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Abstract

:

A suction bucket is the foundation for the development of offshore wind power technology in the deep sea, and its stability is crucial to the superstructure of the wind power generation system. Combined with soft clay soil strata along the Chinese coast, the bearing capacity of suction bucket foundations was studied using a numerical model. Sensitivity factors such as soil strength with random space distribution, dimensions of foundation, wind and wave loads in different directions, and cycle times were considered. The results show that the normalized foundation bearing capacity coefficient increases with the increase of the foundation length–diameter ratio. When the foundation length–diameter ratio is less than 1.0, the foundation bearing capacity coefficient is more sensitive to the soil non-uniformity coefficient than the length–diameter ratio. When the length–diameter ratio of the suction bucket is large enough, the influence of the soil non-uniformity coefficient on the bearing capacity of the suction bucket foundation gradually diminishes. When the direction of wind and wave loads is 15°, the bearing capacity of the suction bucket foundation is the weakest. Under the cyclic loads, the shallow soil strength weakens faster in the initial stage and the attenuation rate of soil strength slows down in the latter stage.
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1. Introduction


Offshore wind power has increasingly been a promising alternative to traditional energy. It is one of the most critical issues that the proper selection of foundation type for the construction of offshore wind power. To date, due to the advantages of fast installation and low cost, the monopile foundation [1,2,3] is one of the most widely used foundations where the water depth is less than 30 m. However, the difficulty and cost of monopile installation will rapidly increase as the depth of the sea increases, which is not conducive to developing deep-sea wind power. Hence, new types of foundations are constantly developed for the deep sea [4,5]. For instance, the multi-pod foundation is suitable for water depths of 30–50 m, but it is difficult to transport and too complicated to install; the jacket foundation is suitable for water depths between 30–60 m, but it has a long manufacturing and installation cycle as well as a high cost that decreases rapidly with the deepening of water depth; the floating foundation is suitable for water depths above 50 m, but it is challenging to design and has the potential to tilt, shake, and overturn. The suction bucket in particular (Figure 1) is a novel deep-sea foundation suitable for water depths above 30 m [6,7,8,9,10]. Compared with the above foundation types, it has the advantages of convenient installation, lower cost, and recyclability.



As a new type of foundation for offshore wind power, the suction bucket is primarily a large-diameter barrel with an open bottom and a closed top, which is an alternative form of single pile foundation. The suction bucket has the advantages of low cost, simple construction process, integrated construction, fast installation, and secondary use, which can be better applied to a deep seabed foundation. Meanwhile, the suction bucket foundation [11], which has been effectively developed in recent years, can better resist the large horizontal load and bending moment of wind turbines (Figure 2).



The study on the bearing capacity characteristics of the suction bucket has attracted much attention. In sand and saturated soft clay, a simple method for estimating the horizontal ultimate bearing capacity of suction bucket foundations has been proposed [12,13]. However, the movement of the foundation rotation center and the complex stress distribution in practical engineering have not been taken into account by this method. Therefore, the calculated bearing capacity was different from the practical engineering. The effect of several swipe loading schemes on the bearing capacity of suction bucket foundations in saturated soft clay and sandy soil has been studied by some scholars. It is worth mentioning that Wu K. and Zhang Y.K.’s results [14,15] are only applicable to foundations in the shallow sea with a small length–diameter ratio. The failure envelope surface of the deep-sea foundations with a large length–diameter ratio needs further study. The limitation of this method is that the actual loads were simplified to the vertical load (V), horizontal load (H), and bending moment (M), which were acted on the midpoint of the top surface of the suction bucket without the horizontal cyclic load. To solve this issue, Wang J.H. [16] studied the effect of vertical loads on the horizontal cyclic bearing capacity of the suction bucket and simulated the suction bucket foundation in soft clay under various vertical and horizontal cyclic loads. According to the results, the vertical load affects the cyclic load amplitude and the number of cycles that lead to the instability and failure of the foundation. The larger the vertical load, the smaller the cyclic load amplitude when the foundation is damaged with the same number of cycles. Therefore, in practical engineering, the vertical load effect caused by various upper fan specifications should be considered and the horizontal bearing capacity should be checked.



