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Abstract

:

The decrease in structural capacities under the limit states caused by structural corrosion is a potential hazard for the safety of offshore structures. Considering the influence of corrosion factors, a fatigue analysis of the typical tubular joints of an offshore wind turbine (OWT) substructure under operation and wave loads during the service period was performed. The structural corrosion was equivalent to a two-parameter Weibull distribution in the analysis. According to the Miner linear fatigue accumulation criterion, the accumulated fatigue damage of three different typical tubular joints in the initial stage and at operation periods of 10, 20, and 30 years was calculated. The most critical tubular joint of the studied OWT substructure is located at the connection between the pile foundations and braces. Owing to the increase in structural corrosion during the operation period, a remarkable decrease in the tubular joint fatigue capacities under the operation and wave loads was observed.
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1. Introduction


In recent years, the Chinese offshore wind power system has undergone rapid development. By the end of 2020, the total installed capacity of offshore wind power reached 9 GW in China. It is expected that the proportion of offshore wind energy will exceed 20% in the next three years [1,2]. The power produced from offshore wind turbines (OWTs) in China has been increasing since the beginning of the 21st century. OWTs generally have design lifetimes of 20–25 years. Thus, some offshore wind farm structures have entered the middle and late periods of their design life. In long-term service, OWT structures are exposed to an extremely harsh and complex marine environment, affected by wave impacts, the erosion of marine organisms, and changes in environmental temperature and humidity [3]. The tubular joints can easily crack in such a complex environment. Peng et al. [4] proposed a ductile fracture model for fracture prediction ranging from negative to high-stress triaxiality through a comparative study with four typical ductile fracture criteria and by analyzing the ductile fracture of the alloy metal. Under repeated loads of wind and waves, corroded components are more prone to the initiation of fatigue cracks [5], which reduces the thickness of components and leads to a reduction in the structural bearing capacity. Therefore, it is necessary to consider the changes in the structure’s bearing capacity caused by corrosion and fatigue during its life cycle.



The structural fatigue in marine corrosive environments has been investigated. Mehmanparast et al. [6] proposed a fatigue data testing and analysis method for the prediction of S–N fatigue curves of steel in different environments (air, salt fog, and seawater). Guo et al. [7] performed a high-cycle fatigue test on Q690 high-strength steel. The S–N curves of specimens with different corrosion periods were fitted and the corrosion fatigue failure degree of steel was evaluated. Guo et al. [8] modified the S–N curve of steel based on the three-parameter Weibull distribution and obtained a calculation formula for the S–N curve under different failure probabilities. Du et al. [9] proposed a fatigue damage evaluation method for mooring line considering the influence of marine corrosion conditions. The results verify that the mooring line corrosion has a significant influence on the tension distribution and fatigue capacity. Xie [10] analyzed the tower cylinder in the splash zone of an OWT based on the corrosion fatigue mechanism and energy change during the evolution of a corrosion fatigue crack. The overall corrosion fatigue life was obtained and a general model to predict the corrosion fatigue life was proposed. Liao et al. [11] performed corrosion fatigue tests on T-shaped welded joint samples and proposed a corrosion fatigue life prediction model, considering the coupling effect of the corrosion environment and cyclic load based on continuous damage mechanics. Wang et al. [12] proposed a combined concept consisting of a 5 MW braceless semisubmersible floating OWT (FOWT) and a torus-type wave energy converter. It was focused on the effect of wind and wave loadings on the dynamic response characteristics of the combined structure under different environmental load cases, considering the effect of wave nonlinearity on the fatigue damage. Zhao et al. [13] proposed a conceptual semisubmersible platform through a fully coupled analysis at moderate water depths. The columns of the braceless semisubmersible FOWT were connected by pontoons rather than braces, making it less prone to fatigue at the welded joints. This design reduced the fatigue sensitivity, corrosion hot spot, and complexity of the welding process.



According to the above works, corrosion has a significant impact on the ultimate fatigue-bearing capacity of foundation structures, particularly for offshore engineering structures. Focusing on a three-pile foundation in an offshore wind machine, considering the influence of corrosion on tubular joint structure parameters, we performed a calculation for a maritime wind turbine foundation structure of a typical tubular joint under cumulative fatigue. The equivalent load and structural fatigue damage were obtained under the joint action of wave load, which provides a reference for the safety assessment of an OWT foundation structure in long-term service.




