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Abstract

:

The suction installation process for bucket foundations for offshore wind turbines (OWTs) can cause the formation of soil plug within the bucket, which can affect the seismic performance of the OWT. Therefore, it is important to evaluate the influence of soil plug on the seismic performance of OWT on bucket foundations. In this study, a comprehensive set of high-fidelity solid–fluid coupled dynamic numerical simulations are conducted to analyze the seismic response of bucket foundations with a focus on the influence of soil plug and its potential mitigation. The influence of different bucket models, seabed soil densities, seabed inclination and reinforcement types, as well as soil plug removal techniques, are investigated. The results clearly show that the existence of soil plug has a significant unfavorable influence on the seismic performance of OWT on bucket foundations, especially for wide bucket foundations in mildly inclined seabeds, and should be considered in seismic design. Reinforcement methods, such as the application of an inner compartments, outer wings and inner pile, can improve the seismic performance of OWT on bucket foundations, with the application of an inner compartment being the most effective. Soil plug removal can alleviate the negative influence of soil plug, and should be adopted when possible.
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1. Introduction


Wind energy is one of the fastest growing renewable energy sources [1,2]. The safety of wind turbines is crucial to the stability of harnessing wind energy. Under seismic conditions, soil liquefaction may cause damage to wind turbine foundations, such as during the 1986 North Palm Springs earthquake and the 1992 Northridge earthquake in the United States [3,4], and the 2011 Tohoku earthquake in Japan [5]. Currently, an increasing number of offshore wind turbines (OWTs) are being planned and constructed in seismically active zones [6,7,8,9], with a notable proportion of them adopting the bucket foundation due to cost- and time-efficiency.



Cui et al. [10,11] and Meng et al. [12] conducted studies to investigate the horizontal and longitudinal dynamic interaction of a coupled soil–pile system. Compared with traditional monopile foundations, the influence of the interaction between the bucket and soil should also take into account the interaction between the bucket and both the outside- and inside-bucket soil. In addition, bucket foundations can be more susceptible to liquefaction-induced seismic damage due to their shallow burial depth [13], especially in mildly inclined seabeds often encountered in offshore environments [14,15,16]. Additionally, the suction installation process for bucket foundations could lead to the formation of soil plug within the bucket that is higher than seabed, reducing the installation depth of the foundation [17,18,19,20,21,22], which could affect the interaction between the bucket and inside-bucket soil and further its seismic performance.



With the rapid application of bucket foundations for OWT, numerous studies have focused on the seismic response of bucket foundations. Yu et al. [23], Wang et al. [24], Olalo et al. [25], Wang et al. [26], Wang et al. [27], Li et al. [28] and Zayed et al. [29] conducted studies to investigate the factors influencing the seismic response of bucket foundations through centrifuge shaking table tests. Asheghabadi et al. [30], Gao et al. [31], Gao et al. [13], Wang et al. [32] and Zayed et al. [29] studied the seismic response of bucket foundations in liquefiable seabeds via numerical analysis, focusing on the influence of bucket foundations’ depth-to-diameter ratio, sand density, soil permeability and earthquake magnitudes. Esfeh et al. [33] and Ueda et al. [34] found that soil liquefaction may lead to a significant permanent tilt of bucket foundations under seismic load. Kourkoulis et al. [35] and Zhang et al. [36] analyzed the influence of soil–bucket dynamic interaction and interface properties on the seismic response of bucket foundation. Eslami et al. [37] compared the seismic response of OWT on monopiles and suction bucket foundations, and found that the geometric shape of the foundation imposes a complex influence. Qu et al. [16] revealed the nonnegligible effect of mild seabed rotation on the seismic performance of OWT on suction buckets within liquefiable soils. Liu et al. [38] studied the soil plug effect on the vertical dynamic response of piles, but there have yet to be studies on the influence of soil plug for the seismic performance of suction bucket-based OWTs.



To improve the static and dynamic stability of bucket foundations, various forms of reinforcement have been proposed, including arranging inner compartments within the bucket and wings outside the bucket and installing a pile within the bucket [39,40,41,42,43,44]. In addition, some novel types of composite bucket foundations have also been proposed, e.g., mat foundation with buckets [45,46,47]. To alleviate the undesired influence of the soil plug, Chen et al. [48], An et al. [49], He et al. [50] and Wang [22] proposed methods to limit or remove the soil plug formed during suction bucket installation. However, the effects of these reinforcement and soil plug removal techniques on improving the seismic performance of bucket foundations have yet to be comprehensively investigated.



During the installation of the suction bucket, the inside-bucket soil is disturbed, and a soil plug is often formed, which is known to be unfavorable for the stability of the foundation. This study aims to use a high fidelity soil constitutive model and numerical simulation method to evaluate the influence of soil plug on the seismic performance of OWT bucket foundations in both horizontal and inclined liquefiable seabeds, which has yet to be reported. The effectiveness of various reinforcement and soil plug removal techniques on improving the seismic performance of OWT bucket foundations that suffer from the formation of soil plug is also assessed. The details of the numerical analysis method are provided in Section 2. The influence of soil plug on the seismic response of bucket foundations is analyzed in Section 3. The effects of different reinforcement methods and the removal of soil plug on bucket foundations’ seismic performance are discussed in detail in Section 4 and Section 5, respectively.