According to the Code for Design of Wind Turbine Foundations for Offshore Wind Power Projects (NB/T 10105-2018) [17], the service life of wind turbines should not be less than 25 years. During its 25-year service life, the suction bucket foundation not only bears the long-term effects of its weight and the vertical load transmitted by the superstructure, but also frequently bears the combined effects of horizontal cyclic loads and bending moments caused by wave, ocean currents, wind, etc. When utilized as an offshore wind turbine foundation, it frequently bears larger horizontal loads than vertical loads so that the horizontal load becomes the main controlling load for design. Based on previous engineering experience [18,19], continuous horizontal cyclic loading on the foundation in soft clay will lead to a decrease in soil strength and stiffness, ultimately leading to the destruction of suction bucket foundations before reaching the designed horizontal load. Therefore, it is not entirely reliable to determine the stability of the structure only by relying on the ultimate bearing capacity in the static state. To ensure the accuracy of stability analysis, it is necessary to design a numerical method to accurately predict the ultimate bearing capacity of the suction bucket under horizontal cyclic loads. In this paper, the length–diameter ratio of the suction bucket, soil heterogeneity, the angle between wind and wave loads, and the number of cycles were considered in order to study the bearing characteristics of the suction bucket foundation in saturated soft clay. It is instructive to the analysis of bearing capacity stability in practical engineering.




2. Establishment the Numerical Model


2.1. Overview of the Model


2.1.1. Parameters of the Model


A three-dimensional finite element model of interaction between a single suction bucket and soft clay was established for offshore wind power. The truncated soil model has a radial diameter of 10D (D is the diameter of a suction bucket) and a depth of 6L (L is the length of a suction bucket) [9,14] to ignore boundary effects (Figure 3a). The dimensions of the soil model were verified to be correct by numerical simulation. To improve the computing efficiency, a half model of the bucket–soil system was used for the finite element analysis as the numerical model is symmetrical. The boundary conditions of the soil are as follows: the fixed constraint at the bottom, the lateral radial displacement in the directions of X and Y at the constrained flank of half-cylinder, and the displacement in the direction of X at the constrained symmetric cross section. A schematic diagram of the model forces is shown in Figure 3b. Ft represents the force transmitted by the superstructure, p represents the pressure difference between the pressure inside the bucket and the atmospheric pressure, Ffric-in and Ffric-out represent the frictional forces generated by the inside and outside of the bucket wall against the soil, and FQ represents the shear force.



The linear elastic constitutive model with elastic modulus was used to simulate the suction bucket, as shown in Table 1. The Mohr–Coulomb elastoplastic constitutive model [13,14,16] is used to simulate the soil, as shown in Table 2. It is assumed that the soil interacts with the suction bucket under completely undrained conditions [2,9,14].




2.1.2. Mesh


Both the suction bucket and the soil use an integral three-dimensional solid element (C3D8R) with an 8-node hexahedral linear reduction grid (Figure 4). Near the bucket–soil contact surface, cell meshes are densely divided, whereas the mesh is sparse in the soil away from the contact surface [20]. Thus, the calculation time is much shortened and the accuracy of the calculation result is improved.




2.1.3. Interaction between Contact Surfaces


To simulate the shear transfer and relative displacement between the suction bucket and the soil, the contact pairs are defined by the bucket–soil surfaces, including inner, outer, top, and bottom surfaces. The master–slave surfaces contact algorithm is used to choose the master surface. The master surfaces are the surfaces of a suction bucket with high stiffness, and the slave surfaces are the surfaces of soil with low stiffness. The contact pair use face-to-face contact and finite sliding. The tangent behavior of the contact pairs is in the form of a Mohr–Coulomb friction penalty function, and the sliding friction coefficient of the interface is   μ = tan  (  0.75 φ  )    [21] ( φ  is the internal friction angle of the soil). The normal behavior of the contact pairs is in the form of hard contact, and the suction bucket and soil can be separated.




