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Abstract 

Fatigue failure is an important issue for offshore wind turbine support structures. 

Especially, fully coupled time domain analysis will lead to high computational burden. 

Therefore, accurate and efficient fatigue evaluation methods have always been the 

common goal pursued by the industry and researchers. This paper evaluates fatigue 

damage under combined wind and wave loading, using a fixed jacket offshore wind 

turbine as an example. A half coupling model (HCM) with distinct advantage by 

considering aerodynamic damping and structural damping is developed for dynamic 

response analysis of offshore wind turbine. The precision and effectiveness of the 

developed HCM is verified to be reasonable by comparing with numerical simulated 
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results. A linearized Morison equation is proposed to achieve frequency domain 

analysis of wave response which is embedded as a programming module in ANSYS. 

Based on the developed model, dynamic response analysis is carried out under wind 

and wave loading, and then combined stress spectra at the location of different tubular 

joints (X-joint and K-joint) are obtained. To consider the interaction of wind and wave, 

a spectral fatigue combination rule based on Han and Ma’s method is used to calculate 

fatigue damage. The developed combination rule is assessed by compared with time 

domain fatigue result based on rainflow cycle counting. Analysis using the newly 

developed model and method demonstrates a high accuracy and efficiency for fatigue 

damage prediction. 

Keywords: Fatigue damage assessment; Offshore wind turbine; Half coupling model; 

A linearized Morison equation; A spectral combination rule 

1 Introduction 

In recent years, with increasing concern over the issue of climate change, rapid 

development of offshore wind energy has been witnessed around the world. In 

particular, offshore wind energy has huge growth potential in the Asian region which 

has the opportunity to become the region with the largest installed scale of offshore 

wind power, thereby significantly promoting the development and utilization of global 

renewable energy [1-3]. 

Support structures are very important parts of offshore wind turbines (OWTs) and 

of great significance to ensure the service life. The support structures are mostly 
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composed of steel pipes. The tubular connections are prone to stress concentration 

because of complex structural shape, welding and discontinuous intersection parts. In 

addition, during the operation, support structures of OWT generally suffer the cyclic 

load due to turbulent wind and random wave during the service life [4-5]. Hence, 

fatigue problems have become the control link of design and safety assessment of 

OWTs. A reasonable and reliable structural fatigue life prediction method is 

particularly important for the overall structural safety assessment of offshore wind 

turbines. 

At present, Non-linear fully coupling fatigue analysis method is still accurate as a 

standard in the industry [6]. Based on these studies, some integrated coupling analysis 

and design tools are developed such as FAST, HAWC2, USFOS, DUWECS. 

Koukoura et al. [7] investigated the effect of damping on the side–side fatigue based 

on an integrated coupling model of offshore wind turbine with the 

aero-hydro-servo-elastic code. Marino et al. [8] studied fatigue loads of a 

bottom-supported offshore wind turbine under different wind conditions and for 

different wave modelling assumptions based on the coupled hydro-aero-elastic model. 

Rezaei et al. [9] investigated the fatigue life sensitivity of a reference 5MW wind 

turbine under operational and non-operational conditions using coupled time-domain 

finite element simulations. Li et al. [10] studied short-term fatigue damage at the 

tower base of a 5 MW FOWT with a spar-type platform with fully coupled 

time-domain simulations code FAST. Kvittem et al. [11] performed long term time 

domain analysis of the nominal stress for fatigue assessment of the tower and 
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platform members of a three-column semi-submersible by fully coupled time domain 

analyses in Simo-Riflex-AeroDyn. Yang et al. [12] investigates the wind-wave 

coupling effects on fatigue damage of tendons that connect multiple bodies of a novel 

floating platform (TELWIND) supporting a 10 MW wind turbine with an 

aero-hydro-servo tool. 

Non-linear fully coupling time domain simulation approach can potentially lead to 

more reliable design solutions for fatigue assessment of OWT [13-17]. The high 

computational effort is required since a large number of environmental states and load 

cases need to be considered when calculating the fatigue life of OWT support 

structures [18]. For example, fatigue analysis of an OWT project in Block Island 

produced 25 cases and 2334 time domain simulations. The calculation lasted 10 days 

using 5 workstations with 24-core. 