2. Numerical Method


2.1. The OWT Model


In this study, two basic bucket foundation models with the same amount of steel usage were adopted. For the Wide Bucket Foundation (WBF) model, the bucket foundation had a diameter of 20 m and a height of 10 m. For the Deep Bucket Foundation (DBF) model, the bucket foundation had a diameter of 13 m and a height of 19.83 m. The wall thickness of the buckets was set to be 0.04 m. The remaining geometric parameters of the two bucket models were the same. The tower of the OWT was 80 m high and 5 m in diameter. The superstructure of the OWT was 250 t in mass (including generator, nacelle, rotor blade, etc.). The bucket used steel with a density of 7.9 × 103 kg/m3, Poisson’s ratio of 0.3 and Young’s modulus of 210 GPa.



Six reinforced bucket foundation models were also constructed based on the two basic models to analyze the effect of different reinforcement types on seismic performance. The reinforcement types considered in this study included inner-compartments within the bucket, outer-wings outside the bucket and a combination of pile with bucket. The geometric and reinforcement types of all eight bucket foundation models are listed in Table 1, including the Deep Bucket Foundation (DBF), Deep Inner-Compartment Bucket Foundation (DBF-C), Deep Pile-Bucket Foundation (DBF-P), Deep Outer-Wings Bucket Foundation (DBF-W), Wide Bucket Foundation (WBF), Wide Inner-Compartment Bucket Foundation (WBF-C), Wide Pile-Bucket Foundation (WBF-P) and Wide Outer-Wings Bucket Foundation (WBF-W). Figure 1 visually depicts these eight models. Similar to the design of the two basic models, the reinforcement for the deep and wide models also had the same amount of steel usage for fair comparison.




2.2. Seabed Soil Specification


In this study, dynamic solid–fluid coupled analysis using a plasticity constitutive model for seabed soil was conducted using the finite difference code FLAC3D [51]. The finite difference software FLAC3D is a widely used geotechnical engineering numerical analysis software [51]. FLAC3D is based on the explicit Lagrangian finite difference algorithm. The nature of the algorithm makes it robust for the large deformation of the computational grid, which is very suitable for the calculation of soil liquefaction-related problems involving large deformation and strong nonlinearity. This approach has been validated by Qu et al. [52]. The unified plasticity model for the large post-liquefaction shear deformation of sand (CycLiq) was developed by the authors in Wang et al. [53], and is used in this study to model the dynamic behavior of seabed soil. This unique model can simulate the mechanical behavior of sand in different states from pre- to post-liquefaction under monotonic and cyclic loading. The model has been implemented in FLAC3D [54], and has been successfully applied to various geotechnical earthquake engineering problems, including soil–pile interaction, quay wall analysis, underground structure analysis, etc. [55,56,57,58,59,60]. The 14 model parameters used in this study are shown in Table 2, which contains the elastic modulus constants of    G 0    and  κ , the plastic modulus parameter of h, the critical state parameters of M,    λ c  ,      e 0    and   ξ ,   the state parameter of    n p    and    n d   , the reversible dilatancy parameters of    d  r e , 1     and    d  r e , 2     and the irreversible dilatancy parameters of    d  i r    ,   α     and    γ  d , r    . The parameters used in this study are within reasonable ranges documented by Wang et al. [53] and Zou et al. [54]. The simulation results for a typical undrained cyclic torsional shear test of the sand with a void ratio of 0.65 using the constitutive model and designated parameters are shown in Figure 2a,b, which is representative of the typical cyclic liquefaction behavior of sand.



The hypothetical liquefiable sand has a maximum dry density of 1.70 × 103 kg/m3, a minimum dry density of 1.41 × 103 kg/m3 and a specific gravity of 2.65. Two different relative densities were considered in this study, including 50% and 80%, to check the consistency for the findings from the relatively loose and dense sand. The 50% relative density simulations were used as benchmark. The basic properties of the standard sand used in this study are listed in Table 3. Many offshore wind turbines are located in mildly inclined seabeds, such as the Rudong offshore wind turbine in Jiangsu, China, where the seabed inclination of the wind turbine is 0.68 ° . Both horizontal and mildly inclined seabeds are considered, with the slope of the inclined seabed analyzed in this paper being 0.85 °  (same as Qu et al. [16]).



To model the influence of soil plug, the height of the soil plug needs to be determined, along with the soil density and permeability within the bucket, both of which are affected by the formation of the soil plug. The height of the soil plug, in practice, is generally observed to be 30–50 cm [61,62], moreover the soil plug inside the suction bucket foundation of the GORM oil field installed in sand was reported to have reached 3 m [17,49]. Based on these typical values, the height of the soil plug in the wide bucket foundation was set at 0.36 m, while the height of the soil plug in the deep bucket foundation was set at 0.7 m in this study. The soil density within the two bucket models (DBF and WBF) were therefore the same, but less than that of the outside soil, under the assumption of mass conservation during installation. For the case of an outside soil of 50% relative density, this means that the inside-bucket soil is at 30% relative density, whereas it is 62.4% for the 80% relative density case. In terms of permeability, Tran et al. [63] found that the permeability coefficients of inside soil can be twice that of outside soil due to the loosening of soil during suction installation. Therefore, the ratio of permeability coefficient of soil inside and outside the bucket was set to 2:1. Liu et al. [64] and Zhu et al. [57] tested the permeability coefficient of Fujian sand by constant head tests. The permeability coefficient of sand was adopted within the range of these previous tests in this paper, as shown in Table 3. Regarding the simulations for the effect of soil plug removal, the excess height of the soil plug was removed, while retaining the reduced density and increased permeability of the inside bucket soil.




