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Abstract: As a form of clean and low-carbon green energy, offshore wind power occupies an impor-
tant position in the global energy structure. With the rapid development of the wind power industry,
wind power projects gradually develop from offshore to far-offshore sea areas. The multi-bucket
jacket foundation is a considerable foundation type for far off-shore projects, but high installation
costs involving ship transportation with parted components and field installation has significantly
hindered its wide application. In this study, based on a 6.7-MW triple-bucket jacket foundation
(TBJF) project of a deep-sea wind farm in China, a new integrated wet-towing method of “jacket +
triple-bucket foundation” composite structure was proposed, which is suitable for far long-distance
transportation of far-offshore applications. The static-model test of both self-stability and wet-towing
stability was conducted. Based on the test and the numerical results, the natural period of the
foundation for different draft depths in hydrostatic water and the stability for different eccentric
loads were first evaluated. Then, the effects of different wet-towing modes and sea conditions on
the stability of the TBJF were investigated. Finally, the optimal wet-towing mode and applicable sea
conditions for the TBJF structure were proposed.

Keywords: offshore wind power; bucket foundation; jacket; integrated wet-towing

1. Introduction

With the ongoing transformation of the global energy infrastructure, offshore wind-
power, as a clean renewable energy has been widely used around the world [1,2]. Compared
with onshore wind power, offshore wind-power has many advantages such as a smaller
ecological footprint, increased stability, and better efficiency [3–6]. According to the Global
Wind Energy Council (GWEC) [7] statistics (see Figure 1), the newly installed capacity
in 2020 was 5206 MW, which achieves a year-on-year increase of 19%, and the global
accumulated installed capacity of offshore wind power has already reached MW.

The stability of offshore wind-turbine foundations is a prerequisite for the safe opera-
tion of wind farms [8,9]. Currently, offshore wind-power foundations, which are commonly
used around the world, mainly include gravity foundation, pile foundation, tri-pod foun-
dation, jacket foundation, bucket foundation, etc. [10–15], as shown in Figure 2. Due to
near-sea conditions, wind resources are limited and the increasing energy demand has
promoted the development of offshore wind power in deeper water areas. [16,17]. The
far-offshore sea area is particularly rich in energy resources, but with a tough environment
and expensive installation costs [18]. The applications of gravity and pile foundations
are not economical for far-offshore conditions [19,20]. The jacket foundation structure,
however, has a large overall stiffness and is less affected by wave and current loads, making
it more suitable for far-offshore areas [21–23]. Furthermore, the bucket foundation enables
a convenient construction and yields excellent bearing capability [24,25]. By combining the
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above advantages of the jacket foundation and the bucket foundation, the triple-bucket
jacket foundation (TBJF) becomes a very promising technology for far-offshore applications.
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Figure 1. Global installed capacity of offshore wind power [7]. 
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Figure 1. Global installed capacity of offshore wind power.

J. Mar. Sci. Eng. 2021, 9, x  2 of 20 
 

 

enables a convenient construction and yields excellent bearing capability [24,25]. By com‐

bining the above advantages of the jacket foundation and the bucket foundation, the tri‐

ple‐bucket jacket foundation (TBJF) becomes a very promising technology for far‐offshore 

applications. 

 

Figure 1. Global installed capacity of offshore wind power. 

 

Figure 2. The most common foundation types around the globe. 

The TBJF consists of the upper‐jacket support structure and the lower‐bucket foun‐

dation structure. It has been successfully installed in offshore wind farms in Germany [26], 

China [27], and other countries in the world. At present, barge transportation and floating 

crane sinking are commonly adopted for multi‐bucket jacket foundation installation [28–

30], as shown in Figure 3. This method is highly dependent on barge and floating cranes, 

which are not conducible to  the reduction  in  the construction period and  the cost, and 

they fail to make full use of the floating stability of the suction bucket itself. 

