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Abstract. In order to explore the dynamic response of the superstructure and the
deformation characteristics of the site after sand liquefaction of offshore wind
turbine foundation under the combined action of wind, wave and earthquake, a
large-scale shaking table test of offshore wind turbine suction bucket considering
the combined load of wind and wave. According to the research objective and
purpose, this paper expounds the overall design scheme of the test, the design
and preparation of the site and structure, the selection and layout of the sensor,
and the selection and working conditions of the wind, wave and seismic load.
The test results show that under the action of 0.35 g EL Centro wave, the satu-
rated sand site is completely liquefied, the site loses its bearing capacity, the sin-
gle bucket foundation is inclined and pulled out, and the bucket foundation is
completely invalid. In this paper, the variation law of pore pressure and acceler-
ation after liquefaction of saturated sand site is analyzed. This experiment has
achieved the expected goal, indicating that the series of experimental design is
reasonable.

Keywords: Suction bucket foundation; Experimental design; Shaking table
test; Wind-wave combined load; Seismic response.

1 Introduction

In recent years, offshore wind turbine has developed rapidly. By the end of 2022, the
global cumulative installed capacity of offshore wind power reaches 64.3GW, of which
China ranks first with 31.44GW cumulative installed capacity of offshore wind power.
China has abundant offshore wind energy resources, which is three times that of on-
shore wind energy resources[1]. China's offshore wind power development has broad
prospects

Compared with the traditional pile foundation, the suction bucket foundation has a
simpler design, more economical construction cost, can be applied to deeper sea area,
expanding the buildable area of offshore wind power. Offshore wind power foundation
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should not only consider the impact of sea wind, waves on the wind power structure,
but also consider the impact of earthquakes on the wind power structure when it is in
the earthquake-frequent area. Therefore, the working performance and dynamic re-
sponse of offshore wind turbine single- bucket foundation under the combined action
of various loads have attracted the attention of the academic community. Zhu Fangyuan
et al. [2] found the effect of the change of cyclic loading direction on the foundation
stiffness and ultimate bearing capacity of suction bucket; Yuan Minghui et al. [3] in-
vestigated the bearing characteristics of the clay site-suction bucket foundation system
under the combined effect of wind and wave loads; Li Yameng et al. [4] analyzed the
damage mechanism of horizontal and vertical loads on suction bucket foundations in
clay through indoor simulation tests; Xie Yinbiao et al.[5] investigated the damage
mechanism of suction bucket foundations in clay by indoor simulation tests to study
the effects of wind and wave cyclic loads on the bearing capacity of suction bucket.
The results show that under cyclic loading, the horizontal bearing capacity of the foun-
dation increases with the increase of foundation burial depth; The larger the cyclic load,
the lower the bearing capacity of the foundation; Li Jingyi et al.[6] carried out a large-
scale shaking table test to analyze the superporous water pressure and acceleration of
single and composite bucket foundations under seismic action, and clarified the inhibi-
tion effect of the bucket foundation on superporous water pressure and acceleration.
Luo Lunbo et al.[7] investigated the relationship between cyclic loading and horizontal
bearing capacity of suction bucket foundation through indoor model test; Liu Xixi [8]
investigated the effects of wave height, suction bucket dimensions and peripheral scour
of suction bucket foundation; Nielsen et al.[9] investigated the effects of suction bucket
foundation under cyclic loading in saturated dense sand on the suprapore hydraulic
pressure and cumulative turning angle of foundation soil; Liu Meimei et al.[10] inves-
tigated the effect of different height-to-diameter ratios of suction bucket on bearing
capacity and illustrated the damage mechanism of suction bucket under horizontal load-
ing; Kou Hailei et al.[11] investigated the effect of different load cycling ratios on the
bearing capacity and cumulative corner of suction bucket in sandy foundation through
indoor simulation tests.