2.3. Numerical Simulation Program


In this study, a total of 44 numerical simulations were conducted to account for the different bucket models, reinforcement types, seabed soil densities, seabed rotation and soil plug existence, and are listed in Table 4. Simulations 1–4 and 5–8 analyze the influence of soil plug on seismic response in horizontal and mildly inclined seabeds of 50% relative density, respectively. These seabed soil simulations were repeated for a dense seabed soil setting (80% relative density) in simulations 9–16. The influence of different reinforcement types was analyzed in simulations 17–28, for both horizontal and inclined loose seabeds with soil plug. Simulations 29–44 assessed the effect of reinforcement type on soil plug removal.



The numerical model of the simulation for the deep bucket foundation is shown in Figure 3. In FLAC3D, solid–fluid coupling is achieved by solving both the equilibrium of the solid and fluid phases sequentially [51]. The bucket foundation was simulated using liner structural elements, which can consider the interaction between bucket and soil. The turbine tower was simulated using shell elements, with a height of 80 m and a diameter of 5 m. The bucket foundation and turbine tower had a density of 7.9 × 103 kg/m3, Poisson’s ratio of 0.3 and Young’s modulus of 210 GPa. The superstructure of OWT was modeled as a circular shell element, with a thickness of 0.4 m, a diameter of 5 m and a density of 31.85 × 103 kg/m3. The seabed soil model was 150 m long, 150 m wide and 40 m high to limit the influence of boundary effect [65], and the free field condition under horizontal shaking was achieved using the tied boundary, where the nodes of the same height on the left and right boundaries of the model were forced to follow the same motion. Minimal Rayleigh damping was used for seabed soil, considering that the constitutive model inherently included damping. A free drainage condition was applied at the soil surface. Regardless of the influence of the water pressure above the soil surface, which was the same on both sides of the bucket, the pore pressure of the soil surface outside the bucket was set to the same water pressure value as the height of the soil plug, and the pore pressure of the soil surface outside the bucket was set to 0 for the condition without the soil plug. The left, right and bottom boundaries of the model were undrained. Liner structural elements simulated the relative sliding and separation between the soil and bucket, which adopted the Mohr–Coulomb model. The normal coupling spring stiffness    k n    and shear coupling spring stiffness    k s    were set according to the stiffest neighboring zone [51]. The strength parameters were taken as c = 0 kPa and friction angle   φ = 20 °   following existing studies [37,51,66,67]. Horizontal seismic input was applied to the base of the model. Referring to several typical OWT projects in China, including the Jiangsu Dafeng 300MW offshore wind farm with design peak ground acceleration of 0.2 g (0.3 g) [68,69,70], the input motion with peak acceleration of 0.23 g was used in this study. The input motion was scaled from the 1966 Parkfield ground motion, as shown in Figure 4. It should be noted that different input motions will cause different quantitative results, but do not affect the qualitative influence of the soil plug, which is the main focus of this study.





3. Influence of Soil Plug on OWT Bucket Foundation Response


By comparing the results of bucket foundation response analysis with and without soil plug (simulations one–four and five–eight in Table 4), the influence of the soil plug can be identified. For the wide bucket foundation (WBF), the acceleration time histories of seabed soil and OWT superstructure at different positions in 50% relative density inclined liquefiable seabeds with and without soil plug are shown in Figure 5 (simulations seven and eight). The soil plug had almost no influence on the acceleration of the far field soil, as expected. Attenuation of acceleration was observed in the far field soil due to the softening and liquefaction of soil, especially near the seabed surface, as shown in Figure 5a–c. The confining effect of the bucket skirt led to the amplification of acceleration in the inside-bucket soil, which was consistent with the centrifuge test observations in Qu et al. [16]. Compared with the case without soil plug, the presence of soil plug caused slight amplification of acceleration for inside-bucket soil, bucket and turbine, as shown in Figure 5d–f. The peak accelerations of the bucket and turbine were 1.28 m/s2 and 0.99 m/s2 when there was soil plug in the bucket, respectively, which were 1.22 and 1.16 times that of the case without soil plug, as shown in Figure 5e,f. This was mainly caused by the raised height of the structure, as the soil plug prevents the bucket from full penetration.



For the wide bucket foundation, the excess pore pressure time histories of seabed soil at different positions in simulations seven and eight are shown in Figure 6. Soil liquefaction was determined when the excess pore pressure was equal to the initial vertical effective stress. The initial vertical effective stress of the ground soil inside the bucket was higher compared with the free field due to the weight of the superstructure of OWT, and liquefaction should be determined based on the stress state considering such influence. The results show that the far field seabed soil was liquefied at 2.0 m depth, which was not influenced by the soil plug (Figure 6a). For near field, a stronger fluctuation in excess pore pressure was observed due to the interaction between bucket, soil and liquefaction was also reached at 2.0 m depth (Figure 6b). Within the bucket, greater excess pore pressure was generated due to the high initial effective stress caused by the self-weight of the superstructure of OWT, compared with that of near field and far field soil at the same depth, and was far from achieving liquefaction (Figure 6c). The existence of the soil plug significantly increased the accumulation of excess pore pressure in the soil inside and under the bucket (Figure 6c,d), which was associated with the increased structure response.



