The alterations observed at the 1.5d position
were similar to those documented at the 1.0d position,
exhibiting a descending trajectory following the inflection
point. No significant change in soil pressure was observed
at the 2.5d position. Therefore, spudcan penetration causes
the greatest disturbance to the soil within the range of
1.0d, gradually decreasing beyond this point. The influ-
ence of soil heaving and pressure changes is negligible

@ Springer



100

Journal of Marine Science and Application

Void T
layer
x

Sand
layer

& M
«.Fine mesh Coarse mesh -

~

Minimum mesh size_|
0.6 mm=0.6 mm _|

1] sl 5 5
EEEES

B

20m

Figure8 CEL model

Penetration depth (mm})

10 15 20 25 30 35
Earth pressure (kPa)
(a) Soilpressurevariationinthe 0-2.5d range

=~ = CEL result
—— Test result

Penetration depth (mm)
&

0 A — - -
0 500 1000 1500 2000 2500 3000 3500
Penetration resistance (kN)
(b) Variationinpenetrationresistance

Figure 9 Finite element calculation and test results

beyond a distance of 2.0d from the spudcan edge, and the
effect is almost undetectable at a distance of 2.5d. The
range of the soil squeezing effect is consistent with the
findings of a previous study (Zhou et al., 2023).

A comparison between the calculated results of the CEL
method and the measured penetration depth-resistance
curve is presented in Figure 9(b). The figure illustrates that
the overall trend of the CEL method results is comparable
to that of the physical model test results. Both curves dis-
play an inflection point at approximately 30 mm penetra-
tion depth. Before the inflection point, the fluctuations in
both sets of results are nearly indistinguishable. After the
inflection point, the experimental results demonstrate a dis-
cernible decline in penetration resistance, followed by a
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gradual increase. In contrast, the CEL calculation results
exhibit a progressive rise in penetration resistance. The
maximum discrepancy in penetration resistance between
the CEL method and the experimental results near the
inflection point is 7.96%, but the difference reaches 10.06%
at the final penetration depth. In the CEL finite element
simulation, increasing the speed of spudcan penetration
from 0.2 to 20 cm/s results in a negligible difference in the
insertion resistance curve. This outcome indicates that the
dynamic response in the numerical simulation can be disre-
garded at this stage. Consequently, spudcan penetration
can be regarded as a quasi-static process, and the influence
of the penetration speed on the penetration resistance is
limited. To ensure the quasistatic process, the penetration
speed of 3.6 mm/s is employed in the model test, and the
penetration speed of the CEL finite element simulation is
set to 0.2 m/s. This approach ensures computational effi-
ciency and minimizes the influence of the dynamic response
on the penetration resistance caused by excessive penetra-
tion speed, making it a feasible method. Figure 10 illus-
trates the soil flow around the spudcan at the designed
depth, as simulated by the CEL method and observed in
the model test. The figure demonstrates that the soil flow
pattern simulated by the CEL method is similar to that
observed in the model test. A slight heaving of the sur-
rounding soil surface is observed after spudcan penetra-
tion, accompanied by collapse and backflow of soil at the
penetration location. This process results in the formation
of a spudcan pit, which subsequently covers the spudcan
with backfilled soil. Thus, the CEL method provides an
accurate representation of the soil disturbance and back-
flow state resulting from spudcan penetration.

In conclusion, the CEL method exhibits a consistent
variation pattern in the penetration depth—resistance curve
during spudcan penetration when compared with the data
from the physical model test. The method qualitatively
captures the phenomena of soil disturbance and backflow.
Therefore, the CEL method is an effective tool for simulat-
ing spudcan penetration in sand.
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Figure 10 Finite element analysis results compared with test data