In order to improve the efficiency of coupling analysis, many researchers 

concentrated on developing decoupling or half coupled models to conduct fatigue 

analyses. Chen et al. [19] developed a computationally efficient methodology 

combining aerodynamic decoupling and modal reduction techniques for fatigue life 

prediction. Sun et al. [20] established an analytical model of an offshore wind turbine 

coupled with a 3D-PTMD (full description of PTMD upon first appearance) using the 

Euler-Lagrangian equation. Yeter et al. [14, 21] dealt with the evaluation of the 

spectral fatigue damage prediction of a tripod offshore wind turbine support structure 

subjected to combined stochastic wave and wind-induced loads using spectral fatigue 
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analysis method. Li et al. [22] proposed a probabilistic long-term fatigue damage 

assessment approach to reduce the calculation cost for this time-consuming process 

by implementing a C-vine copula model and a surrogate model. Lin et al. [23] 

proposed a methodology to develop reduced-order models to support the operation 

and maintenance of offshore wind turbines. 

As the wind turbine size increases, it is questionable whether this de-coupled 

analysis method yields sufficiently accurate results. Wang et al. [24] conducted a 

comparative study of the drivetrain dynamic behaviour obtained by a fully coupled 

method and a de-coupled one for a 10-MW floating wind turbine. This study showed 

that the de-coupled method could provide accurate results in the drivetrain fatigue 

damage. Therefore, by using a de-coupled approach, fatigue damage can be not only 

assessed very quickly, but also without loss of accuracy compared to time domain 

calculations. 

This paper aims to address the technology gap by developing a practical and 

accurate method for fatigue assessment of offshore wind turbines. Based on this idea, 

fatigue damage of Jacket support structures of OWT under combined wind loading 

and wave loading is studied. A half coupling methodology is proposed to carry out the 

dynamic response by considering aerodynamic and structural damping. 

Implementation of decoupling model is conducted based on FAST and ANSYS. 

Combined stress response spectra are obtained. Finally, fatigue damage is calculated 

with general spectral methods and the method previously proposed by the authors. 
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2 Basic Description of fatigue analysis 

2.1 Spectral parameter of random process 

In this paper, wind and wave are assumed as Gaussian random processes with zero 

mean. The basic characterization of random process can be denoted with spectral 

moments. The most commonly used spectral parameters are the 0-th-order, 1-th-order, 

2-th-order, 4-th-order, e.g., 0 , 1 , 2 , 4 , which is defined as Eq. (1) 
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where ( )XS   is the power spectral density function. 

Two bandwidth parameters which describe a random process are given as 
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where 1  is the Vanmarcker’s bandwidth parameter, and 2  is the irregularity 

factor.  

  Two spectral parameters, relating to 1  and 2 , are defined as follows [25-27]:  
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where   is Vanmarcke’s spectral parameter with 0 1  , and   is Wirsching's 

spectral width parameter with 0 1  . 
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Other typical parameters are the mean zero up-crossing frequency 0 and the

peak occurrences frequency p , which depend on spectral moments in frequency

domain and can be determined: 
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2.3 Spectral fatigue analysis theory of random process 

Fatigue analysis method widely used in ship and ocean engineering is the S–N 

curve method which is given as [28-29]: 
mN K S   (5) 

where K represents the fatigue strength coefficient, and m are the fatigue strength 

exponent. 

Fatigue damage is commonly calculated with a linear accumulation hypothesis by 

Palmgren and Miner [30] as: 

1 mi
i i

i

nD n S
N K

   (6) 

where in is the number of cycles in the i-th stress level iS , obtained with a rainflow 

counting method for a random stress process [31]; iN is the number of cycles at 

fatigue failure for the stress iS . 

  For a continuum stress amplitude with a probability density function (PDF) ( )Sf S , 

fatigue damage during the time T  can be calculated as Eq. (7) 
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  When ( )Sf S  is an ideal narrow-band process, fatigue damage in Eq. (7) can be 

given with an analytical expression based on Rayleigh distribution assumption [32-33] 

as: 
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Where     is the Gamma function. 

  When ( )Sf S  is a wide-band process, fatigue damage can be calculated by a 

bandwidth correction [27]. 