More directly related to the seismic performance of the bucket foundation was its seabed displacement and rotation. The influence of soil plug on horizontal displacement time histories at the top of the bucket foundation for DBF and WBF in horizontal and inclined seabeds are shown in Figure 7 (simulations one–eight), where H represents horizontal ground and I represents inclined ground. The existence of soil plug led to an increase in the maximum horizontal displacement of bucket foundation in horizontal and inclined ground. In horizontal seabed, a slight increase in peak displacement was observed with soil plug, with almost no residual displacement. In inclined ground, an accumulation of horizontal displacement was observed, and the existence of soil plug significantly increased the residual horizontal displacement.



For a more straightforward comparison of the influence of soil plug on bucket displacement, Figure 8 plots the maximum horizontal displacement in liquefiable seabed for the scenarios (simulations one–eight). For the deep bucket foundation, the maximum horizontal displacement of the bucket foundation increased by 13.6% in the horizontal seabed and by 17.4% in the inclined seabed due to the existence of the soil plug. For the wide foundation, the maximum horizontal displacement of the bucket foundation increased by 18.8% in the horizontal seabed and by 22.7% in the inclined seabed due to the existence of the soil plug. Clearly, the soil plug imposed an undesired influence on the seismic performance of the bucket foundation, which was stronger for the shallower wide foundation. The residual horizontal displacement of the WBF in inclined ground was 0.146 m, which is within the failure horizontal displacement criterion of 3–6% bucket diameter [71].



The bucket foundation rotation time histories in liquefiable seabeds (simulations one–eight) are shown in Figure 9. In horizontal seabed, soil plug caused a major amplification in the rotation of WBF, whereas in inclined seabed, it amplified the residual rotation of WBF and DBF. In particular, in inclined seabed, soil plug caused the maximum rotation of the WBF to reach 1.51 ° , while it also increased the rotation of the DBF from 0.235 °  to 0.275 ° , exceeding the failure rotation criterion of 0.25 °  [72].



The maximum rotations of WBF and DBF in horizontal ground and inclined ground with and without soil plug are directly compared in Figure 10. The maximum rotation of DBF increased by 13.4% in horizontal ground and by 17.0% in inclined ground with soil plug, while the maximum rotation of WBF increased by 3.6% in horizontal ground and by 58.8% in inclined ground with soil plug. In general, the WBF was more significantly impacted by the soil plug. These results suggest that it is important to consider the potential undesired influence of soil plug in the seismic design of OWT on bucket foundations, especially in inclined seabeds.



Compared with the residual horizontal displacement in the shaking direction (X) of 0.146 m for the wide bucket foundation, the horizontal residual displacement in the direction perpendicular to shaking (Y) was only 0.0049 m (as shown in Figure 11), which is negligible. Therefore, only the horizontal response in the X direction is analyzed from hereon.



The settlement time histories at the left and right corner points of the wide bucket foundation (WBF) in inclined liquefiable seabeds are shown in Figure 12. The existence of soil plug increased the nonuniform settlement of bucket, where a slight increase in the peak settlement in the right point of bucket was observed.



The above analysis is based on a relatively loose (50% relative density) seabed scenario. Similar observations can also be made for a dense seabed with 80% relative density. The maximum horizontal displacement of DBF and WBF in 80% relative density seabed soil are shown in Figure 13a. The maximum horizontal displacement of the bucket foundation in horizontal seabeds increased due to the soil plug, but by a much smaller portion (less than 1%). In inclined ground, the maximum horizontal displacement of the DBF increased by 11.4%, and that of the WBF increased by 15.2% with the presence of soil plug.



The maximum rotations of DBF and WBF in 80% relative density seabed soil are shown in Figure 11b. For DBF, the maximum rotation of bucket foundation increased by 2.0% in horizontal ground and by 5.2% in inclined ground due to the presence of soil plug. For WBF, it increased by 2.9% in horizontal ground and by 5.0% in inclined ground. In the dense seabed, the influence of soil plug was less significant compared with in looser seabed.




4. Seismic Response of Bucket Foundation with Different Reinforcement Types


It is clear from the aforementioned analysis that the existence of soil plug has a negative influence on the seismic performance of OWT on bucket foundations in liquefiable seabeds. Therefore, it is important to evaluate the potential improvement in performance when various reinforcement methods are adopted, especially for the more unfavorable inclined seabed conditions. The influence of three reinforcement types for the wide and deep bucket foundations was studied (simulations 6, 8 and 17–28 in Table 4).



According to the time histories of excess pore pressure in seabed soil (Figure 14), the presence of the inner compartment (WBF-C) significantly reduced the excess pore pressure within the bucket foundation, while the reduction of excess pore pressure caused by other reinforcement types were less significant. For near field soil, the presence of the outer wing (WBF-W) reduced the excess pore pressure most significantly. In addition, the soil under the bucket was also reduced, especially by the pile in WBF-P. The reduction in excess pore pressure means that the near field soil would have better resistance to deformation compared with the corresponding case without reinforcement. Similar observations can be made for the deep bucket foundation, and was not repeated for brevity.