 

248
1,504 2,042

1,043

3,668
1,254

4,216 5,079 5,194 5,206
3,304

4,808
6,850

7,893

11,561
12,815

17,031

22,110

27,304

32,510

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

Years

In
st

al
le

d
 c

ap
ac

it
y 

(M
W

)

 New installed capacity
 Cumulative installed capacity

Figure 2. The most common foundation types around the globe.

The TBJF consists of the upper-jacket support structure and the lower-bucket founda-
tion structure. It has been successfully installed in offshore wind farms in Germany [26],
China [27], and other countries in the world. At present, barge transportation and floating
crane sinking are commonly adopted for multi-bucket jacket foundation
installation [28–30], as shown in Figure 3. This method is highly dependent on barge
and floating cranes, which are not conducible to the reduction in the construction pe-
riod and the cost, and they fail to make full use of the floating stability of the suction
bucket itself.
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Figure 3. Manufacturing and dry-towing process.

The lower parts of the multi-bucket structure are connected with each other. When it
tilts induced by wave and current load, the air buoyancy in each bucket changes, meaning
a result of the point of total buoyancy is shifted. At this time, there is a restoring moment in-
volving the presence of gravity, which can maintain the integrated stability of the structure
under certain sea conditions. Moreover, the upper jacket structure of the TBJF has a small
water blocking area, small wave and current load suffering, and the convenient installation
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of a lower suction bucket structure. The floating stability and structural characteristics of
TBJF make it promising to achieve long-distance integrated wet-towing. Figure 4 describes
the technical process of onshore prefabrication and debugging, offshore long-distance
integrated wet-towing, and in-site sinking of TBJF. This construction method makes full
use of the floating stability of the inflatable structure bucket. The floating work of “jacket +
suction bucket” can be completed by conventional tugboat towing, which reduces offshore
operations, economizes the construction cost, and contributes to the efficient and large-scale
development of far-reaching offshore wind farms.

J. Mar. Sci. Eng. 2021, 9, x  3 of 20 
 

 

Figure 3. Manufacturing and dry‐towing process. 

The lower parts of the multi‐bucket structure are connected with each other. When it 

tilts induced by wave and current load, the air buoyancy in each bucket changes, meaning 

a result of the point of total buoyancy is shifted. At this time, there is a restoring moment 

involving the presence of gravity, which can maintain the integrated stability of the struc‐

ture under certain sea conditions. Moreover, the upper jacket structure of the TBJF has a 

small water blocking area, small wave and current load suffering, and the convenient in‐

stallation of a lower suction bucket structure. The floating stability and structural charac‐

teristics of TBJF make it promising to achieve long‐distance integrated wet‐towing. Figure 

4 describes the technical process of onshore prefabrication and debugging, offshore long‐

distance  integrated wet‐towing, and  in‐site  sinking of TBJF. This  construction method 

makes full use of the floating stability of the inflatable structure bucket. The floating work 

of “jacket + suction bucket” can be completed by conventional tugboat towing, which re‐

duces offshore operations, economizes the construction cost, and contributes to the effi‐

cient and large‐scale development of far‐reaching offshore wind farms. 

 

Figure 4. Manufacturing and wet‐towing. 

In order to ensure the safety of towing of offshore structures, the analysis of towing 

stability is significant. Towing stability is affected by many aspects (towing technology, 

environmental conditions, ship maneuverability, etc.). The concept of stability was first 

proposed by Bouguer, Atwood, and Moseley, and then scholars carried out a significant 

amount of research on towing resistance, heading stability, and motion response analysis. 