2.1.4. Initial Geo–Stress Balance


The initial geo–stress was balanced before loading the horizontal cyclic loads by the ODB import method, and the initial geo–stress field was applied to the ground [22]. When the displacement in the direction of Z (U3) reaches 10−5, the additional deformation caused by soil self-gravity is essentially eliminated [23,24].





2.2. Expression of Load


The W3600M-116 offshore wind turbine from China (with 3.6 MW installed capacity) is taken as an example in this paper. H (H = 80 m) is the distance between the hub center and the top surface of the foundation, and G0 (G0 = 5200 KN) is the weight of the superstructure transmitted to the foundation. Wind and wave loads are equivalent to horizontal cyclic loads, and cyclic loads are loaded in their respective directions.



Horizontal cyclic loads are defined by periodic amplitude curves in ABAQUS [25]. Fourier series are used to represent periodic amplitude curves.



When t > t0, the amplitude expression is:


  a =  A 0  +   ∑  n = 1  N    [   A n  cos n ω  (  t −  t 0   )  +  B n  sin n ω  (  t −  t 0   )   ]     



(1)







When t < t0, the amplitude expression is:


  a =  A 0   



(2)







In Equations (1) and (2), ω is the circular frequency and its value is ω = 2πf; f is the frequency; t0 is the start time; A0 is the initial amplitude; and An is the coefficient of the Cos coefficient and Bn is the Sin coefficient (n = 1, 2, 3 … N).




2.3. Determination of Horizontal Cyclic Load


The most dangerous condition, according to most studies, is when the wind and wave loads on the suction bucket foundations are in the same direction. Wind and wave loads are treated as horizontal cyclic loads exerted on the model in this paper (Figure 5). The magnitude, direction, position, and method of loads exerted are all in accordance with the Load Code for the Design of Building Structures (GB50009-2001) [26] and the data of wind and wave loads for an offshore test site in the East China sea. The height of wind load is 80 m over the seabed surface, the frequency is 0.15 Hz, while the height of wave load is 10 m over the seabed surface, the frequency is 0.1 Hz, according to the specifications and practical engineering. The amplitude of wind load is    F  wind   = 334000 sin  (  0.3 π t  )   , and the amplitude of wave load is    F  wave   = 811000 sin  (  0.2 π t  )   .




2.4. Verification of Finite Element Model


The Equation (3) was used to calculate the relationship between the bearing capacity coefficient and length–diameter ratio (L/D):


   N  H , s   =  H  u l t , s   / A  S  u m    



(3)




where    N  H , s     is the horizontal ultimate bearing capacity coefficient;    H  u l t , s     is the horizontal ultimate bearing capacity;  A  is sectional area of the suction bucket; and    S  u m     is the strength (kPa) of the seabed.



To verify the trustworthiness of the established finite element model, it was compared to existing results [27]. Gelagoti F. et al. set parameters for homogeneous clay, such as L/D = 0.2~1,    S u    = 60 kPa, and applied vertical load V = 0 and horizontal force with the method of controlling displacement. In this paper, the same parameters are used, with the exception that the length–diameter ratio (L/D) is increased to 2. When L/D is equal to 1, the calculated results are very close to those found in the literature, with a margin of error of less than 5% (Figure 6). In Figure 6, the horizontal coordinates represent the length-diameter ratio of a suction bucket, and the vertical coordinates represent the horizontal ultimate bearing capacity coefficient.





3. Results


3.1. Bearing Capacity Characteristics with Different Length-Diameter Ratios


The normalized bearing capacity is independent of the diameter of the suction bucket foundation, according to trial calculations and previous studies [28]: suction bucket diameter D = 9 m; suction bucket length L = 4.5, 9, 13.5, and 18 m; length–diameter ratio L/D = 0.5, 1, 1.5, and 2; and suction bucket wall thickness t = 0.1 m.