The effect of different reinforcement types on the displacement and rotation of the bucket foundation was found to be slightly different for deep and wide foundations. For the deep bucket foundation, it was found that the horizontal displacement and the rotation of the bucket foundation was the smallest for DBF-C (Figure 15), especially in terms of rotation, indicating that the reduction in excess pore pressure in soil within the bucket had the greatest influence. The effect of the outer wings and inner pile were unsatisfactory, having marginal influence on limiting the rotation of the bucket. The influence of reinforcement types on maximum bucket displacement and rotation for deep bucket foundation in both horizontal and inclined seabeds are shown in Figure 15c,d. In horizontal seabeds, compared with the case without reinforcement, bucket displacement was reduced by 20.0%, 13.3% and 14.7% for DBF-C, DBF-P and DBF-W, respectively; and bucket rotation was reduced by 48.7%, 13.2% and 14.5% for DBF-C, DBF-P and DBF-W, respectively. In inclined seabed, compared with the case without reinforcement, bucket displacement was reduced by 15.5%, 1.4% and 10.6% for DBF-C, DBF-P and DBF-W, respectively; and bucket rotation was reduced by 70.9%, 7.3% and 10.2% for DBF-C, DBF-P and DBF-W, respectively.



Figure 16 shows the horizontal displacement and rotation of the wide bucket foundation with different reinforcement types. The displacement and rotation of the bucket with inner compartment reinforcement was smallest, which means that the WBF-C is the most effective reinforcement type to improve the seismic performance of wide bucket foundation. However, for the wide bucket foundation, the application of an outer wing and pile can also significantly reduce the rotation of the bucket. The effect of reinforcement types on maximum bucket displacement and rotation for wide bucket foundations in both horizontal and inclined seabeds are shown in Figure 16c,d. In horizontal seabed, compared with the case without reinforcement, bucket displacement was reduced by 30.3%, 21.1% and 17.1% for DBF-C, DBF-P and DBF-W, respectively; and bucket rotation was reduced by 52.6%, 39.7% and 37.9% for DBF-C, DBF-P and DBF-W, respectively. In inclined seabed, compared with the case without reinforcement, bucket displacement was reduced by 21.9%, 7.5% and 3.4% for DBF-C, DBF-P and DBF-W, respectively; and bucket rotation was reduced by 71.1%, 70.1% and 43.7% for DBF-C, DBF-P and DBF-W, respectively.



The effect of reinforcement types on maximum wide bucket settlement in inclined seabeds is shown in Figure 17. The nonuniform settlement and maximum settlement of WBF-C was the smallest. The application of outer wings and inner pile can also reduce the nonuniform settlement and right corner point settlement of the bucket to some extent. Compared with the case without reinforcement, the relative settlement of the left and right corners of the bucket was reduced by 72.6%, 42.8% and 29.2% for WBF-C, WBF-P and WBF-W, respectively. The influence of the soil plug and reinforcement methods on bucket settlement was similar to that for the horizontal displacement and rotation.




5. Influence of Soil Plug Removal on Bucket Foundation Response


Several methods to remove soil plug within bucket foundations during installation have recently been proposed. The influence of soil plug removal and a combination of removing the soil plug and using reinforced bucket foundations on seismic response was further analyzed. According to the time histories of excess pore pressure in seabed soil (Figure 18), soil plug removal slightly reduced the excess pore pressure generated in the soil within the bucket for all cases with and without reinforcement. Similar observations were made for the soil under the bucket foundation. This is an indicator that the removal of soil plug can improve the seismic performance of OWT on bucket foundation, even though the reduction in soil density within the bucket due to the generation of the soil plug is not mitigated.



The bucket horizontal displacement time histories of unreinforced and reinforced bucket foundations with soil plug and soil plug removal in inclined seabeds are compared in Figure 19. For unreinforced bucket foundations (DBF or WBF), the horizontal displacement response of the bucket foundation was reduced by removing the soil plug. For the deep bucket foundation, soil plug removal had the greatest influence on the horizontal displacement of DBF-P, while for the wide bucket foundation, soil plug removal had the greatest effect on the horizontal displacement of WBF-W.



In terms of bucket rotation, the removal of soil plug also had a favorable effect (Figure 20). For the deep bucket foundation, the stability of the bucket foundation was slightly improved for the unreinforced and all types of reinforced cases (Figure 20a). For the wide bucket foundation, soil plug removal was shown to massively reduce the rotation of the bucket without reinforcement (Figure 20b). When combined with reinforcement, rotation was further limited by plug removal. Specifically, the rotation of the bucket was brought within the failure rotation criterion of 0.25 °  when soil plug removal was combined with inner compartment reinforcement (WBF-C).



The maximum horizontal displacement and rotation for all computed cases in 50% relative density inclined liquefiable seabeds are summarized in Table 5 (simulations 6, 8, 23–28 and 37–44 in Table 4). The presence of soil plug amplified the horizontal displacement of the bucket foundation by 15–25% and the bucket foundation rotation by up to 50–60% for the wide bucket foundation, and should be considered in seismic design. For DBF and WBF, soil plug removal alone (without densification of the inside-bucket soil) can almost eliminate the unfavorable influence of the soil plug on seismic response, indicating that the successful removal and limitation of soil plug during bucket foundation installation is important to the seismic performance of OWT on bucket foundation. In terms of reinforcement, out of the three types of reinforcement types (inner compartment, outer wing and pile within bucket), the inner compartment was shown to be the most effective in limiting bucket displacement and rotation. By combining inner compartment reinforcement with soil plug removal, the horizontal displacement of the bucket foundation can be reduced by up to 23.3% and the rotation can be reduced by up to 84.7% for the wide bucket foundation in inclined seabeds, compared with the corresponding unreinforced cases with soil plug.