Kishimoto [31] combined the experiments and numerical simulations to  investigate the 

effects, such as the length of towing ropes, the location of towing points, and the condition 

of the disabled ship on the stability of the tug. Park et al. [32] studied towing characteris‐

tics,  i.e., the towing and course stabilities of tug boats, by experiments. Zeng. [33] pro‐

posed a method to match the position of towed points based on the ship’s maneuverable 

motion equation and three‐dimensional dynamic motion equation of the towed cable and 

established the nonlinear global towing dynamics model of the towed cable system. Char‐

ter et al. [34] studied the heading stability of the towing system in shallow water through 

classical towing theory and proposed parameters related to towing stability. Varyani [35] 

conducted numerical simulation on the towing operation of damaged ships and pointed 

out that load was the greatest factor affecting the stability of the towing system of dam‐

aged ships. Based on  the mature  towing  research  [36–39],  the  integrated  long‐distance 

wet‐towing of foundation structures came into being, and it has been successfully applied 

in practical engineering. Due to the good stability of the semi‐submersible platform, the 

WindFloat [40,41] floating fan can float stably on the water and be towed to the installation 

sea area by  tugs. Spanish Elisa/Elican  [42] designed a new  type of self‐floating gravity 

foundation, which realizes the integrated wet‐towing of the foundation‐tower‐unit. The 

Figure 4. Manufacturing and wet-towing.

In order to ensure the safety of towing of offshore structures, the analysis of towing
stability is significant. Towing stability is affected by many aspects (towing technology,
environmental conditions, ship maneuverability, etc.). The concept of stability was first
proposed by Bouguer, Atwood, and Moseley, and then scholars carried out a significant
amount of research on towing resistance, heading stability, and motion response analysis.
Kishimoto [31] combined the experiments and numerical simulations to investigate the
effects, such as the length of towing ropes, the location of towing points, and the condition
of the disabled ship on the stability of the tug. Park et al. [32] studied towing charac-
teristics, i.e., the towing and course stabilities of tug boats, by experiments. Zeng. [33]
proposed a method to match the position of towed points based on the ship’s maneu-
verable motion equation and three-dimensional dynamic motion equation of the towed
cable and established the nonlinear global towing dynamics model of the towed cable
system. Charter et al. [34] studied the heading stability of the towing system in shallow
water through classical towing theory and proposed parameters related to towing stability.
Varyani [35] conducted numerical simulation on the towing operation of damaged ships
and pointed out that load was the greatest factor affecting the stability of the towing system
of damaged ships. Based on the mature towing research [36–39], the integrated long-
distance wet-towing of foundation structures came into being, and it has been successfully
applied in practical engineering. Due to the good stability of the semi-submersible plat-
form, the WindFloat [40,41] floating fan can float stably on the water and be towed to the
installation sea area by tugs. Spanish Elisa/Elican [42] designed a new type of self-floating
gravity foundation, which realizes the integrated wet-towing of the foundation-tower-unit.
The large-diameter suction bucket foundation of the Xiangshui wind farm in China has
achieved the long-distance wet-towing assisted by special ships [43,44], and the integrated
in-site installation of a single unit takes only 10 h [45,46].

At present, there are few engineering cases for the integral wet-towing of the TBJF
composite structure, and the floating characteristics, applicable sea conditions and reason-
able towing mode are still poorly understood. Therefore, in this study, a model test and a
numerical simulation were conducted for the TBJF composite structure. The integrated
static stability of TBJF and the influence of different wet-towing modes and sea conditions
on the wet-towing stability of TBJF were investigated, in order to provide scientific support
for the application of the multi-bucket jacket foundation in practical engineering.
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2. Model Test Preparation
2.1. Similarity Theory

The similarity involving the Froude number and Strouhal number should be satis-
fied between the marine experimental model and the prototype. This can be expressed
as follows:

Vm√
gLm

=
Vs√
gLs

(1)

VmTm

Lm
=

VsTs

Ls
(2)

where, Vm, Lm, Tm are the velocity, wavelength, and period of the model, respectively; Vs,
Ls, Ts are the velocity, wavelength, and period of the prototype, respectively.

Considering the different environments of the model and the prototype, it was neces-
sary to convert the water density, and the ratio was generally γ = 1.025.

Considering both flow similarity characteristics and similarity criteria, the proportion
relationship between the physical quantities of the model and the prototype is shown in
Table 1. The geometric similarity ratio used in this study was λ = 1 : 40.

Table 1. Proportional relationship between model and prototype.