Assuming that the soil is homogeneous    S  u 0     = 5 kPa, the Equation (3) was used to calculate the relationship between the bearing capacity coefficient and length–diameter ratio (L/D). The Figure 7 presents horizontal bearing capacity coefficient with different length–diameter ratios. In Figure 7, the horizontal coordinates represent the length–diameter ratio of a suction bucket, and the vertical coordinates represent the horizontal ultimate bearing capacity coefficient.




3.2. Bearing Capacity Characteristics with Different Soil Non-Uniformity Coefficients


Normally consolidated soft clays are widely distributed in the Gulf of Mexico, the South China Sea, and Southeast Asia, and their undrained shear strength    S u    increases linearly with depth [29,30], according to Equation (4):


   S  u m   = K Z +  S  u 0    



(4)




where K is the soil non-uniformity coefficient; Z is the soil depth (m); and    S  u 0     is the undrained shear strength of the surface layer. The dimensionless soil non-uniformity coefficient K is used to represent the strength non-uniformity of the soil, according to Equation (5):


  K = p D /  S  u 0    



(5)




where p is the growth gradient of undrained shear strength along the Z-axis, which is typically 1 to 2.5 kPa/m, p = 1, 1.5, 2, and 2.5 kPa/m are used in this paper; D is the suction bucket diameter (m); and    S  u 0     is the undrained shear strength of surface layer.



Five values (K = 0, 1, 2, 5, and 10) are used to investigate the impact of uneven coefficient distribution on bearing capacity characteristics, where K = 0 indicates that the foundation soil is homogeneous soil. The values of K, p, and    S  u 0     are shown in Table 3. The horizontal bearing capacity coefficient with different non-uniformity coefficients is presented in Figure 8. In Figure 8, the horizontal coordinates represent the length–diameter ratio of a suction bucket, the vertical coordinates represent the horizontal ultimate bearing capacity coefficient, and the different colored curves represent different soil non-uniformity coefficients.




3.3. Bearing Capacity Characteristics with Different Angles between Wind and Wave Loads


According to Byrne, B.W., and Houlsby, G.T. [31], the wind and wave load directions are not the same and there is a certain angle between them. According to Seidel [32], the massive horizontal cyclic load induced by wind, wave, and flow does not have a fixed direction, and the included angle of wave load during the service of the offshore fan may exceed 90°. As a result, the wind and wave loads exerted on the offshore fan are not in a single direction, and there is a specific angle θ between them (Figure 9).



Generally, the wave load is relatively stable and does not change the direction of action rapidly, whereas turbulent wind causes the wind load to shift the direction rapidly [33]. One-way instability does not occur when the wind and wave loading angle exceeds 45 degrees. As a result, four working conditions of different angles were selected in this paper to investigate the bearing capacity characteristics of the suction bucket. Each working condition is shown in Table 4.



According to the static ultimate bearing capacity and the horizontal displacement corresponding to the ultimate state obtained above, the foundation is judged to have failed when the cyclic displacement amplitude of either of them reaches the ultimate displacement value under the corresponding working condition or if the overall rotation angle of the foundation is 0.05 rad and the corresponding number of cycles when the foundation fails is obtained. The difference in the bearing capacity characteristics of the foundation at different load angles was judged using the number of cycles to failure as an index to compare the bearing characteristics of the foundation. The number of cycles to failure with different wind and wave loading directions is presented in Figure 10. In Figure 10, the horizontal coordinates represent the angle between wind and wave loads, and the vertical coordinates represent the number of cycles in case of foundation failure.




3.4. Bearing Capacity Characteristics with Different Number of Cycles


Considering the fatigue limit state of the offshore fan foundation and the fact that it will undergo approximately 10 million cyclic loads over the course of a 25-year service life [34], the number of cyclic loads will have a significant impact on the accumulated deformation of the foundation, causing the superstructure to reach the normal limit state ahead of schedule [35]. As a result, it is critical to study the impact of the number of cycles on the foundation. Figure 11 presents the attenuation of horizontal bearing capacity after a different number of cycles. In Figure 11, the horizontal coordinates represent the number of cycles and the vertical coordinates represent the horizontal bearing capacity. Figure 12 presents the soil strength weakening at different depths. In Figure 12, the horizontal coordinates represent the percentage of the attenuation of bearing capacity after different number of cycles to the bearing capacity in the initial state and the vertical coordinates represent the depth of the soil.