2. Theory of Fatigue Damage Analysis


2.1. Fatigue Analysis Using a Deterministic Method


The deterministic fatigue analysis method is based on the S–N curve and Palmgren–Miner linear cumulative damage criterion to calculate the fatigue damage rate of joints. The S–N curve [14] describes the relationship between the structural stress/strain amplitude and maximum allowable cycles of action, which indicates the ultimate fatigue-bearing capacity of the structure. Generally, S–N curves of various materials can be obtained through the analysis of a large number of experiments.



The fatigue strength of welded joints in actual engineering is to some extent dependent on pipe wall thickness. The thickness effect, which is due to the local geometry of the weld toe in relation to the wall thickness of the adjoining member, is accounted for by a modification of the stress range in the function. As thickness is larger than the reference thickness, the design S-N curve is obtained by using Equation (1) [14].


  lgN =  lg  a ¯   − mlg    [  Δ σ  (   t   t  ref      )   ]   k  ,  



(1)




where N is the predicted number of cycles to failure for stress range    Δ σ   ,    Δ σ    is stress range with unit MPa, m is the negative inverse slope of the S-N curve,    lg  a ¯     is the intercept of the log N-axis, tref is the reference thickness, the welded pipe node value is 32 mm, the bolt value is 25 mm, and t is the thickness at which the cracking is most likely. If the thickness is smaller than the reference thickness, t = tref; k is the thickness index.



The S–N curve of double curvature of tubular joints in a seawater environment recommended by DNV-RP-C203 [14] and corresponding parameter values are shown in Figure 1 and Table 1.



In the deterministic fatigue analysis of wind turbine load, it is assumed that the fatigue damage caused by the action of each stress amplitude is independent. The annual fatigue damage rate of each joint of the support structure under the action of a unidirectional fatigue load of the wind turbine is calculated using Equation (2) [15], according to Miner’s linear cumulative damage criterion.


  D =   ∑   j = 1  n     n j   (   σ   γ j     )     N j   (   σ   γ j     )    ,  



(2)




where    n j    is the actual number of stress cycles corresponding to the stress amplitude    σ   γ j     ,        N   j    is the number of fatigue failure stress cycles corresponding to the stress amplitude        σ     γ j     , and  n  is the number of total stress amplitudes.




2.2. Spectral Fatigue Analysis Method


For a linear system, it is assumed that the wave load is a narrow-band stationary random process of each state and that it obeys the Rayleigh distribution in the short term. The alternating stress borne by the structure can also be assumed to follow the same distribution model. The corresponding probability density function is shown in Equation (3) [16]. When the spectral fatigue analysis method is used to carry out the cumulative calculation of structural fatigue under wave load, the stress transfer function T ( ω ) at the corresponding position of the structure should be obtained according to the alternating stress generated under random wave action. Furthermore, according to the stress transfer function T ( ω ) and wave spectrum S ( ω ), the fatigue stress spectrum  σ  ( ω ) under various sea conditions is obtained, as shown in Equation (4) [16]. Finally, based on the stress response spectrum and Miner’s linear fatigue accumulation criterion, the fatigue damage accumulation of structures under various sea conditions was calculated. The fatigue damage accumulation of structures under long-term sea conditions was obtained by stacking.


   f s   ( s )  =  s  4  σ x 2     e   (  −    s 2    8  σ x 2     )    ,  



(3)






  σ  ( ω )  =    |  T  ( ω )   |   2  S  ( ω )  ,  



(4)




where S is the stress range amplitude,    σ x    is the standard deviation of the alternating stress process, and m0 =    σ x 2    is the variance of the alternating stress process.




2.3. Direct Formula Solution


First, the fatigue accumulation of the OWT foundation structure under equivalent operating load and wave load is obtained using the deterministic fatigue calculation method and spectral fatigue analysis method, respectively. Then, it is assumed that the long-term equivalent operating load and wave load obey a Gaussian distribution and Weibull distribution, respectively. Equation (5) [17] can be used to calculate the long-term fatigue accumulation of the OWT structure under the combined action of equivalent operating load and wave load.