Items Symbol Ratio Items Symbol Ratio

Line scale Ls/Lm λ Period, speed Ts/Tm, Vs/Vm λ0.5

Area As/Am λ2 Frequency fs/fm λ0.5

Volume Vs/Vm λ3 Mass ∆s/∆m γλ3

Linear
acceleration as/am 1 Force Fs/Fm γλ3

Angle θs/θm 1 Moment Ms/Mm γλ4

Water
density ρs/ρm γ

Moment of
inertia Is/Im γλ5

2.2. Model Design

This research involved a 6.7-MW wide-shallow TBJF of a deep-sea wind farm project
in China, which consisted of a top-jacket structure and three identical buckets at the bottom.
The top jacket was 59.5-m high, which consisted of three chord rods with a diameter of
1.8–3 m, three layers of X-type diagonal round rods with a diameter of 0.8 m, and four
layers of transverse support rods with a diameter of 0.8 m. The diameter of the lower
bucket was 20 m, the height was 20 m, and the distance between the center of the bucket
was 44 m, as can be seen in Figure 5. Based on the geometric similarity, in model tests,
the bucket height was 0.5 m, and the diameter was 0.5 m. According to the principle of
gravity similarity, the weight was equal to the Froude number, and a 21.63 kg lead block
was balanced according to the difference—see Figure 6. The basic model parameters are
shown in Table 2.

2.3. Test Arrangements

To study the static stability and wet-towing stability of the TBJF, two model tests were
carried out. The specific research topics of this study were as follows:

(1) The static stability test was carried out to analyze both the natural period variation
law of the TBJF under different draft depths and the pitch and roll variation law of
the TBJF for different drafts and eccentric loads.

(2) The wet-towing stability test was carried out to analyze the stability of the TBJF for
different wet-towing modes and sea conditions. The effects of different draft depths,
positions of towing point, wave heights, and wave periods on the wet-towing stability
were evaluated.
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Table 2. Dimensions of the test model.

Diameter
D/m

Skirt Length
L/m

CoG Heights
H/m

Self-Weight
G/kg

Prototype 20 20 29.74
Model 0.5 0.5 0.7426 48.43

2.4. Test Equipments

The static stability test of the TBJF was carried out in a cubic sink with a 4-m inner-
side length. The inclinometer and acceleration sensor were arranged at the center of the
platform (on the top of the model) to monitor pitch, roll, and acceleration of the TBJF,
respectively. The pressure sensor was installed at the center of each bucket top cover to
monitor the pressure of each bucket. A schematic of the static stability test is shown in
Figure 7.
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The wet-towing stability test of the TBJF was carried out in the harbor basin, which
was 90-m long, 2-m wide, and 2-m deep. It was equipped with a push-plate wave maker
and a bidirectional circulating current-generator system. The wave generation period was
0.5–5 s, and the maximum wave height was 0.5 m. In the test, a constant speed winch
was used to enable towing of the TBJF at a speed of 0.21 m/s. The tension sensor was
connected to the wire rope of the winch to measure the towing-cable force. The schematic
of the wet-towing stability test is shown in Figure 8.
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3. Static Stability of the TBJF

The operating conditions for different draft depths were set to 15 cm, 25 cm, and
35 cm, as can be seen in Table 3.

Table 3. Draft depths used for the TBJF.

Condition Draft Depth Air Ratio Water Ratio

1 15 cm 86.3% 13.7%
2 25 cm 66.3% 33.7%
3 35 cm 46.3% 53.7%
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3.1. Natural Period
3.1.1. Natural Period of Heave

Air had been evenly pumped into the three buckets to enable the TBJF to reach an
initial equilibrium state, then a vertical exciting force was applied to the TBJF, leading to the
heave motion of TBJF; therefore, the natural heaving was monitored. The free attenuation
curve of the heave acceleration of the TBJF in hydrostatic water versus time was recorded
with the acceleration sensor. The test data were sorted and plotted, and the spectrum was
obtained via Fourier transform. The results for the natural period of the heave of TBJF
(for different drafts) are summarized in Figure 8 and Table 4. As shown in Figure 9, with
increasing foundation draft depth, the natural period of heave increased. This was because,
with increasing foundation draft depth, the volume of displaced water, induced by the
walls of each bucket, increased and resulted in a decrease in buoyancy (provided by the
gas in the bucket). Hence, the natural period increased gradually.