WB NBD D                            (9) 

3 Development of half coupled model for fatigue assessment of OWTs  

3.1 Fully coupling of equations of motion of wind turbine and support structure 

For simplicity, the model of offshore wind turbine only considers aerodynamic and 

hydrodynamic loads which can be assessed as two independent, random vectorial 

inputs. 
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Fig. 1. Schematic diagram of Jacket offshore wind turbine 

Modelling of the offshore wind turbine system comprises two distinct components: 

the wind turbine, the support structure with pile foundations. The fully coupling 

equations of motion modelled in FEM can be written as follows [18-19]: 

           

   

WT SS Stru Aero Hydro Soil WT SS

Aero Hydro

t t t

t t

   

 

M + M D + D D D K + K

F F

u u u
（10） 

Where M , K and D are, respectively, the mass, stiffness and damping matrices.  tu ,

 tu and  tu are the acceleration, velocity and displacement vectors respectively.

The system matrices and vectors are partitioned into blocks corresponding to the wind 

turbine (denoted by subscript WT) and support structure (subscript SS). StruD and

AeroD represent structural damping and aerodynamic damping respectively.  tu is 
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u
u

u
, where WTu  represents the six rigid-body displacements of 

the wind turbine, and SSu  is the displacements of the support structure.  Aero tF  is 

the aerodynamic force vector due to turbulent wind, and  Hydro tF is the hydrodynamic 

force vector due to wave. 

3.2 Half coupling model 

Fully coupling analysis of offshore wind turbine need to consider the coupling 

effects between environmental loads, operating conditions and structural response. 

Hence, the random aerodynamic and hydrodynamic loadings are assumed to be 

independent. Considering the constitution of coupling equations of motion in Eq. (10), 

Aerodynamic damping, structural damping, soil damping, hydrodynamic damping, 

stiffness terms and a hydrodynamic inertia term are contained in the system matrices. 

Therefore, the decoupling process will depend on the above conditions which will be 

described in the following section in detail. 

(1) Aerodynamic damping 

Aerodynamic damping is induced by the operating rotor. It is related to the 

interaction between the support structure and the wind turbine. Decoupling of wind 

response and wave response depends on the aerodynamic damping. Hence, in 

decoupled model, aerodynamic damping will be an important factor affecting the 

rationality of fatigue damage of OWT structure. 
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(2) Structural damping

Structural damping is also named as modal damping and the common sources 

include internal material friction and bolted or welded joints. It should also be 

considered in the half decoupled model. Typical value with a 1% of damping is 

selected for OWT structure [6]. 

(3) Hydrodynamic loading

Hydrodynamic damping is caused by the rigid structural motion and mainly due to 

the viscous drag force on flexible, submerged members as cables and risers. Jacket 

support structure studied in this paper is relatively stiff below the water surface. 

Therefore, the effect of hydrodynamic damping can be approximately equal to zero. 

(4) Soil damping

A simplified model with apparent fixity length is adopted to consider the effect of 

soil damping which is schematically illustrated in Fig. 2. For general calculations of 

soil condition, the fixity length is equal to 6D, in which D is the outer pile diameter 

[32-33]. 

Based on the discussion, the decoupling process firstly starts with the linearization 

of aerodynamic loads from rotor into concentrated forces. The aerodynamic loads can 

be calculated with a combination of blade element and momentum (BEM) theory. In 

Bladed, the aeroelastic model was established and aerodynamic calculation was 

carried out to obtain the load. After that, Rotor-Nacelle Assembly (RNA) will be 
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assumed to be rigid body and be represented with a lumped mass at the top of the 

tower. The static component of the condensed aerodynamic forces can be directly 

applied at the tower top as an external force independent of the tower top velocities as 

shown in Fig.2. As a result, the equations of motion for the decoupled model with 

rigid blades can be written as 

           

   

WT SS Stru Aero WT SS

Rigid
Aero Hydro

t t t

t t

 

 

M + M D + D K + K

F F

u u u (11) 
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Fig. 2. The decoupling of the aerodynamic forces at tower top 
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3.3 Implementation of half coupling model 

The above description about half coupling model is a theoretical process, and then 

it is necessary to combine the means of finite element analysis and utilizing 

commercial general software to execute the entire process of the half coupling 

analysis.  