   D z  =    [     (     D 1     v 1     )    2 / m   +    (     D 2     v 2     )    2 / m    ]     (  m − 2  )  / 2      [   v 1 2     (     D 1     v 1     )    2 / m   +  v 2 2     (     D 2     v 2     )    2 / m    ]    3 / 2   /    [   v 1 4     (     D 1     v 1     )    2 / m   +  v 2 4     (     D 2     v 2     )    2 / m    ]    1 / 2   ,  



(5)




where Dz is the fatigue damage of the joint response, D1 is the fatigue damage of the high-frequency response, D2 is the fatigue damage of the low-frequency response, v1 is the average zero crossing rate of the high-frequency response, and v2 is the mean zero crossing rate of the low-frequency response.



The average zero crossing rate [17] is


   v i  =  n i  /  T d  ,  



(6)




where ni is the actual cycle number of the structure under the action of alternating stress within the stress range and Td is the design life of the offshore wind power structure.




2.4. Constant Amplitude Load Method


The superposition of the stress amplitude [18] of the OWT foundation structure is generated by the action of equivalent operating load and wave load. The stress amplitude after superposition can be calculated using Equation (7) [17] to obtain the long-term fatigue accumulation of the OWT structure under the combined action of equivalent operating load and wave load.


  D =  D 1   (  1 −    v 2     v 1     )  +  v 2     {     (     D 1     v 1     )    1 / m   +    (     D 2     v 2     )    1 / m    }   m  ,  



(7)




where Dz is the fatigue damage of the combined response, D1 is the fatigue damage of the high-frequency response, D2 is the fatigue damage of the low-frequency response, v1 is the average zero crossing rate of the high-frequency response, v2 is the mean zero crossing rate of the low-frequency response, and m is the negative inverse of the slope of the S–N curve.




2.5. Weibull Corrosion Model


Qin et al. [19] divided the corrosion process into two stages based on previous studies. The noncorrosive stage is the first stage, t    ∈    [0, Tst], while the corrosion stage is the second stage, t   ∈    [Tst, TL]. The equations of the nonlinear corrosion model are shown as Equations (8) and (9).



The corrosion rate is


  r  ( t )  =  {      0                                                                                                                                           0 ≤ t ≤  T  st          d ∞   β η     (    t −  T  st    η   )    β − 1   exp    (  −   t −  T  st    η   )   β                                             T    st   ≤ t ≤  T L        ,  



(8)







The corrosion thickness at any time is


  d  ( t )  =  {      0                                                                                                       0 ≤ t ≤  T  st          d ∞   {  1 −   exp      (  −   t −  T  st    η   )   β   }                                 T    st   ≤ t ≤  T L      ,    



(9)




where d(t) is the corrosion thickness at any time, d∞ is the corrosion limit thickness, Tst is the moment when the corrosion begins, TL is the service life and maintenance cycle of the structure, and η and β are undetermined coefficients.




2.6. Long-Term Fatigue Analysis Method Considering Corrosion Effects


The research route shown in Figure 2 is used to calculate the fatigue accumulation of the OWT foundation structure under equivalent operating load and wave load using the deterministic fatigue analysis method and spectral fatigue analysis method, respectively. Furthermore, it is assumed that the above environmental loads obey the Gaussian distribution and Weibull distribution, respectively, in the long term. The fatigue accumulation of the OWT structure under the combined action of the equivalent running load and wave load can be obtained according to the long-term fatigue accumulation calculation formula in Equations (5) or (7). In the calculation, the influence of floating on the structural parameters of OWTs in different operating stages was considered based on the corrosion model in Equations (8) and (9).





3. Basic Parameters of the OWT Infrastructure


The site of reference for a wind turbine in a wind farm was the western area of the Bohai Sea. According to the survey data between the Yellow Sea and Bohai Sea, and the PH value measured by total hydrogen concentration at the site, the pH of the surface seawater in the Bohai Sea ranges from 8.03 to 8.26 [20]. The vertical distribution of water temperature and salinity is uniform up and down with almost zero vertical gradient. At the same time, the water temperature and the salinity affected by seasonal factors are about −1 °C~28 °C and 29‰~31.20‰, respectively [21].