Table 4. The natural period of heave for different drafts.

Draft Depth 15 cm 25 cm 35 cm

Natural frequency of heave (Hz) 1.02 0.85 0.7
Natural period of heave (s) 0.98 1.18 1.4
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Figure 9. Natural period for the heave of different drafts. (a) Acceleration of heave variation.
(b) Spectrum diagram of heave variation.

3.1.2. Natural Period of Roll

In the same way as above, a horizontal exciting was applied to the TBJF to perform
a transverse free attenuation movement in hydrostatic water. The results for the natural
period of roll of the TBJF for different drafts are summarized in Figure 10 and Table 5. The
natural period of roll increased with increasing foundation draft depth. The reason was
similar with the heave motion cases. With increasing draft depth, the buoyancy (provided
by the gas in the bucket) decreased gradually, and the natural period increased gradually.

3.1.3. Numerical Simulation

The SESAM software was used to establish the prototype model of TBJF, and mutual
verification between the numerical simulation and the test was carried out. The natural
period, restoring arm, and towing force were compared in this study. The SESAM model
of the TBJF is shown in Figure 11.
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Figure 10. Natural period of roll for different drafts. (a) Roll attenuation curve. (b) Spectrum diagram
of roll attenuation.

Table 5. Natural period of roll for different drafts.

Draft Depth 15 cm 25 cm 35 cm

Natural frequency of heave (Hz) 0.64 0.6 0.56
Natural period of heave (s) 1.56 1.67 1.78
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Figure 11. SESAM model of TBJF.

The prototype of the TBJF was established by finite element software, and the change
in draft depth was achieved by adjusting the water–air ratio in the bucket. The motion
amplitudes of heave and roll at different drafts were calculated. The period corresponding
to the maximum motion response amplitudes of heave and roll was the natural period.

The test results (prototype scale) were compared with the numerical simulation, as
shown in Figure 12. The maximum difference between the simulation and the test results
was within 10%.
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Figure 12. Comparison of test and simulation results. (a) Natural period of heave. (b) Natural period
of roll.

3.2. Static Stability of the TBJF

It was necessary to study the effect of an eccentric load on the stability of the TBJF
because an eccentric load can produce a certain inclination angle for the TBJF. After the
foundation had been inflated and levelled, the ballast blocks were superimposed from
the top cover to the center of the top cover at a fixed distance. The position of the ballast
blocks remained unchanged. With an increasing number of ballast blocks, the eccentric
load increased gradually, and the structure tilted. The variation in inclination angle versus
total mass of the ballast blocks is shown in Figure 13.
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When the draft depth of the TBJF was 15 cm, the total masses of the ballast blocks were
0.5 kg, 1 kg, 1.5 kg, 2 kg, and 2.5 kg in the test. When the draft depth of TBJF was 25 cm
and 35 cm, to ensure that the measured values for pitch and roll changed significantly, the
total masses of the ballast blocks were 1 kg, 2 kg, 3 kg, 4 kg, and 5 kg in the test. It can
be seen from Figure 13 that an increasing total ballast block mass can gradually increase
the pitch and roll generated by the TBJF. Furthermore, with increasing draft depth, the
pitch and roll, which was generated, decreased. This was because the increasing structural
draft could provide a larger restoration force arm for the foundation when tilting, which
decreased the tilting angle.

In the hydroD module, the initial stability of the TBJF in the self-floating state was
studied.



J. Mar. Sci. Eng. 2021, 9, 1152 10 of 18

The tilt angle of the model under the 10-m draft was converted into the restoring
arm and compared with numerical simulation. As shown in Figure 14, the test results
(prototype scale) were close to the numerical simulation results when the tilt angles were
relatively small. Although for greater tilt angles the difference between the test results and
the simulation showed a remarkable increase, the maximum difference was still within 20%.
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Figure 14. Comparison of test and simulation of restoring arm.