3 Effects of spudcan penetration angle on
adjacent bucket foundations

3.1 CEL model

The overall CEL calculation model comprises a multi-
compartment bucket foundation, an upper transition sec-
tion, a spudcan, pile legs, and surrounding soil, as illustrat-
ed in Figure 11. The multicompartment bucket foundation,
spudcan, and pile legs are constructed from steel with a
density of 7 850 kg/m3, a modulus of elasticity of 210 GPa,
and a yield strength of 355 MPa. These specifications are
scaled according to the specific engineering project, as
shown in Figure 12. The objective of this study is to exam-
ine the effect of spudcan penetration angle on adjacent
multi-compartment bucket foundations, so the dimensions
D, u, d, H, h, and L remain constant. D represents the diame-
ter of the bucket foundation, equating to 25.6 m. The value
of u, which is the edge length of the hexagonal bulkhead
situated in the central compartment, is 6.4 m. The length

Void T
layer 3

Sand
layer

X

Figure 11 Overall CEL model

of the spudcan’s long edge, d, is 11.8 m. The height of the
bucket foundation, H, is 10 m, and the height of the tran-
sition section, h, is 28 m. The length of the pile legs, L, is
20 m. In accordance with Section 2.2, the spudcan penetra-
tion causes the greatest soil disturbance within a range of
1.0d, with minimal effect beyond 2.0d. In this section, the
net distance between the bucket foundation and the spud-
can edge is set to S = 1.5, d = 17.7 m for the purpose of
calculation. The composite bucket foundation is embedded
to a depth of 10 m below the soil surface. To simulate the
effect of spudcan penetration-induced soil displacement on
the adjacent foundation in a computationally efficient man-
ner, the spudcan penetration depth is set to 10 m, which
matches the foundation’s burial depth. The use of rigid
body constraints enhances computational efficiency because
the deformation effects of the foundation and spudcan are
not considered. The soil material is sand, which is mod-
eled using Eulerian elements, and a void layer of 10 m is
incorporated into the model. The Mohr—Coulomb yield cri-
terion is employed. To guarantee computational accuracy
and efficiency, the fine mesh size is set to 0.5 m (approxi-
mately 0.05 times the spudcan diameter), and the fine
mesh region extends to twice the spudcan diameter (Tho
et al., 2013). The soil parameters used in the model are
consistent with those observed in the experiment: density
p = 1 400 kg/m3, internal friction angle ¥ = 32.5°, com-
pression modulus Es = 18 MPa, and Poisson’s ratio x =
0.3. In actual engineering practice, the bucket foundation
is often settled until the top surface compresses the soil,
thereby creating a transition section that is above the soil
surface and not directly affected by the spudcan-induced
soil displacement. As such, this effect is excluded from
subsequent analyses.

This study employs a six-compartment bucket founda-
tion, as outlined in the Methodology section. In consider-
ation of structural symmetry, the variation in spudcan pen-
etration angle is analyzed within a single compartment,
representing half of the total compartmentalized area. The
operational conditions are illustrated in Figure 13.
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Illustration of different spudcan penetration angles

3.2 Effect of spudcan penetration angle on soil
backflow

Figure 14 illustrates the equivalent plastic strain contour
maps of the soil surrounding the spudcan at different pene-
tration angles. For each angle, the soil around the spudcan
exhibits heaving behavior, but no significant soil backflow
is observed within the spudcan pit, indicating that the
backflow capacity of the hard sand is limited. The distribu-
tion of equivalent plastic strain at the base of the spudcan
is concave. As the penetration angle increases, the equiva-
lent plastic strain initially decreases before increasing,
reaching its minimum at 12° and maximum at 30°. To elu-
cidate the trend of the maximum equivalent plastic strain
during this process, normalization is conducted using the
peak value, as illustrated in Figure 15. Considering struc-
tural symmetry, the solid line in the figure represents the
maximum equivalent plastic strain around the spudcan for
different penetration angles, calculated using the CEL
method for a half compartment, and the dashed line repre-
sents the corresponding scenario for a symmetric half com-
partment. Moreover, the spudcan penetration angle affects
the distribution of equivalent plastic strain in the soil. At a
0° penetration angle, the soil on the side of the spudcan
away from the bucket foundation exhibits greater equiva-
lent plastic strain than the side closer to the foundation.
Conversely, for other penetration angles, the side closer to
the foundation exhibits higher strain. These findings sug-
gest that the interaction between the spudcan and the multi-
compartment bucket foundation at different angles exerts a
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varying influence on the plastic deformation of the soil
near the spudcan.