At present, domestic and foreign scholars have done a lot of research on the bucket
foundation of offshore wind turbines, but there is still a lack of research on its seismic
performance. Due to the large stiffness of the structure itself, the probability of struc-
tural damage under the action of earthquake is small. The important reason for the fail-
ure of the foundation is that the liquefaction of the foundation soil leads to the excessive
displacement of the foundation structure, and then loses the bearing capacity. In this
paper, the dynamic response law of offshore wind turbine single bucket foundation in
liquefiable site under the combined action of horizontal load and earthquake is carried
out by 1g shaking table test, and the factors of bucket foundation instability are ana-
lyzed.
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2 Description of Large-Scale Shake Table Test

2.1 Test Facilities

The overall objective of this test is to study the dynamic response of single-cylinder
offshore wind turbine under seismic load, to reveal the dynamic response of offshore
wind turbine superstructure and the deformation characteristics of the site under the
combined action of wind and wave load. The wind turbine model is based on a 6.45
MW wind turbine. The test is divided into two stages: (1) The cyclic action stage of
wind wave load on wind turbine structure. (2) The combined action of wind wave load
and earthquake.

The test was carried out on the simulated earthquake shaking table in the Seismic
Testing Laboratory of Beijing Institute of Technology. The main technical parameters
are as follows: the table size is 3 mx3 m, the working frequency is 0.4-50 Hz, the max-
imum load is 10 t, the maximum tilting moment is 30 t-m, the maximum acceleration
that can be exerted in the horizontal direction when the table is fully loaded is 1.0 g,
and the maximum velocity is 600 mm/s. As shown in Fig. 1, the net dimensions of the
laminar shear model soil box were: length 2.5 m, width 1.4 m, height 1.38 m.

Fig. 1. Laminar shear box and shaker table top view

2.2  Site Properties and Preparation

In order to simulate the use of actual single-cylinder offshore wind power foundation,
the test site is composed of 0.02 m clay layer, 0.48 m saturated sandy soil layer with
60% uniformity and 0.7 m dense sand layer with 85% densification from top to bottom.
A river sand was used for the test, and the physical properties of the adopted sand and
soil were tested before the test, and the parameters of the sand used for the test were
obtained as shown in Table 1, and the particle grading of the sand and soil was shown
in Fig. 2.
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Table 1. Physical parameters of saturated sand
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Fig. 2. Sand particle grading curve for testing

The dense sand layer at the bottom layer is prepared by the combination of layered
compaction and static pressure., the saturated sand layer is prepared by sand rain
method. [12]. The water table line was set on the surface of the saturated sand soil layer.
At the same time, 0.02m thick clay layer was prepared above the saturated sand soil
layer. After the site preparation was perfected, it was rested for 12h to ensure that the
sandy soil layer was fully saturated and then the test was carried out.

2.3 Bucket Foundation-superstructure Design and Fabrication

The main focus of this test is to qualitatively analyze the effect of environmental loads
such as wind and waves on the seismic response of the cylinder foundation from a
research point of view, thus focusing on the similarity ratio between the site and struc-
tural stiffness. The ground structure takes inertia force and lateral stiffness as control
factors. According to Bukingham-n theorem, the model structure selects length, elastic
modulus and acceleration as the basic physical quantities; the model soil selects shear
wave velocity, density and acceleration as the basic physical quantities, and the simi-
larity relationship of the model system can be determined, which is shown in Table 2.

Table 2. Model system similarity relationships and similarity ratios

Similarity ratio

Typology Physical quantity Resemblance . Modelled
Modelling . .
foundation soil
Geometric Length S, S 1/70 1/4
feature Linear displacement 7 S.= S 1/70 1/4

Material equivalent density p S,= S/ SiS, 70 1
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character- modulus of elasticity £ Sk 1 /
istics Soil shear wave speed V S, / 12
Shear modulus of soil G Se / 1/4

bending rigidity £/ Ser= Sg S 1/704 /

compressive stiffness £4 Se=Se S? 1/702 /

Mass m 5,=5,5° 1/(4¥70") /

Dynamic Force F SF=5,57S, 1/(4*702) /
behaviour Stresses o S,= SiS.S, 1/4 1/4

Strains ¢ S.= SiS.S,/Sk 1 1

The superstructure of the wind turbine is simplified into mass blocks. The prototype
of the single-cylinder-base-superstructure and the dimensions of the model after 1:70
similarity ratio similarity are shown in Table 3. The model of the cylinder foundation-
superstructure is shown in Fig. 3.