4. Discussion


4.1. Sensitivity Analysis of Factor in Length–Diameter Ratios


From the above comparisons of the results from the bearing capacity characteristics with different length–diameter ratios, the horizontal bearing capacity coefficients are respectively calculated while L/D = 0.5, 1.0, 1.5, and 2.0. The horizontal bearing capacity coefficient is 8.8 when L/D = 0.5. The horizontal bearing capacity coefficient increases to 11.2 when L/D is increased to 1.0. The horizontal bearing capacity coefficient increases to 13.2 when L/D is increased to 1.5. The horizontal bearing capacity coefficient increases to 15 when L/D is increased to 2.0. The horizontal bearing capacity coefficient grows constantly as L/D increases, while the rate of increase of bearing capacity drops progressively from 4.8 to 4 and 3.6. When the length–diameter ratio is small, the horizontal bearing capacity coefficient increases with the increase of the length–diameter ratio, but the rate of increase slows down. The bearing capacity coefficient of the suction bucket remains essentially unaltered when the length–diameter ratio is reasonably big and reaches a specific depth. In other words, the buried depth only affects the suction bucket’s bearing capacity characteristics within a particular range. The impact is minimal when the threshold is exceeded.




4.2. Sensitivity Analysis of Factor in Soil Non-Uniformity Coefficients


From the above comparisons of the results from the bearing capacity characteristics with different soil non-uniformity coefficients, the horizontal bearing capacity coefficients (K = 0, 1, 2, 5, and 10) are respectively calculated. When the length–diameter ratio is 0.5, the horizontal bearing capacity coefficients (K = 0, 1, 2, 5, and 10) are 8.8, 10.8, 12.2, 14.2, and 16 respectively. It indicates that the horizontal bearing capacity coefficient increases as the non-uniformity coefficient K increases. When the length–diameter ratio is 2.0, the horizontal bearing capacity coefficients (K = 0, 1, 2, 5, 10) are 17, 18.4, 19, 19.4, respectively. It verifies that the influence of soil unevenness coefficient on the bearing capacity coefficients is greater than the influence of the length–diameter ratio when the length–diameter ratio is small, while the length–diameter ratio is large enough, the influence of soil non-uniformity coefficient on the bearing capacity of the suction bucket foundation gradually diminishes.




4.3. Sensitivity Analysis of Factor in Angles between Wind and Wave Loads


From the above comparisons of the results from the bearing capacity characteristics with different angles between wind and wave loads, when the wind and wave loading angle is 15° to 30°, the bearing capacity characteristic of the foundation is weakened to some extent compared to the loading direction collinearity. The reason for this is that the type of load exerted on the foundation varies. Although the value is minor, the wind load causes a substantial bending moment in the foundation, making the bearing characteristics in the direction of about 15° to 30° weaker than in the direction of 0°. Furthermore, the lateral displacement of the wave load promotes the foundation’s instability. The results show that a particular load angle causes the foundation’s bearing capacity to deteriorate, putting the suction bucket foundation in jeopardy.




4.4. Sensitivity Analysis of Factor in Number of Cycles


As can be seen from the above comparisons of the results and from the bearing capacity characteristics with different number of cycles, the horizontal bearing capacity of a suction bucket foundation initially decreases rapidly as the number of cycles increases. The horizontal bearing capacity had decreased by more than 95% after 100 cycles. The weakening of soil strength is related to the attenuation of horizontal bearing capacity after cyclic loading. The plastic strain will appear after the soil has been subjected to cyclic load. The accumulation of plastic strain leads to soil strength weakening, and the degree of soil strength weakening decreases gradually as plastic strain accumulates.