Based on the fully coupling and decoupling equation, several integrated and 

semi-integrated design tools are developed as shown in Table 1. 

(1) Bladed+SACS 

Support structure was built in Structural analysis computer system (SACS), 

imported to Bladed. Wind wave current and soil stiffness are imported into Bladed 

and wind turbine structure model is built. The aerodynamic load and wave load are 

calculated in Bladed and imported into SACS to carry out fatigue analysis. This 

treatment is not suitable for bearing platform and requires extensive work for load 

transfer. 

(2) FAST+SACS 

FAST is used as the load solver in the overall analysis process, and the load is 

imported to ANSYS for dynamic response calculation of Jacket support structure. 

Since FAST is open source, a half- and fully coupling analysis of FAST+ANSYS can 

be realized by compiling the calling interface. This treatment is required to establish a 

working environment of FAST. 

Table 1 Different design tools 
Design tool Method Application 
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Bladed+SACS Half coupling Jacket foundation 

FAST+SACS Fully coupling Jacket foundation 

FAST+ANSYS Half coupling 
Jacket foundation and 

bearing platform 

Bladed+ANSYS 

(Present) 
Half coupling 

Jacket foundation and 
bearing platform 

(3) The present tool: Bladed+ANSYS

Two main softwares including Bladed and ANSYS are used in this paper. The

specific implementation steps are described in Fig. 3. 

Firstly, an environmental condition should be established. For a simplified analysis, 

wind and wave will be assumed as collinear and omnidirectional. Thus, the 

environmental condition can be represented with a three-dimensional scatter diagram 

which describes a probability distribution of a significant wave height, zero-crossing 

period and mean wind speed. 

Next, selecting an environmental case and giving a mean wind speed V, the relevant 

wind load information can be obtained through the Bladed calculation, and then 

combining with harmonic response analysis in ANSYS, the stress response under the 

turbulent wind load can be calculated. Similarly, giving a significant wave height H 

and zero-crossing period T under the same case, the stress response spectrum under 

wave load can be obtained through linear spectral analysis in SACS. 
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Fig. 3. Flowchart of half coupling analysis method for fatigue damage assessment 

The total response spectra due to wind loading and due to wave loading are 

calculated independently, and then the combined response spectrum can be obtained 

by simple summation of the corresponding spectra. Using this spectrum, several 

spectral methods can be used to derive the fatigue damage as shown in Fig. 3. 

Rainflow counting is considered as an accurate solution and is incorporated in this 

paper for reference. 

4 Frequency domain solution of half coupled model for jacket offshore wind 

turbine  

4.1 Modelling of support structure of OWT 

As shown in Fig. 1, the wind turbine support structure consists of the tower, the 
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transition piece, and the jacket-type foundation. The main parameters can be seen in 

Table 2. The finite element model of offshore wind turbine is built in ANSYS. The 

element type is Beam188, shell63, pipe59 and pipe16, corresponding to the tower, the 

transition piece, the jacket-type foundation and the pile, respectively. The finite 

element model includes 36123 nodes and 34736 elements. The element size is set 

according to DNV-RP-C203 [29]. A refine mesh of t * t (t is the plate thickness) is 

made at the hot spot region of welded tubular joints. A relatively coarse mesh is used 

at other region. The detailed model is shown in Fig. 4. The rotor and blade on the top 

of the tower are represented with a lumped mass. Soil-pile behaviour is addressed as 

linear through fixing the bottom of pile at the length of six times pile diameter. In 

addition, the aerodynamic damping and the critical damping is set to 4% and 1% 

respectively [6, 18]. 

Table 2 Principal characteristics of structural members [34] 

Length (m) Diameter (m) Thickness (m) 

Tower 75 

Transition structure 10 4.2 0.05 

Chord 25 1.79 0.03 

Brace 25 0.61 0.01 

Transition structure 10 4.2 0.05 

Pile 10.74 1.79 0.03 
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Fig. 4. The finite element model of offshore wind turbine 

4.2 Frequency domain analysis based on half coupled model under wind loading 

4.2.1 Frequency domain analysis of offshore wind turbine under wind loading 

In order to obtain the stress response spectrum for fatigue damage estimation 

under wind loading, a dynamic analysis of the jacket support structure of OWT is 

carried out. The detailed process can be seen in Fig.5. 