6. Conclusions


In this study, the seismic response of OWT on bucket foundations is studied. The influence of soil plug on the seismic performance of OWT bucket foundations in both horizontal and inclined liquefiable seabeds and the effectiveness of three different reinforcement types and soil plug removal techniques on improving the seismic performance of OWT bucket foundations are evaluated. The main conclusions of this study are as follows:




	(1)

	
The presence of soil plug causes slight amplification of acceleration for the inside-bucket soil, bucket and turbine compared with the case without soil plug. It causes significant increase in the accumulation of excess pore pressure in soil inside and under the bucket, and causes stronger fluctuation in the excess pore pressure of near field soil due to the stronger dynamic interaction between bucket and soil.




	(2)

	
The existence of soil plug has a significant unfavorable influence on the seismic performance of OWT on bucket foundations, especially in inclined liquefiable seabed, resulting in up to a 60% increase in bucket rotation for the wide bucket foundation model, which needs to be considered in the seismic design of OWT. The influence of soil plug is more significant in relatively loose seabed compared with in denser seabed.




	(3)

	
The application of reinforcement methods, including adding an inner compartment, outer wings and inner pile, can improve the seismic performance of OWT on bucket foundation by limiting excess pore pressure generation in near field soil and subsequently reducing bucket displacement, nonuniform settlement and rotation. The application of an inner compartment is found to be the most effective reinforcement type to reduce the seismic response of the bucket.




	(4)

	
Soil plug removal can have a favorable influence on the seismic response of OWT bucket foundation, which can alleviate the undesired influence of the soil plug, and should be adopted when possible. A combination of removing the soil plug and using reinforced bucket foundations can significantly improve the seismic performance of bucket foundation-based OWTs.









It should be pointed out that that the analysis in this study was performed on simple ideal conditions of homogeneous sandy seabed, and this study did not consider the coupled influence of wind and wave loads with seismic load, which could be detrimental once soil liquefaction reaches a considerable depth. The extension of the current findings to more complicated conditions should be treated with care. The comparisons made for the reinforcement methods are based on seismic performance alone, and does not compare construction challenges of the different methods, which should also be considered in practice.
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Figure 1. Bucket foundation model: (a) deep bucket foundation; (b) wide bucket foundation. 
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Figure 2. Simulation results for a typical undrained cyclic torsional shear test on sand with void ratio of 0.65: (a) effective stress path; (b) stress–strain relationship. 
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Figure 3. Numerical analysis model for the deep bucket foundation case in FLAC3D. 
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Figure 4. The acceleration time history of input motion. 
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Figure 5. Acceleration time histories for seabed soil and turbine (WBF) with and without soil plug in 50% relative density inclined liquefiable seabeds: (a) far field seabed soil at 1.0 m depth; (b) far field seabed soil at 2.7 m depth; (c) far field seabed soil at 4.2 m depth; (d) seabed soil in the bucket at 2.7 m depth; (e) bucket lid; (f) top of OWT turbine. 
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Figure 6. Excess pore pressure time histories of seabed soil for simulations with and without soil plug in 50% relative density inclined liquefiable seabeds: (a) far field seabed soil at 2.0 m depth; (b) near field seabed soil at 2.0 m depth; (c) seabed soil in the bucket at 2.0 m depth; (d) seabed soil under the bucket at 12 m depth. 
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Figure 7. The horizontal displacement time histories at the top of the bucket foundations in 50% relative density liquefiable seabed: (a) deep bucket foundation (DBF) in horizontal liquefiable seabed; (b) wide bucket foundation (WBF) in horizontal liquefiable seabed; (c) deep bucket foundation (DBF) in inclined liquefiable seabed; (d) wide bucket foundation (WBF) in inclined liquefiable seabed. H refers to horizontal seabed and I refers to inclined seabed. 
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Figure 8. The maximum horizontal displacement of bucket foundations in 50% relative density liquefiable seabeds. 
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Figure 9. The rotation time histories of bucket foundations in 50% relative density liquefiable seabeds: (a) deep bucket foundation (DBF) in horizontal liquefiable seabeds; (b) wide bucket foundation (WBF) in horizontal liquefiable seabeds; (c) deep bucket foundation (DBF) in inclined liquefiable seabeds; (d) wide bucket foundation (WBF) in inclined liquefiable seabeds. H refers to horizontal seabeds and I refers to inclined seabeds. 
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Figure 10. The maximum rotation of bucket foundations in 50% relative density liquefiable seabeds. 
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Figure 11. The residual horizontal displacement of bucket: (a) shaking direction; (b) the direction perpendicular to shaking. 
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Figure 12. The settlement time histories at the left and right corner points of the wide bucket foundation (WBF) in 50% relative density inclined liquefiable seabeds. 
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Figure 13. The maximum horizontal displacement and rotation of bucket foundations in 80% relative density liquefiable seabeds: (a) maximum horizontal displacement; (b) maximum rotation. 
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Figure 14. Excess pore pressure time histories of seabed soil near different types of reinforced bucket foundation used in inclined seabeds: (a) seabed soil in the bucket at 2.0 m depth; (b) near field seabed soil at 2.0 m depth; (c) seabed soil under the bucket at 12 m depth. 
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Figure 15. Response of the deep bucket foundation (DBF) with different reinforcement types in 50% relative density inclined liquefiable seabeds: (a) horizontal displacement time histories of deep bucket foundation (DBF) with different reinforcement types; (b) rotation time histories of deep bucket foundation (DBF) with different reinforcement types; (c) The maximum horizontal displacement of deep bucket foundation (DBF) with different reinforcement types; (d) The maximum rotation of deep bucket foundation (DBF) with different reinforcement types. 
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Figure 16. Response of the wide bucket foundation (WBF) with different reinforcement types in inclined seabeds: (a) horizontal displacement time histories of wide bucket foundation (WBF) with different reinforcement types in 50% relative density liquefiable seabeds; (b) rotation time histories of wide bucket foundation (WBF) with different reinforcement types in 50% relative density liquefiable seabeds; (c) the maximum horizontal displacement of wide bucket foundation (WBF) with different reinforcement types in 50% relative density liquefiable seabeds; (d) the maximum rotation of wide bucket foundation (WBF) with different reinforcement types in 50% relative density liquefiable seabeds. 
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Figure 17. The maximum settlement of the wide bucket foundation (WBF) with different reinforcement types in 50% relative density inclined seabeds. 
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Figure 18. Excess pore pressure time histories of seabed soil for simulations with soil plug and soil plug removal in inclined seabeds: the seabed soil in the bucket (a) WBF; (b) WBF-C; (c) WBF-P; (d) WBF-W; the seabed soil under the bucket: (e) WBF; (f) WBF-C; (g) WBF-P; (h) WBF-W. 
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Figure 19. The horizontal displacement time histories of unreinforced and reinforced bucket foundations for simulations with soil plug and soil plug removal in 50% relative density inclined seabeds: (a) deep bucket foundation (DBF); (b) wide bucket foundation (WBF). 
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Figure 20. The rotation time histories of unreinforced and reinforced bucket foundations for simulations with soil plug and soil plug removal in 50% relative density inclined seabeds: (a) deep bucket foundation (DBF); (b) wide bucket foundation (WBF). 
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Table 1. Geometry and reinforcement type for the bucket foundation models.
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	Model ID
	Bucket Diameter
	Bucket Height
	Reinforcement Type