3.3 Effect of spudcan penetration angle on the
displacement of bucket foundation

Figure 16 depicts the vertical displacement of the upper
surface of the multi-compartment bucket foundation under
varying spudcan penetration angles. The X-axis represents
the line connecting the center of the spudcan and the multi-
compartment bucket foundation. As illustrated in the figure,
the vertical displacement on the side of the foundation’s
top surface farthest from the spudcan is consistently greater
than on the side closest to the spudcan. Thus, the inclina-
tion direction of the foundation corresponds to the penetra-
tion direction of the spudcan. As the spudcan penetration
angle varies from 0° to 30°, the maximum vertical dis-
placement and tilt rate of the multi-compartment bucket
foundation exhibit a wavelike pattern. The maximum verti-
cal displacement differences are relatively small, ranging
from approximately —0.018 to —0.016 m, whereas the tilt
rate demonstrates significant variation, with values of
0.28%o, 0.42%o0, 0.36%o, 0.32%0, 0.45%,, and 0.34%o for
the respective penetration angles. To elucidate the trend of
the tilt rate throughout the process, the variation at the sym-
metrical half-compartment position is depicted, as refer-
enced in Section 3.2 and shown in Figure 17. When the
absolute spudcan penetration angle ranges from 0° to 12°,
the trends of the maximum vertical displacement and tilt
rate are opposite. Beyond this range, the trends become
similar. This indicates that the bulkheads have varying
effects on the multi-compartment bucket foundation depend-
ing on the spudcan penetration angle. Accordingly, a differ-
ential impact range can be defined, with the symmetric
axis of a compartment representing a penetration angle of
0°, extending approximately £12° on both sides. Within
this range, the trends of vertical displacement and tilt rate
are opposite, forming a reverse zone. Beyond this range,
up to the compartment boundary, the observed trends are
identical, forming a concordant zone.

3.4 Effect of spudcan penetration angle on stress
in the bucket foundation

Figure 18 illustrates the stress distribution in the wall of
the bucket foundation following spudcan penetration to a
depth of 10 m. For varying spudcan penetration angles, the
stress is predominantly concentrated near the spudcan, par-
ticularly at the top and bottom of the bucket. The stress dis-
tribution and magnitude at the bucket bottom are more pro-
nounced than at the top, with a significant concentration of
stress occurring at the junction between the bulkhead near-
est to the spudcan and the bucket bottom. At a penetration
angle of 0°, the maximum contact stress forms a “belt-
like” distribution along the junctions of the 30° and 330°
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bulkheads and the bucket bottom, extending upward to
approximately halfway up the bucket wall. Furthermore, a
“trapezoidal” distribution of high stress levels is observed
at the bucket bottom between the bulkheads, extending
upward to approximately one-third of the bucket height.
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Figure 16 Vertical displacement of bucket foundation at various
spudcan angles

As the spudcan penetration angle deviates from 0°, the stress
distribution along the bucket wall and bottom becomes
increasingly uneven. In particular, a pronounced stress
concentration is evident at the junction of the bulkhead
and the bucket bottom on the side closer to the spudcan,
forming a “trapezoidal” pattern centered around the bulk-
head and extending upward to one-third of the bucket
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height. In contrast, the side farther from the spudcan exhib-
its relatively lower stress levels, with a “belt-like” distribu-
tion extending upward to approximately half of the bucket
height. These findings indicate that the spudcan penetra-
tion angle significantly influences the stress distribution
within the wall of the multi-compartment bucket founda-
tion. Any deviation from the symmetric axis of a compart-
ment (i.e., the 0° position) alters the uniformity of the
bucket-soil interaction. The highest stress values are con-
centrated at the junction of the bulkhead and bucket bot-
tom nearest to the spudcan.