The soil stress at different depths decreases with the increase in the number of cycles after the suction bucket is subjected to the horizontal cyclic load, and the shallow soil stress decreases much more than deep soil. After about 100 cycles, the soil stress at shallow gradually increases and is basically stable, whereas the soil stress at deep continues to decrease but the amplitude becomes low. As a result, when a suction bucket is subjected to cyclic loading, the strength of shallow soil deteriorates rapidly because it serves as the primary source of horizontal bearing capacity, whereas the strength of deep soil deteriorates slowly. The strength of deep soil causes attenuation even when the horizontal bearing capacity is essentially stable.





5. Conclusions


A numerical model of the interaction between the suction bucket and saturated soft clay was established. The sensitivity of different factors affecting the bearing capacity of the suction bucket foundation, including length–diameter ratios, soil heterogeneity, angles between wind and wave loads, and the number of cycles was analyzed. Based on the above results and discussion, the following conclusions can be drawn:




	
The relationship between the horizontal bearing capacity coefficient and the length-diameter ratio and the soil unevenness coefficient has been established through numerical simulation, and the results show that the length–diameter ratio and the unevenness coefficient are positively correlated to the horizontal bearing capacity coefficient.



	
When the length–diameter ratio of suction bucket is less than 1.0, the influence of the soil non-uniformity coefficient on the bearing capacity of the suction bucket foundation is greater than length–diameter ratio.



	
When the length–diameter ratio of the suction bucket is more than 2.0, the influence of soil non-uniformity coefficient on the bearing capacity of the suction bucket foundation gradually diminishes.



	
When the angle between wind and wave loads is 15° to 30°, the bearing capacity of the suction bucket foundation is lower than the bearing capacity when the wind and wave loads are collinear.



	
The attenuation of soil strength is rapid within 60 cycles. Because the shallow soil layer is the primary provider of horizontal bearing capacity during the initial cycles, the rate of strength attenuation in the shallow soil is faster than that in the deep soil under initial cyclic loads.



	
The attenuation of soil strength is slow after 100 cycles. Because the strength of shallow soil is relatively stable after 100 cycles, the reason for the subsequent slow strength attenuation is that the strength of deep soil decreases.
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Figure 1. Schematic diagram of suction bucket foundation. 
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Figure 2. Suction bucket foundation in a wind power generation system. 
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Figure 3. The dimensions and forces of the model. (a) Dimensions. (b) Forces. 
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Figure 4. Finite element model. 
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Figure 5. Forces of suction bucket foundation and offshore fan. 
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Figure 6. Verification of horizontal bearing capacity coefficients [27]. 
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Figure 7. Horizontal bearing capacity coefficient with different L/D. 
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Figure 8. Horizontal bearing capacity coefficient with different non-uniformity coefficients. 
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Figure 9. Angles between wind and wave loads. 
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Figure 10. The number of cycles to failure with different wind and wave loading directions. 
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Figure 11. Attenuation of horizontal bearing capacity after different number of cycles. 
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Figure 12. Soil strength weakening at different depths. 
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Table 1. Parameters of suction bucket.
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	Parameters
	Elasticity Modulus/GPa
	Poisson’s Ratio
	Effective Weight/(KN·m−3)





	Bucket
	210
	0.125
	23
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Table 2. Parameters of soil.






Table 2. Parameters of soil.





	Parameters
	Elasticity Modulus
	Poisson’s Ratio
	Effective Weight/(KN·m−3)
	Cohesive Force/KPa
	Internal Friction

Angle/(°)
	Dilatancy

Angle/(°)





	Soil
	500Su
	0.49
	8
	20
	15
	0.1
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Table 3. Parameters of K, p, and Su0.
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	K = pD/Su0
	p/(kPa·m−1)
	Su0/kPa





	0
	0
	5



	1
	1
	5



	2
	1.5
	7.5



	5
	2
	4



	10
	2.5
	2.5
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Table 4. Working conditions of wind and wave loading directions.
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	Working Conditions
	Wind Loading Direction
	Wave Loading Direction





	A
	0°
	0°



	B
	0°
	15°



	C
	0°
	30°



	D
	0°
	45°
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