	Model 1 (DBF)
	13
	19.83
	Single Bucket



	Model 2 (DBF-C)
	13
	19.83
	Inner-Compartment Bucket



	Model 3 (DBF-P)
	13
	19.83
	Pile–Bucket



	Model 4 (DBF-W)
	13
	19.83
	Outer-Wing Bucket



	Model 5 (WBF)
	20
	10
	Single Bucket



	Model 6 (WBF-C)
	20
	10
	Inner-Compartment Bucket



	Model 7 (WBF-P)
	20
	10
	Pile–Bucket



	Model 8 (WBF-W)
	20
	10
	Outer-Wing Bucket
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Table 2. Constitutive model parameter values used in this study.
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	     G 0     
	   κ   
	h
	     d  r e , 1      
	     d  r e , 2      
	     d  i r      
	    α    
	     γ  d , r      
	     n p     
	     n d     
	M
	     λ c     
	     e 0     
	    ξ    





	200
	0.006
	1.7
	0.45
	30
	0.6
	40
	0.05
	1.1
	8.0
	1.3
	0.023
	0.837
	0.7
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Table 3. Basic properties of the standard sand in this study.
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Soil Outside the Bucket

	
Soil Inside the Bucket




	

	
Dry Density

ρd (kg/m3)

	
Permeability

Coefficient k (cm/s)

	
Void Ratio e

	
Dry Density

ρd (kg/m3)

	
Permeability

Coefficient k (cm/s)

	
Void Ratio e






	
Soil 1

	
1.54 × 103

	
1.5 × 10−2

	
0.717

	
1.49 × 103

	
3 × 10−2

	
0.782




	
Soil 2

	
1.64 × 103

	
5.0 × 10−3

	
0.620

	
1.58 × 103

	
1.0 × 10−2

	
0.677
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Table 4. Numerical simulations conducted in this study.






Table 4. Numerical simulations conducted in this study.