Figures 19(a) and (b) demonstrate the stress distribution
around the upper and lower perimeters of the multicom-
partment bucket foundation for varying spudcan penetra-
tion angles at a depth of 10 m. The stress extremes around
the upper portion of the bucket exhibit a relatively uniform
distribution, forming a “butterfly” pattern symmetric about
the 0° axis. The spudcan penetration angle has a limited
effect on the stress distribution at the upper portion of the
bucket. Notably, the stress distribution around the top
perimeter does not peak at the bulkhead locations. Instead,
the minimum stresses are observed at the intersections of
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the 0° and 180° bulkheads with the bucket top, while the
maximum stresses occur at the 60°, 120°, 240°, and 300°
positions, which do not correspond to bulkhead intersec-
tions. A comparison of the stress distributions at the top
and bottom surfaces of the bucket foundation reveals that
the stress at the bottom is typically greater than that at the
top, indicating that the bottom surface serves as the primary
load-bearing area. Except for the 0° penetration, notable
variations in stress distribution at the bucket bottom are
observed for different penetration angles. However, at all
penetration angles, the maximum stress consistently occurs
at the 30° bulkhead position, demonstrating that the spud-
can penetration angle significantly affects the stress distri-
bution at the bucket bottom. When the spudcan penetrates
at 0°, the stress distribution at the bucket bottom is sym-
metric about the 0° axis, with the 30° and 330° bulkhead
positions exhibiting significantly higher stress levels than
other positions, bearing the primary load. As the penetra-
tion angle deviates from 0°, the stress distribution at the
bottom becomes asymmetrical. In particular, the stress at
the 30°, 150°, and 330° bulkhead positions remains consis-
tently higher than at other positions, with the 30° bulkhead
position showing the highest stress levels. The variation in
maximum contact stress with penetration angle is illustrated
in Figure 20. The contact stress at the 30° and 150° bulk-
head positions generally increases with penetration angle,
with maximum increases of 51.92% and 83.32%, respec-
tively. Conversely, the stress at the 330° position demon-
strates a notable decrease of up to 42.22%. Figure 21 eluci-
dates the mechanism underlying this phenomenon, demon-
strating the interaction between the bucket foundation and
the surrounding soil. As previously discussed, the orienta-
tion of the bucket foundation aligns with the spudcan pene-
tration angle. The resulting relative horizontal displace-
ment between the bucket and the soil can be decomposed
into X and Y components for analyzing the primary load-
bearing areas. The contact load generated by the X-direc-
tion displacement component is primarily borne by the
intersections of the 30° and 150° bulkheads with the bucket
bottom and their surrounding areas, which are symmetri-
cally distributed along the 90° line. Given the pronounced
soil squeezing effect caused by spudcan penetration, these
areas are the primary load-bearing structures, with stress
levels increasing as the net distance between the load-bear-
ing area and the spudcan decreases. This trend is corrobo-
rated by the data presented in Figures 18 and 19(b). The
Y-direction displacement component significantly influences
the intersections of the 30° and 330° bulkheads with the
bucket bottom and their surrounding areas. As the net dis-
tance between these areas and the spudcan increases with
the penetration angle, the stress generally decreases, as
shown in Figures 18 and 19(b). The 30° position consis-
tently exhibits the highest stress levels because it bears
loads from the X and Y directions.



C.H. Le et al.: Effect of Spudcan Penetration Angles on Adjacent Bucket Foundation in Sand

105

CPRESS general_contact_domain CPRESS general_contact_domain

+1.335e+05 +1.335e+05
223+ |] 223e+03
! A12 5 *I 112e+05
£1.0016+03
+§.897¢+04 8 897e+04
=7, 785e+04 +7.785e+04
H.673e+04 Ho.6T3e+04
+5 561e+04 +5.561e+04
+4.449e+04 +4_ 449e+04
+3.336e+04 +3.330e+04
224¢+04 £2224¢+04
A12e+04 1 112e+04
+0.000e-+00 |[l (00e-+00
Y. s
r

(a) Contact stress distribution on bucket wall at a spudcau penetration angle of 0°
CPRE