Based on the location of the reference wind turbine, it is assumed that the seawater temperature is 25 °C. The steel’s elastic modulus, density, and Poisson’s ratio are 2.05 × 105 Pa, 7860 kg∙m−3, and 0.3, respectively.



3.1. Stress Hot-Spot Location


According to the stress distribution law and fatigue damage mechanism, the stress concentration phenomenon of the tubular joints of the wind turbine infrastructure is obvious. Therefore, three types of typical tubular joints are selected for the calculation of the cumulative fatigue of the OWT infrastructure, as shown in Figure 3. Location ① (Y-joints) is the connection between the main cylinder and upper inclined support. Location ② (K-joints) is the joint between the pile casing and brace rod. Location ③ (T-joints) is the joint between the main cylinder body and lower inclined brace. The stress concentration factor of each type of tubular joint was calculated according to the Efthymiou empirical formula. The minimum stress concentration coefficient was set to 1.5.




3.2. Corrosion Parameters


Based on the corrosion model described in Equations (8) and (9), the calculated corrosion parameters at each stage of the operation period and the infrastructure parameters of the OWT are shown in Table 2 and Table 3.




3.3. Load Data


The long-term alternating load generated by wind turbine operation on the foundation is converted into the equivalent load at the bottom of the tower. The equivalent operating load amplitude and annual cycle times are shown in Table 4.



The wave spectra under the selected typical sea conditions are shown in Figure 4 and Figure 5. For the selected sea state, the spectral energy is mainly concentrated in the angular frequency range of 0.60–9.15 rad/s.





4. Corrosion Fatigue Damage Analysis of Typical Tubular Joints


4.1. Finite-Element Modeling


The studied structural foundation form is a tripod structure with a hub height of 90 m. Through the ANSYS software, a tripod structure model is established with a PIPE59 element and then transformed into an ASAS operational model file by the ANSTOASAS command. The centralized MASS is edited in the form of additional MASS in the MASS output file to complete the creation of the model, as shown in Figure 6. In addition, this study assumes that the tripod foundation is embedded in the seabed, which imposes consolidation constraints on the model.




4.2. Fatigue Damage under Equivalent Loads of the Wind Turbine and Wave Loads


With the known equivalent load at the tower base of the wind turbine, using the S–N curve and Miner fatigue damage criterion, the fatigue damage of the foundation stress hot spot caused by the equivalent load at the bottom of the tower in each period is obtained using the finite-element software ASAS. Meanwhile, considering the importance of the influence of stress concentration coefficients on the structural ultimate fatigue bearing capacity [22,23], the relevant ones of the selected tubular joints are estimated using the recommended formulas in the offshore standard [14]. The analyzed accumulated fatigue results during the service period are shown in Figure 7.



Based on the structural fatigue analysis of the OWT, as shown in Figure 2, considering the influences of the corrosion in the operating period of different phases, the fatigue damage variation rules of typical tubular joints of the support structure under the action of equivalent fatigue loads of the wind turbine and wave loads are obtained by deterministic fatigue analysis and spectrum analysis, respectively. The results are shown in Figure 7 and Figure 8.



The change rule in Figure 7 shows that the fatigue damage of the tubular joints of the foundation structure accumulates continuously under the action of the equivalent fatigue loads of the wind turbine. Along with the deepening run-time support structure corrosion and the K-joint (selection of the pile casing and brace connection position), fatigue accumulated to a significantly larger value than those of the other two types of joints. For example, the equivalent fatigue load calculated at this time, i.e., the fatigue accumulation of this type of tubular joint under the long-term operation load, reached 0.021 when the operation period of the OWT reached 30 years. Regarding the fatigue damage accumulation of the foundation structure tubular joints caused by the wave load, as shown in Figure 8, the change rule is basically consistent with that in Figure 7. This implies that the fatigue damage of tubular joints in the foundation structure under the influence of long-term wave load and structural corrosion accumulates continuously during the operation period. The fatigue damage of K-joints at the connection position between the pile casing and brace is considerably larger than those of other selected tubular joints. Under the conditions of environmental load and corrosion, the maximum fatigue damage accumulation of the selected tubular joints during the whole operation period is 0.009.