	Simulation Number
	Seabed Rotation
	Relative Density of

Inside-Bucket Soil
	Relative Density of

Outside-Bucket Soil
	Soil Plug
	Bucket Model





	1
	Horizontal
	50%
	50%
	No
	1 (DBF)



	2
	Horizontal
	30%
	50%
	0.7 m
	1 (DBF)



	3
	Horizontal
	50%
	50%
	No
	5 (WBF)



	4
	Horizontal
	30%
	50%
	0.36 m
	5 (WBF)



	5
	Inclined
	50%
	50%
	No
	1 (DBF)



	6
	Inclined
	30%
	50%
	0.7 m
	1 (DBF)



	7
	Inclined
	50%
	50%
	No
	5 (WBF)



	8
	Inclined
	30%
	50%
	0.36 m
	5 (WBF)



	9
	Horizontal
	80%
	80%
	No
	1 (DBF)



	10
	Horizontal
	62.4%
	80%
	0.7 m
	1 (DBF)



	11
	Horizontal
	80%
	80%
	No
	5 (WBF)



	12
	Horizontal
	62.4%
	80%
	0.36 m
	5 (WBF)



	13
	Inclined
	80%
	80%
	No
	1 (DBF)



	14
	Inclined
	62.4%
	80%
	0.7 m
	1 (DBF)



	15
	Inclined
	80%
	80%
	No
	5 (WBF)



	16
	Inclined
	62.4%
	80%
	0.36 m
	5 (WBF)



	17
	Horizontal
	30%
	50%
	0.7 m
	2 (DBF-C)



	18
	Horizontal
	30%
	50%
	0.7 m
	3 (DBF-P)



	19
	Horizontal
	30%
	50%
	0.7 m
	4 (DBF-W)



	20
	Horizontal
	30%
	50%
	0.36 m
	6 (WBF-C)



	21
	Horizontal
	30%
	50%
	0.36 m
	7 (WBF-P)



	22
	Horizontal
	30%
	50%
	0.36 m
	8 (WBF-W)



	23
	Inclined
	30%
	50%
	0.7 m
	2 (DBF-C)



	24
	Inclined
	30%
	50%
	0.7 m
	3 (DBF-P)



	25
	Inclined
	30%
	50%
	0.7 m
	4 (DBF-W)



	26
	Inclined
	30%
	50%
	0.36 m
	6 (WBF-C)



	27
	Inclined
	30%
	50%
	0.36 m
	7 (WBF-P)



	28
	Inclined
	30%
	50%
	0.36 m
	8 (WBF-W)



	29
	Horizontal
	30%
	50%
	Removed
	1 (DBF)



	30
	Horizontal
	30%
	50%
	Removed
	2 (DBF-C)



	31
	Horizontal
	30%
	50%
	Removed
	3 (DBF-P)



	32
	Horizontal
	30%
	50%
	Removed
	4 (DBF-W)



	33
	Horizontal
	30%
	50%
	Removed
	5 (WBF)



	34
	Horizontal
	30%
	50%
	Removed
	6 (WBF-C)



	35
	Horizontal
	30%
	50%
	Removed
	7 (WBF-P)



	36
	Horizontal
	30%
	50%
	Removed
	8 (WBF-W)



	37
	Inclined
	30%
	50%
	Removed
	1 (DBF)



	38
	Inclined
	30%
	50%
	Removed
	2 (DBF-C)



	39
	Inclined
	30%
	50%
	Removed
	3 (DBF-P)



	40
	Inclined
	30%
	50%
	Removed
	4 (DBF-W)



	41
	Inclined
	30%
	50%
	Removed
	5 (WBF)



	42
	Inclined
	30%
	50%
	Removed
	6 (WBF-C)



	43
	Inclined
	30%
	50%
	Removed
	7 (WBF-P)



	44
	Inclined
	30%
	50%
	Removed
	8 (WBF-W)
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Table 5. Influence of different reinforcement types and soil plug removal on maximum horizontal displacement and maximum rotation response of bucket foundation in 50% relative density inclined liquefiable seabeds.






Table 5. Influence of different reinforcement types and soil plug removal on maximum horizontal displacement and maximum rotation response of bucket foundation in 50% relative density inclined liquefiable seabeds.





	

	
Deep Bucket Foundation




	

	
Maximum Horizontal Displacement of Bucket Foundation

	
Maximum Rotation of Bucket Foundation




	
No soil plug

	
0.121 (Benchmark)

	
0.235 (Benchmark)




	
Influence of soil plug

	
0.142 (+17.4% compared with no plug)

	
0.275 (+17.0% compared with no plug)




	
Effect of reinforced types

	
Unreinforced

	
Inner-Compartment

	
Pile–Bucket

	
Outer-Wings

	
Unreinforced

	
Inner-Compartment

	
Pile–Bucket

	
Outer-Wings




	
0.142

	
0.120 (−15.5% compared with unreinforced)

	
0.140 (−1.4% compared with unreinforced)

	
0.127 (−10.6% compared with unreinforced)

	
0.275

	
0.080 (−70.9% compared with unreinforced)

	
0.255 (−7.3% compared with unreinforced)

	
0.247 (−10.2% compared with unreinforced)




	
Effect of soil plug removal

	
0.124 (−12.7% compared with no plug removal)

	
0.114 (−19.7% compared with no plug removal)

	
0.117 (−17.6% compared with no plug removal)

	
0.123 (−13.4% compared with no plug removal)

	
0.236 (−14.2% compared with no plug removal)

	
0.073 (−73.5% compared with no plug removal)

	
0.230 (−16.4% compared with no plug removal)

	
0.223 (−18.9% compared with no plug removal)




	

	
Wide Bucket Foundation




	

	
Maximum Horizontal Displacement of Bucket Foundation

	
Maximum Rotation of Bucket Foundation




	
No soil plug

	
0.119 (Benchmark)

	
0.951 (Benchmark)




	
Influence of soil plug

	
0.146 (+22.7% compared with no plug)

	
1.514 (+59.2% compared with no plug)




	
Effect of reinforced types

	
Unreinforced

	
Inner-Compartment

	
Pile–Bucket

	
Outer-Wings

	
Unreinforced

	
Inner-Compartment

	
Pile–Bucket

	
Outer-Wings




	
0.146

	
0.114 (−21.9% compared with unreinforced)

	
0.135 (−7.5% compared with unreinforced)

	
0.141 (−3.4% compared with unreinforced)

	
1.514

	
0.438 (−71.1% compared with unreinforced)

	
0.452 (−70.1% compared with unreinforced)

	
0.853 (−43.7% compared with unreinforced)




	
Effect of soil plug removal

	
0.124 (−15.1% compared with no plug removal)

	
0.112 (−23.3% compared with no plug removal)

	
0.123 (−15.8% compared with no plug removal)

	
0.118 (−19.2% compared with no plug removal)

	
0.963 (−36.4% compared with no plug removal)

	
0.232 (−84.7% compared with no plug removal)

	
0.314 (−79.3% compared with no plug removal)

	
0.440 (−70.9% compared with no plug removal)
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