The first step is to select a suitable wind spectrum. The von Kármán spectrum is 

used as the wind speed spectrum in this paper [35]. The von Kármán model is based 

on the mean wind speed, the turbulence intensity, and a length scale: 
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The detailed parameter setting can be found in the literature [34]. 

Wind spectrum

Aerodynamic 
damping

Structural 
damping

Pile-Soil 
Interaction

Bladed
Harmonic response analysisHarmonic response analysis

Wind load spectrumWind load spectrum

Wind stress spectrumWind stress spectrum

Aerodynamic  
transfer function
Aerodynamic  

transfer function

Fig. 5. Flowchart of the frequency domain calculation to determine the stress spectrum due to 
wind loading 

According to the defined parameters, the self-spectral density formula can be 
seen in Fig. 6. 

Fig. 6. Wind spectrum by von Kármán 
According to the given wind speed spectrum, the wind load spectrum can then be 
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obtained via Fourier transform in Bladed. Taking loads xF  as an example, the 

corresponding auto PSD is shown in Fig. 7. 

 
Fig. 7. Auto PSD of wind load component Fx 

The following step is to obtain the transfer function of the hotspot stress which 

will be calculated according to the method in the literature [34]. The ANSYS software 

can be used to calculate stress amplitude of the hotspot location due to a unit load 

with a harmonic response analysis. When the load spectrum at the tower top is given, 

the transfer function can be derived by dividing the load spectrum and taking the 

square root: 

 

 F

S
TRF

S
 


                             (13) 

Fig. 8 gives the transfer function of the hotspot stress under the load component

xF . 
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Fig. 8. Transfer function between wind load spectrum and tower top load 

By multiplying the square of the transfer function with the input wind load 

spectrum, the hotspot stress response spectrum under six load components for an 

X-joint and a K-joint can be determined as shown in Figure 9. This calculation

process is briefly summarized here. It was described in more detail in Reference [34]. 

(a) X-type tubular joint (b) K-type tubular joint
Fig. 9. Stress response spectrum of (a) K-joint and (b) X-joint under wind loading 

4.2.2 Validity verification of half coupled model 

In order to verify the validity of the half coupled model, a time domain simulation 

with a fully coupled model will be carried out. In the fully coupled model, the 

pile-soil interaction is simulated by nonlinear springs, and the soil data (P-y curve, T-z 

curve, and Q-z curve) are obtained from actual engineering surveys. The fully coupled 
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time domain analysis is carried out by ANSYS software. The simulation parameter 

setting is as: 

- 0.05 s time step for the analysis  

- 600 seconds simulation time per wind speed 

 

Fig. 10 600 seconds wind load history  

By inputting the load time history as shown in Fig.10, the stress response can be 

obtained with a transient dynamic analysis. Then, the resulting stress time series can 

be transformed to a power spectral density function through a fast fourier transform. 

Fig. 11 compares the stress response for X tubular joint and K tubular joint obtained 

from the fully coupled model and half coupled model. It can be seen that the results 

for both methods match very well. 

 

Fig. 11 Comparison of stress spectrum from HCM and FCM for X joint and K joint 

A detailed comparison including some common spectral parameters between 
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HCM spectrum and FCM spectrum is listed in Table 2. Small differences can be 

found in Table, which demonstrate the validity of HCM. 

Table 2 Comparison of spectral parameters from HCM and FCM 

Method 0 1 2 4  0 p

X-joint 
FCM 4.997 4.352 6.984 51.167 0.900 0.188 0.431 

HCM 4.888 4.026 6.298 48.387 0.912 0.181 0.441 

K-joint
FCM 0.992 0.745 1.072 7.693 0.922 0.166 0.426 

HCM 0.955 0.784 1.212 8.983 0.910 0.179 0.433 

More importantly, as shown in Table 3, under the same computer configuration, 

the computation duration time of HCM model is far shorter than that of FCM, which 

indicates that HCM performs better than FCM in terms of calculation speed. In 

addition, the space occupied by the generated files for HCM is far less than that for 

FCM, which is another advantage of HCM. 