The above comparison shows that the long-term fatigue accumulation of tubular joints under the wave load is significantly smaller than the effect of the equivalent fatigue load of the wind turbine. Therefore, the equivalent long-term fatigue load generated by the wind turbine operation is the control load of the ultimate fatigue-bearing capacity of the foundation structure of the OWT.




4.3. Fatigue Damage under the Combined Equivalent Load of the Wind Turbine and Wave Load


Using the direct formula method, based on the calculation results in Figure 7 and Figure 8, the fatigue damage variation rule of the tubular joints of the foundation structure during operation under the combined action of the equivalent fatigue load of the wind turbine and wave load was obtained, as shown in Figure 9. Under the combined action of the wind turbine operating load, wave load, and structural corrosion factors, the fatigue damage of tubular joints in the foundation structure accumulates rapidly during the operation period. The fatigue accumulation of K-joints at the selected connection position between the pile casing and brace is most significant, reaching 0.05. However, the fatigue damage accumulation and change rule of Y-joints and T-joints at the connection position of the main cylinder with the upper and lower inclined braces are basically the same, as shown in Figure 9.



Based on the structural stress response of the flange surface equivalent load and sea condition fatigue stress spectrum  σ  ( ω ) obtained by the stress transfer function T ( ω ) and wave spectrum S ( ω ), using the method of equal-amplitude loading, the run-time infrastructure tubular joint change law of fatigue damage was obtained under the combined action of the equivalent fatigue wind turbine loads and wave loads, as shown in Figure 10. With the increase in the OWT operating period, the fatigue damage of tubular joints increases and accumulates under the influence of corrosion factors, and the fatigue accumulation of tubular joints increases under the combined action of the equivalent fatigue wind turbine load and wave load. The fatigue accumulation of the k-type tubular joint is the largest, being significantly larger than those of the other two types of tubular joint. When the OWT operates for 30 years, the fatigue accumulation of this type of tubular joint can reach 0.077 under the combined action of the equivalent fatigue load and wave load calculated using Formula (7).



The total fatigue damage of the OWT foundation structure under the combined action of the equivalent fatigue wind turbine load and wave load is obtained by the simple addition method, which implies that the fatigue damage caused by the equivalent fatigue wind turbine load and wave load alone is added directly, as shown in Figure 11. The cumulative change rule of the long-term fatigue damage of tubular joints under the combined action of the equivalent wind turbine load and wave load is basically consistent with that in Figure 10. The K-joint fatigue of the selected pile sleeve-type pipe connected to the brace position accumulated to a significant value, reaching 0.03. However, the fatigue damage accumulation of Y- and T-shaped tubular joints at the connection positions of the main cylinder and upper and lower inclined braces is slightly different, as shown in Figure 11.



According to the comparison of the cumulative fatigue results obtained by different calculation methods for the OWT infrastructure under the combined action of the equivalent wind turbine load and wave load, as shown in Figure 9, Figure 10 and Figure 11, the values obtained by the equal-amplitude load method are largest, followed by the results obtained by the direct formula method, while the values obtained by the simple addition method are smallest. For example, the estimated structural fatigue damage at location ② using the direct formula, equal-amplitude load and simple addition methods are about 0.04174, 0.06692 and 0.02696, when the OWT service period reached 20 years, as listed in Table 5. So, the values of the accumulated fatigue damage obtained using the simple addition method are considerably smaller than the accumulated values obtained by the constant amplitude load method, which is only 0.03062 at the same tubular joint in Table 5. However, the variation trends of the three results are consistent when the fatigue accumulation of the tubular joints in the infrastructure is affected by corrosion factors in different operating periods. It can be observed that the longer the corrosion period, the more obvious the cumulative fatigue damage obtained by the three methods. For example, the fatigue damage at Location ① obtained by direct formula method in 10, 20, and 30 years of corrosion period is 0.01295, 0.01602, and 0.01788, respectively.