Table 3. Bucket foundation-superstructure prototype and model dimensions

Physical quantity Original form Model
Tower length/m 85 1.2
Tower wall thickness/mm 60 1
Tower diameter/m 7.5 0.1
Transition section wall thickness /mm 75 1
Diameter of transition section /m 10 0.14
Bucket wall thickness/mm 60 1
120mm
F 5mm ¥ 35mm & ‘-‘_"
[« 100mm
1580mm
Gear Loading Position
1850mm — 30mm |
2230mm |«—=| 140mm S | 4] 140mm
270mm lcim
K3 1000mm
120mm
Smm > Smm :M R
340mm l | |

| 340mm |

Fig. 3. Schematic diagram of monocular foundation and superstructure

2.4  Sensor Selection and Layout

In order to study the seismic response law of single bucket foundation, accelerometers
and pore pressure gauges are arranged at different depths in the bucket foundation. Ac-
celerometers and pore pressure gauges are arranged near the outer wall of the cylinder
at the same depth to study the seismic response. The accelerometer and pore pressure
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meter are arranged far away from the cylinder wall to study the seismic response law
of the free field site. Strain gauges are symmetrically arranged along the seismic direc-
tion on the cylinder wall and the tower structure to measure the strain response of the
structure. Accelerometers are arranged at the top of the structure and in the middle of
the tower to measure the dynamic response of the structure. The sensor layout of mo-
nocular foundation test is shown in Fig. 4.
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Fig. 4. Schematic diagram of single-barrel sensor layout

2.5  Ground Vibration Selection and Input Program

In this experiment, white noise, LEAP wave and EL-Centro wave were selected as the
input shock. The seismic acceleration time scale and Fourier spectrum are shown in
Fig. 5 and Fig. 6. In order to study the seismic response of the system when the soil is
not sufficiently softened under small earthquake excitation, the small earthquake exci-
tation process of leap wave with a peak value of 0.1g and the liquefaction process of
EL-Centro wave with a peak value of 0.35¢g are input. Table 4 shows the test loading
scheme. In order to ensure that the excess pore water pressure of the site can be com-
pletely dissipated, sufficient time left between two seismic loads.
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Fig. 5. Time history and Fourier spectrum of LEAP earthquake acceleration
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Fig. 6. EL-Centro seismic acceleration time course, Fourier spectrum

Table 4. Test loading conditions

Interval ti
Peak ground nterval time

Motion Ground motion ID . Time/s between events

acceleration /g .
/min

1 White noise 0.1 30 -

2 Leap 0.1 30 30

3 White noise 0.1 30 -

4 El-Centro 0.35 30 30

5 White noise 0.1 30 -

2.6  Selection and Application of Combined Wind and Wave Loads

With a hub height of 110m and an impeller diameter of 175m, the wind load acting on
the blades of the 6.45MW model can be up to 2MN, while the horizontal load caused
by wave action can be approximated as a sinusoidal load with a size of 4MN at 40m
above the mud surface. Therefore, the loads on the 6.45 MW model are as follows:

Horizontal load F'=F, + F, =6MN .
Overturning moment M =F, x L, + F x L, =460MN -m .

The horizontal combined force is 6MN and the overturning moment is 460MN-m,
which is equivalent to the sinusoidal load applied at a position about 80m above the
mud surface. According to the similarity ratio of 1:70, the test load is a horizontal si-
nusoidal load of 20N applied at a position 1m from the bottom of the cylinder founda-
tion, and the sinusoidal load is applied by a high-precision servo motor gear unit.
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3 Preliminary Results of the Experiment