5 general contact_domain
1.570e+05
'] 430¢+05
I] 309e+05
+1. I‘-'Se 05
+1.047e+05
+0_ | 60e+H04
+7.852e+04
H6,543e+04
+5.23de+H)4
+3.926e+04
+2.61Te+H04
+1.309¢+04
{J 000e+00

Xz R L/

(b) Contact stress distribution on bucket wall at a spudcan penetration angle of 6%
CPRESS general_contact_domain CPRESS general_contact_domain

+1.510e+05
‘-I 384e+05
+].258e+05
+1.132e+05
+1.007e+03
+8.807e+04
+7.549¢ H)4
+6.291e+04
+5.033e+04
+3.775e+04
+2.516e+04
+1.258e+04
l{l 000e-+00

CPRESS general _contact_domain

+1.570e+05
+1.439e+05
+1.309e+05

+1.178e+05
—l04re 05
160e+04

+ 0 D00¢+00
¥

! 3840403
+]. 112e‘0§
1 Uﬂ"e*!]‘
I +8. S[)rc*—ﬂ-l
_—
_—— L/

(¢) Contact stress distribution on bucket wall at a spudcan penetration angle of 127
CPRESS general contact_domain

CPRESS general_contact_domain

#1.573e+05 +1.573e+05
1.442e+05 '-1.4-!291—05
3 : +J.31 le+03
+1.180e+05

+1.049e+05

+0_ 175e+04
Fr 865e+04

+ 1 31 let+04
*0 (00e+00

. L Z
(d) Contact stress distribution on bucket wall at a spudcan penetration angle of 187

CPRESS general_conta
+1.563e+05
+1.433e+H03
+1.302e-H05
+1.172e+05

CPRESS general_contact_domain ct_domain

+1.5603e+05
! b3e:03

+1 302¢+04
+2.0990-12

Y
A Y
L 7 e t—o z
{e) Contact stress distribution on bucket wall at a spudcan penetration angle of 24°
CPRESS general_contact_domain

1.793e+05
+1.643e+05
! +1.494e+05

+ o+ + o+t
I e
Sg Skt
Dh IO B LA =t
GG R TG
1FFF+4 4
CO:‘C}QQC}
EEEEEEDR

CPRESS general_conmtact_domain

-1.793e+05
#1.643e+03
+1.494e+05

+1.345e+05 +1.345e+05
+1.195¢+05 +1.195e+05
+1.046e+05 +1.046e+05
+8.963e+04 +8.963e+04
+7.469e+04 +7.469e+04
+5 0?0\404 +5.976e-+04
+4.482¢+04 +4.482e+04
+2.988e+04 +2.988e+04
+1.494e+04 +1.494e+04
+0.000e+00 +0.000e+00

¢
L.

() Contact stress distribution on bucket wall at a spudcan penetration angle of 307

48
| 52

Figure 18 Stress distribution in bucket foundation at different spudcan penetration angles

@ Springer



106

Journal of Marine Science and Application

100 ¢
80 +
60+ 300
40 ¢
20 ¢
L1270
20t
40
60 | 240
80 |
100 L

Bucket wall stress (kPa)
(=]

(a) At the top of the bucket
Figure 19 Distribution of contact stress

180 - —=—30° Bulkhead S
~+— 150° Bulkhead
160 - —a— 330° Bulkhead

140
120 4=

100

Contact stress (kPa)

80

” S
0 6 12 18 24 30 35
Spudcan penetration angle (°)
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In conclusion, the primary distribution and variation
trends of contact stress induced by spudcan penetration
can be determined by decomposing the relative horizontal
displacement direction into orthogonal components within
the horizontal plane. The load-bearing areas are the inter-
sections of the bulkheads with the bucket bottom and their
surrounding regions, which are symmetrically distributed
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about the displacement components and are closest to the
spudcan.