5. Conclusions


In this study, based on the two-parameter Weibull model, the corrosion model of the OWT’s structure during operation was established. The fatigue damage accumulation of tubular joints under the equivalent fatigue load of the wind turbine and wave load was calculated using the deterministic fatigue analysis method and spectral fatigue analysis method, respectively. Furthermore, the cumulative change rule of the fatigue damage of the tubular joints of foundation structures, under the combined action of the environmental load and corrosion factors, was obtained by the direct formula method. The results of this study can be summarized as follows:




	
The cumulative fatigue damage of tubular joints in the foundation structure under the long-term wind turbine operating load, i.e., the equivalent fatigue wind turbine load, is considerably larger than the effect of the wave load, i.e., the wind turbine operating load is the main load causing the fatigue damage of the OWT structure.



	
Under the joint influence of the long-term wind turbine operating load, wave load, and corrosion factors, the tubular joint damage accumulates continuously during the operation period. Compared with other types of tubular joints, the K-joint at the connection between the pile casing and strut is most significant. This is because it is considered as the control tubular joint for checking the ultimate fatigue-bearing capacity of the foundation structure.



	
The fatigue accumulation results of the OWT foundation structure under the combined action of equivalent wind turbine load and wave load deviate for different calculation methods. The fatigue accumulation results of the OWT foundation structure under the combined action of the equivalent wind turbine load and wave load are largest for the equal-amplitude load method, followed by those obtained by the direct formula method and simple addition method.



	
Considering the corrosion factors affecting the fatigue accumulation of the tubular joints in the basic structure in different operating periods, the three results have the same variation trend. They accumulate and increase with the increase in the wind turbine run-time. Therefore, the selection of the calculation method in the design of the infrastructure should consider the actual engineering situation. It should consider not only the importance of the safety of the OWT infrastructure, in order to avoid the over-estimation of the fatigue performance caused by the calculation result being smaller than the real value, but also the economic cost, in order to avoid economic waste caused by the calculation result being larger than the real value.



	
Under the influence of the above complex environmental factors, the fatigue damage accumulation of the tubular joints of the foundation structure increases significantly. However, when the operation period reaches 30 years, the maximum fatigue damage accumulation of the tubular joints of the foundation structure is only 0.07, which is significantly smaller than the ultimate fatigue-bearing capacity of the tubular joints. The structural fatigue-bearing capacity still has a high degree of safety redundancy. This implies that, in the initial stage of offshore wind farm construction, the OWT infrastructure design method used in China is relatively conservative.



	
At the present and subsequent stages of OWT infrastructure design, it is necessary to employ a more refined design method to reduce the cost of infrastructure design and construction. From the perspective of ultimate fatigue-bearing capacity, the evaluated OWT infrastructure is still in service, and thus, it is necessary to carry out a comprehensive evaluation of the bearing capacity of the foundation structure, propose reasonable safety protection strategies, prolong the service life, and improve the economic benefits of offshore wind farms.
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Figure 1. Double-slope S–N curves of tubular joints under air and sea environments. 
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Figure 2. Fatigue analysis procedures of the OWT substructure. 
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Figure 3. Selected typical tubular joints of the OWT tripod substructure. 
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Figure 4. JONSWAP spectrum at Hs = 0.7 m, Tz = 1.55 s. 
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Figure 5. JONSWAP spectrum at Hs = 0.7 m, Tz = 4.55 s. 
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Figure 6. Finite-element model of the tripod foundation. 
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Figure 7. Accumulated fatigue damage of tubular joints under equivalent fatigue loads. 
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Figure 8. Accumulated fatigue damage of tubular joints under wave loads. 
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Figure 9. Accumulated fatigue damage of tubular joints under the combined loads obtained by the direct formula method. 
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Figure 10. Accumulated fatigue damage of tubular joints under the combined loads obtained by the equal-amplitude load method. 






Figure 10. Accumulated fatigue damage of tubular joints under the combined loads obtained by the equal-amplitude load method.