4. Wet-Towing Stability of the TBJF
4.1. Effect of the Wet-Towing Mode on the TBJF Stability
4.1.1. Effect of Draft Depth

The towing speed of the model was set to 0.41 knots, and the towing position was
situated 0.05 m above the water surface. The structure initially reached the level state
by adjusting the air pressure for each bucket. The draft depths were 0.15 m, 0.25 m, and
0.35 m, respectively, for towing for regular waves (with a wave height of 2.5 cm and a
period of 1.34 s). The towing conditions are shown in Table 6. The dynamic response of the
TBJF for different draft depths is shown in Figure 15.

Table 6. Towing conditions for different draft depths.

Items Condition 1 Condition 2 Condition 3

Wave height (H/cm) 2.5 2.5 2.5
Wave period (T/s) 1.34 1.34 1.34

Towing speed (V/knots) 0.41 0.41 0.41
Draft depth (h1/m) 0.15 0.25 0.35

Towing position (ht/m) 0.05 0.05 0.05

As can be seen in Figure 15a, the towing force showed a fluctuated variation with the
towing process and a higher draft depth induced to large resistance during the towing
process. Figure 15b shows that, with a continuous increase in the draft, the restoring force
arm increased; therefore, the swaying degree of the foundation structure continued to
weaken during the towing process, and the resulting pitch angle decreased. When the draft
increased from 15 cm to 25 cm, the fluctuation range of pitch decreased from −0.86◦ − 0.51◦

to −0.72◦ − 0.33◦. However, when the draft increased from 25 m to 35 m, the fluctuation
range of the pitch decreased from −0.72◦ − 0.33◦ to −0.71◦ − 0.13◦. This indicates that
the reduction range of pitch of TBJF decreased gradually with increasing draft, and the
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decrease amplitude of the dynamic response of the foundation structure was not obvious.
Therefore, during the model tests, a 25-cm draft depth yielded an appropriate towing
performance, correspondingly on similarity theory, and, in this study, a prototype design
of 10-m draft depth was recommended for the integrated wet-towing of the foundation.
Because the TBJF was symmetrical, air pressure in buckets 2 and 3 were basically similar.
Therefore, only buckets 1 and 2 were selected for analysis. It can be seen from Figure 15c,d
that, with the continuous increase in the draft, the volume of displaced water gradually
increased. Hence, the buoyancy provided by the gas in the bucket gradually decreased,
and the pressure in the bucket continued to decrease.
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Figure 15. The dynamic response of the TBJF for different draft depths. (a) Towing force. (b) Pitch.
(c) Bucket 1 pressure. (d) Bucket 2 pressure.

The SIMA module was used to conduct time domain analysis of TBJF; the single wire
coupling module was adopted to simplify the mooring model; the mooring points were
established; and related stiffness parameters were input according to cable characteristics.
The frequency domain calculated by the HydroD module was imported into the SIMA
module to establish a complete towing model, and the dynamic response in the towing
process was calculated.

The maximum value of the simulated towing force was selected for comparison with
the test results (prototype scale), as shown in Figure 16. Because viscous damping was
ignored in the process of frequency domain analysis in SESAM, the simulation towing
force was slightly smaller than the test results, with a maximum difference of 20%.
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Figure 16. Comparison of test and simulation of towing force.

4.1.2. Effect of the Towing Position

In this section, the towing position was considered, and the dynamic response of the
TBJF was analyzed. The towing conditions are shown in Table 7. The dynamic response of
the TBJF for different towing positions are shown in Figure 17.

Table 7. Towing conditions of different towing positions.