3.1 Pore Pressure Ratio of Saturated Sand Layer and Dense Sand
Layer

Fig. 7 shows the time history of excess pore pressure ratio of dense sand layer and
saturated sand layer under 0.35 g ground motion test condition, where KY8 is the top
measuring point of saturated sand layer, KY10 is the bottom measuring point of satu-
rated sand layer, and KY'11 is the measuring point of dense sand layer. From the dia-
gram, it can be seen that when the 0.35 g EL-Centro ground motion input, the excess
pore pressure ratio of the saturated sand layer all reaches 1, the saturated sand layer is
completely liquefied, the excess pore pressure ratio of the dense sand layer is 0.5, and
the dense sand layer is not liquefied.
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Fig. 7. Partial time history of soil excess pore pressure ratio

3.2 Soil Acceleration Response

Fig. 8 shows the acceleration time history of soil under the ground motion test condition
0f 0.35g. It can be seen from the figure that the dense sand layer has an amplified effect
on the soil acceleration, while the saturated sand layer significantly decreases the soil
acceleration. This is because the saturated sand layer of the site is liquefied under the
action of strong earthquake, the soil stiffness decreases, the shear wave is difficult to
transmit upward, and the acceleration decreases rapidly. At the same time, it can be
seen that the combined load of wind and wave has little influence on the site. Fig. 9
shows the Fourier spectrum of soil acceleration under ground motion test conditions of
0.35g. Compared with the Fourier spectrum of the original wave in Fig. 7, it can be
seen that the liquefaction of the site will cause the high-frequency part to be filtered
and the low-frequency part to be amplified.
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Fig. 9. Fourier spectrum of soil acceleration

3.3  Seismic Response Macro Phenomena and Failure Modes

As shown in Fig. 10, comparing the surface state of the soil before and after the test, it
can be found that there is less water on the surface of the soil before the test, and the
surface is flat. After the input of 0.35 g EL seismic record, there is a large amount of
water on the surface of the soil layer, and there are multiple sandblasting water points
on the surface of the soil, accompanied by sand gushing. This phenomenon also shows
that the saturated sand layer has been completely liquefied.

(a) Water bubbling up from sandblasting on (b) Water accumulation on the soil surface

the soil surface after the test

Fig. 10. Soil surface before and after the test

As shown in Fig.11, Under the action of 0.35 g EL wave earthquake, the bucket
foundation and the upper structure are significantly inclined. The settlement on the side
of the bucket foundation reaches 5 cm, the horizontal displacement of the tower top
along the seismic direction reaches 30 cm, and the inclination angle of the tower top
reaches 10 °, which exceeds the design requirements of the specification. There is a
significant pull-out phenomenon at the bottom of the bucket foundation, which is
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consistent with the failure mode of the bucket foundation predicted in the experimental
design. This also shows that the fully liquefied saturated sand layer completely loses its
bearing capacity and the' bucket foundation completely fails.

N

(a) Cylinder foundation tilting phenomenon (b) Tilting of tower and superstructure

Fig. 11. Inclination oftest cylinder foundation and superstructure

4 Conclusion

This paper introduces in detail the scheme and design method of single-bucket founda-
tion vibration table test for offshore wind turbine considering the combined action of
wind, wave and seismic loads. The liquefaction law of the site under earthquake is
briefly analyzed. The main conclusions are as follows:

(1) According to the results of the experiment of saturated sand ground liquefaction
phenomenon, significantly more than phenomenon, water spray take sand liquefaction
of super pore pressure ratio reflects the saturated sand layer all reach liquefaction, ac-
celeration and liquefied layer are obviously inhibited effect.

(2) The results after recreates the saturated sand liquefaction monocular tilted foun-
dation after loss of bearing capacity of structure formation and the barrel of foundation
settlement, pull out the macroscopic phenomenon along the direction of earthquake
ground motion input, achieve their goals and record the reliable data.

There are still some deficiencies in this study:

(1) In this study, the bucket foundation is completely in the saturated sand site, while
in the actual project, the bucket foundation may be partially in the saturated sand foun-
dation. Therefore, further analysis of various soil conditions can be carried out in the
next study.

(2) Due to the limitation of test equipment conditions, the wind and wave loads con-
sidered in this study are only simplified to concentrated simple harmonic waves acting
on the tower barrel. In the follow-up study, the influence of wind and wave loads on
the wind turbine can be further considered.
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