Figure 22 illustrates the contact stress distribution along
the embedded path at the junction of each bulkhead and
the bucket wall for a multi-compartment bucket foundation,
considering different spudcan penetration angles. Overall,
the contact stress distribution along the paths of each bulk-
head exhibits a comparable pattern. In the embedment
range from 0 to 1 m (surface to 0.1H), a significant decline
is observed in contact stress with increasing depth. This
rapid reduction can be attributed to soil heave and back-
flow, which quickly mitigate the soil-squeezing effect, as
illustrated in Figure 10. In the subsequent embedment range
of 1-3 m (0.1H to 0.3H), the increase in contact stress is
minimal, indicating that soil backflow diminishes and the
soil remains relatively stable. In the 3—6 m (0.3H to the top
of the spudcan) embedment range, the cumulative weight
of the overlying soil and the soil-squeezing effect of the
in-situ spudcan result in a renewed backflow trend. This
results in a slight decrease in contact stress along the path,
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Figure 21 Mechanism of stress distribution at the bucket bottom
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with the lowest stress levels occurring at this position.
This point can be considered as the most fully developed
instance of soil backflow. The spudcan is embedded to a
depth between 6 and 10 m, so the continuous soil-squeez-
ing effect of the in-situ spudcan restricts soil backflow
near the foundation, causing a significant degree of soil
compression in the lower portion of the foundation. This
effect is particularly pronounced at an embedment depth
of 8.8 m, where the spudcan’s long edge is located. After

Embedment depth (m)

Bucket wall contact stress (kPa)
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sufficient soil compression has occurred, the contact stress
along the path increases notably with depth. The upper
part of the spudcan induces soil to flow back into the spud-
can pit, exerting additional influence on the backflow trend
within the 3—6 m embedment range. The vertical section
of soil backflow under the interaction of the spudcan, mul-
ticompartment bucket foundation, and sand can be qualita-
tively depicted based on the spudcan penetration depth, as
illustrated in Figure 23.
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Figure 22 Contact stress distribution at the interfaces of bulkheads and bucket wall after spudcan penetration
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Figure 23  Soil backflow state between spudcan and composite bucket foundation in sand

4 Conclusions

This study employed physical model testing and the CEL
method to investigate the effect of spudcan penetration
angles on the adjacent composite bucket foundation in
sand. The findings are summarized below.

1) The effect of spudcan penetration on sand is most
pronounced within a distance of 1.0d from the spudcan’s
long edge. Beyond 2.0d, the effect diminishes substantially
and becomes negligible at 2.5d.

2) The penetration angles of the spudcan result in soil
heaving around the spudcan, with minimal backflow fill-
ing the spudcan pit. This outcome indicates limited soil
backflow in dense sand. At the spudcan base, a distinct
“concave” equivalent plastic strain zone is observed, where
the equivalent plastic strain initially decreases and then
increases as the angle increases.

3) The maximum vertical displacement and tilt rate of
the multicompartment bucket foundation display a “wave-
like” variation under different penetration angles. The rela-
tive trends of these two parameters are opposite for pene-
tration angles ranging from 0° to 12° and similar for angles
from 12° to 30°, delineating two distinct zones. The inter-
val between 0° and 12° is defined as the opposite zone,
and that between 12° and 30° is defined as the similar
zone. The maximum vertical displacement demonstrates
minimal variation across penetration angles, whereas the
tilt rate varies significantly, peaking at penetration angles of
6° and 24°. Consequently, when considering the in-place
stability of the multicompartment bucket foundation, par-
ticular attention should be paid to the foundation’s state
when the spudcan penetrates at small angles relative to the

@ Springer

bulkhead of the bucket foundation.

4) The stress distribution on the walls of the multicom-
partment bucket foundation under varying penetration
angles is primarily concentrated at the top and bottom of
the bucket, with notable stress concentrations at the junc-
tions of bulkheads and the sidewall. As the penetration
angle deviates from the foundation’s symmetry axis, the
stress distribution becomes increasingly uneven, with the
maximum stress shifting toward the bulkhead-bottom junc-
tion nearest to the spudcan. The formation mechanism of
this phenomenon is analyzed, indicating that the stress
state of the multi-compartment bucket foundation should
be closely monitored when the spudcan penetrates at angles
near the bulkhead.
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