Items Condition 1 Condition 2 Condition 3

Wave height (H/cm) 2.5 2.5 2.5
Wave period (T/s) 1.34 1.34 1.34

Towing speed (V/knots) 0.41 0.41 0.41
Draft depth (h1/m) 0.15 0.15 0.15

Towing position (ht/m) 0.05 0.15 0.25

As can be seen from Figure 17a, when the draft, towing speed, wave height, and wave
period remained unchanged, with the gradual increase in the position height of the towing
position, the change range of the towing force of the TBJF increased slightly. However, this
was not obvious, which means that the towing force was less affected by the change in the
towing position. As shown in Figure 17b, with the gradual increase in the position height
of the towing position, the fluctuation range of the pitch increased gradually. This indicates
that, when the position height of the towing position increased, the recovery torque, which
was provided by the TBJF, decreased. From Figure 17c,d, it can be concluded that changing
the towing position had no impact on the pressure in the bucket of the TBJF. In other words,
the change in the towing position cannot affect the total buoyancy.
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Figure 17. Dynamic response of the TBJF for different towing positions. (a) Towing force. (b) Pitch.
(c) Bucket 1 pressure. (d) Bucket 2 pressure.

4.2. Effect of the Sea Condition on the TBJF Stability
4.2.1. Effect of the Draft Depth

In this section, the effects of the draft depth on and the dynamic response of the TBJF
were analyzed. The towing conditions are shown in Table 8. The dynamic response of the
TBJF for different draft depths is shown in Figure 18.

Table 8. Towing conditions of different draft depths.

Items Condition 1 Condition 2 Condition 3

Towing speed (V/knots) 0.41 0.41 0.41
Draft depth (h1/m) 0.15 0.25 0.35

Towing position (ht/m) 0.05 0.05 0.05

As shown in Figure 18a, when the towing speed of the foundation remained un-
changed, for hydrostatic water, with the gradual increase in draft depth, the water entry
area of the TBJF increased gradually. In addition, the upstream force increased gradually,
which increased the towing force. As can be seen from Figure 18b, the fluctuation range
for pitch gradually increased with increasing draft depth. This was contrary to the result
obtained by the changing draft depths for towing for wave conditions. It can be seen
from Figure 18c,d that, for hydrostatic water, with an increase in the draft, the buoyancy
provided by the air in the bucket decreased gradually, while the pressure in the bucket
decreased gradually. The variations in the pressure in buckets 1, 2, and 3 were almost
the same.

4.2.2. Effect of Wave Height

In this section, the effects of wave height on and the dynamic response of the TBJF
were analyzed. The towing conditions are shown in Table 9. The dynamic response of the
TBJF for different wave heights are shown in Figure 19.

Table 9. Towing conditions of different wave heights.

Items Condition 1 Condition 2 Condition 3

Wave height (H/cm) 2.5 3.75 5
Wave period (T/s) 1.34 1.34 1.34

Towing speed
(V/knots) 0.41 0.41 0.41

Draft depth (h1/m) 0.25 0.25 0.25
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Figure 18. The dynamic response of the TBJF for different draft depths. (a) Towing force. (b) Pitch. (c) Bucket 1 pressure.
(d) Bucket 2 pressure.

The effect of wave height on the towing force of the TBJF is shown in Figure 19a. It can
be seen that increasing wave height can significantly increase the towing force generated
by waves. This also leads to a significant increase in the amplitude and fluctuation range of
the towing force. In a grade-5 wind and wave environment, the foundation sailed against
waves at a speed of around 2.58 knots, and the maximum towing force was about 383.6 T.
In the actual towing process, the towing force under the most unfavorable sea conditions
should be fully considered, and the tug with appropriate horsepower should be selected. It
can also be seen from Figure 19b that, with increasing wave height, the pitch amplitude and
fluctuation range increased, which indicates that the towing stability was gradually getting
worse. The wave height posed a great impact on the integrated stability and dynamic
response of the “Jacket + bucket foundation” composite structure. In the actual project, it
is necessary to select an appropriate sea state period for the integrated wet-towing of the
foundation. It is recommended to carry out long-distance wet-towing in a grade-5 wind
and wave environment. Figure 19c,d shows that the increase in wave height can increase
the amplitude and fluctuation range of the pressure in buckets 1 and 2. This indicates that
the greater the wave height, the clearer is the change in the liquid level difference, inside
and outside the foundation during towing.