[image: Jmse 10 01011 g010]







[image: Jmse 10 01011 g011 550] 





Figure 11. Accumulated fatigue damage of tubular joints under the combined loads obtained by the simple addition method. 
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Table 1. S–N curve parameters of tubular joints in a seawater environment.
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	    lg  a ¯     
	m
	Range of Valid Cycles
	   Thickness   Index    k    





	11.764
	3
	N < 106
	0.25



	15.606
	5
	N > 106
	0.25
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Table 2. Average corrosion rate of the steel structure.
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	Part
	Average Corrosion Rate (mm/Year)





	Atmospheric area
	0.05–0.10



	Unprotected splash area
	0.40–0.50



	Water level fluctuation area, underwater area
	0.12



	Under the mud area
	0.05
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Table 3. Corrosion parameters.
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Part

	
Range (m)

	
Total Corrosion (mm)






	

	

	
10 years

	
20 years

	
30 years




	
Atmospheric area

	
>6.338

	
0.93

	
1.75

	
2.75




	
Splash area

	
2.12~6.338

	
2.20

	
6.20

	
10.2




	
Tide zone

	
−2.72~2.12

	
0.66

	
1.86

	
3.06




	
Underwater area

	
−20.50~−2.72

	
0.66

	
1.86

	
3.06




	
Under the mud area

	
~−20.50

	
0.50

	
1.00

	
1.50
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Table 4. Equivalent fatigue loads with respect to the tower base.
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Equivalent Fatigue Load Amplitude

	
Annual Cycle




	
Mx(kN·m)

	
My(kN·m)

	
Mz(kN·m)

	
Fx(kN)

	
Fy(kN)

	
Fz(kN)






	
0

	
0

	
0

	
0

	
0

	
18.925

	
2.50 × 107




	
0

	
0

	
0

	
41.68

	
0

	
18.925

	
1.82 × 107




	
0

	
0

	
1053

	
41.68

	
91.35

	
18.925

	
1.26 × 107




	
6900

	
0

	
1053

	
41.68

	
91.35

	
18.925

	
5.30 × 106




	
6900

	
3165.5

	
1053

	
41.68

	
91.35

	
18.925

	
4.96 × 106




	
6900

	
3165.5

	
2106

	
41.68

	
91.35

	
37.85

	
1.84 × 106




	
6900

	
3165.5

	
2106

	
83.35

	
182.7

	
37.85

	
6.90 × 105




	
13,800

	
6330

	
2106

	
83.35

	
182.7

	
56.75

	
3.30 × 105




	
13,800

	
6330

	
3159

	
125.05

	
182.7

	
56.75

	
1.64 × 105




	
13,800

	
9495

	
4212

	
125.05

	
274.05

	
56.75

	
5.50 × 104




	
20,700

	
9495

	
4212

	
166.7

	
274.05

	
75.7

	
3.63 × 104




	
20,700

	
12,665

	
5265

	
208.4

	
274.05

	
75.7

	
1.41 × 104




	
20,700

	
15,830

	
5265

	
208.4

	
365.4

	
94.6

	
6.05 × 103




	
27,605

	
15,830

	
5265

	
250.1

	
365.4

	
94.6

	
3.33 × 103




	
34,505

	
18,995

	
6320

	
250.1

	
456.75

	
138.55

	
1.14 × 103




	
41,405

	
18,995

	
7370

	
291.75

	
548

	
132.45

	
3.42 × 102




	
41,405

	
22,160

	
8425

	
333.45

	
548

	
132.45

	
1.43 × 102











[image: Table] 





Table 5. The comparison of fatigue damage obtained by different methods.
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Method

	
Location

	
Fatigue Damage






	

	

	
10 years

	
20 years

	
30 years




	
the direct

formula method

	
①

	
0.01295

	
0.01602

	
0.01788




	
②

	
0.03171

	
0.04174

	
0.04816




	
③

	
0.01344

	
0.01539

	
0.01649




	
the equal-amplitude

load method

	
①

	
0.02251

	
0.02789

	
0.03116




	
②

	
0.05176

	
0.06692

	
0.07651




	
③

	
0.01835

	
0.02112

	
0.02267




	
the simple

addition method

	
①

	
0.00986

	
0.01224

	
0.01369




	
②

	
0.02118

	
0.02696

	
0.03062




	
③

	
0.00739

	
0.00847

	
0.00908
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