4.2.3. Effect of the Wave Period

The effects of the wave period on and the dynamic response of the TBJF were analyzed.
The towing conditions are shown in Table 10. The test results are shown in Figure 20.
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Figure 19. The dynamic response of the TBJF for different wave heights. (a) Towing force. (b) Pitch. (c) Bucket 1 pressure.
(d) Bucket 2 pressure.

Table 10. Towing conditions for different wave periods.

Items Condition 1 Condition 2 Condition 3

Wave height (H/cm) 2.5 2.5 2.5
Wave period (T/s) 1.34 1.50 1.66

Towing speed (V/knots) 0.41 0.41 0.41
Draft depth (h1/m) 0.25 0.25 0.25

The effect of the wave period on the towing force of the TBJF is shown in Figure 20a.
It can be seen that, with the gradual increase in the wave period, the amplitude and
variation spectrums of the streamer force increased. However, the increased rate of the
amplitude of the towing force decreased when the waving period varied from 1.34 s to
1.5 s; correspondingly, the towing force increased by 19%, while the waving period varied
from 1.5 s to 1.66 s, only yielding a 13% increase of in the towing force. Similar effects of
waving periods on pitch were revealed. This indicates that, when the wave period was
close to the natural period, the foundation could produce a large dynamic response, which
should be avoided during the wet-towing process. Figure 20c,d shows that increasing the
wave period can gradually increase the fluctuation range of the liquid level inside and
outside the bucket during towing. As a result, the gradual increase in the variation range
for the pressure in the buckets can occur. Almost similar bucket pressures were found
among buckets 1, 2, and 3.
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Figure 20. The dynamic response of the TBJF for different wave periods. (a) Towing force. (b) Pitch. (c) Bucket 1 pressure.
(d) Bucket 2 pressure.

5. Conclusions

In this study, the static stability of a triple-bucket jacket foundation (TBJF) for different
draft depths and eccentric loads was evaluated through laboratory model tests and numer-
ical simulations. In addition, the wet-towing stability of the TBJF for different wet-towing
modes and sea conditions was investigated. The main conclusions were drawn:

1. The “Jacket + triple-bucket foundation” composite structure performs good self-
stability. With increasing draft depth, the additional water mass of the structure, the
natural periods of heave and roll for the TBJF increased, and the maximum difference
of results between the test and the simulation was within 10%. A greater eccentric
load led to a higher roll and pitch, and the maximum difference of results between
the test and the simulation was within 20%.

2. The integrated long-distance wet-towing of the “Jacket + triple-bucket foundation”
composite structure was applicable. With increasing draft depth, the towing resistance
increased, while the pitch and the air pressure in each bucket decreased. A 10-m
(half-bucket high) draft depth is recommended for the integrated wet-towing of the
foundation. With the increase in the height of the towing position, the towing force
increased slightly, and the fluctuation range of pitch increased. This had a negligible
effect on the air pressure in the buckets.

3. The wave height poses a great impact on the integrated stability and dynamic response
of the “Jacket + triple-bucket foundation” composite structure. With increasing wave
height, the forward speed of the TBJF during the towing process decreased. In
addition, the amplitude and variation range for the towing force as well as the pitch
and the air pressure in each bucket increased. The towing stability became worse. It
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is recommended to carry out long-distance wet-towing within a 2-m wave height and
a grade-5 wind and wave environment.

4. The maximum towing force was revealed rarely beyond 385 knots when the TBJF was
towed at a speed of around 2.58 knots against waves under conditions of a grade-5
wind and wave environment. In the actual towing process, the towing force under
the most unfavorable sea conditions should be fully considered, and the tug with
appropriate horsepower should be selected.

5. When the wave period is close to the structural natural period and the wave height is
large, the structural resonance and destructive dynamic response of TBJF may occur,
which should be avoided in engineering practice.
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