Table 3 Comparison of spectral parameters from HCM and FCM 

Processor 
RAM 

Memory 
Computation 

duration 
Resulting file 
Storage space 

FCM 
Intel Core 7 

3.7 GHz 
16GB 48 hours 2 TB 

HCM 
Intel Core 7 

3.7 GHz 
16GB 0.1 hour 200MB 

4.3 Frequency domain analysis based on half coupled model under wave loading 

Frequency domain approach is the common practice for assessment of the fatigue 

of offshore wind turbine under wave loading, which includes the wave spectrum, 

linear spectral analysis and determination of stress response spectrum. The wave 

spectrum describes the random characteristics of waves and by multiplying that by the 
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square of the transfer function, the stress response spectrum is determined. The 

flowchart of frequency domain analysis can be seen in Fig.12. Frequency domain 

analysis requires the structure system is linear, however, the wave load based on 

Morison equation is non-linear. Therefore, the linearization of Morison equation will 

be developed and be the focus of this part. 

Aerodynamic 
damping

Structural 
damping

Pile-Soil 
Interaction

Linear spectral analysisLinear spectral analysis

Wave spectrumWave spectrum
Hotspot stress  

transfer function
Hotspot stress  

transfer function

wave-scatter diagram
(         )sH zT

Fig. 12. Flowchart of the frequency domain calculation to determine the stress spectrum due to 
wave loading 

When calculating wave loads, a non-linear term by the drag force is introduced in 
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Morison equation which will effect the calculation results of wave loads in the 

frequency domain. However, ANSYS software does not linearize Morison equation. 

Therefore, it is very critical to finish the linearization of non-linear wave loads in 

ANSYS. 

According to Airy wave theory, non-linear Morison wave loads will be linearized 

as: 

21 8( ) ( ) ( ) ( ) ( )
2 4D I w D u M wf t f t f t C D u t C D a t
  


    (14) 

( )Df t is drag force; ( )If t is inertial force; DC is drag coefficient; MC is inertial 

coefficient; ( )u t  is water particle velocity; ( )a t  is water particle acceleration; w

is water density; D  is diameter of a single cylinder. 

( )u t and ( )a t can be denoted as follow:

ch ( )( ) ( )
sh
k z du t t

kd
 

 
  
 

(15) 

2 ch ( )( ) ( )
sh 4
k z d Ta t t

kd
 

 
  
 

(16) 

From the above equation, the transfer function of water particle velocities and 

accelerations 

ch ( )( )
shu
k z dT

kd
 


 (17) 

2 ch ( )( )
sha
k z dT

kd
 


 (18) 

Velocity spectral density and acceleration spectral density at height z can be 
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given in: 
2( ) ( ) ( )u uS T S                         (19) 

2( ) ( ) ( )a aS T S                         (20) 

The relationship between the auto-correlation function of the drag force and the 

auto-correlation function of water particle velocities ( )u t  is defined as: 

2
1 8( ) ( ) ( ) ( )
2D D w D uf t f t C D u t u t   



 
      

 

           (21) 

The relationship between the auto-correlation function of the inertial force and the 

auto-correlation function of water particle accelerations ( )a t  is defined as: 

2
2( ) ( ) ( ) ( )

4I I M wf t f t C D a t a t
  

 
     

 
             (22) 

Hence the drag force spectrum ( )fDS   can be obtained through a Fourier 

transform as: 

2
1 8( ) ( )
2fD w D u uS C D S   



 
   
 

                  (23) 

The inertial force spectrum ( )fIS   can be obtained through a Fourier transform 

as: 

2
2( ) ( )

4fI M w aS C D S
  

 
  
 

                    (24) 

Substituting Eqs. (19-20) into Eqs. (23-24), the drag force spectrum and inertial 

force spectrum can be further expressed as: 
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2 21 8 ch ( )( ) ( )
2 shfD w D u

k z dS C D S
kd     



   
        

(25) 

2 2
2 2 ch ( )( ) ( )
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k z dS C D S

kd 


   

   
    
   

(26) 

The transfer function of velocity spectral density and acceleration spectral density 

can be derived as: 

1 8 ch ( )( )
2 shfD w D u

k z dT C D
kd
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2 2 ch ( )( )
4 shfI M w

k z dT C D
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Wave force spectrum on a single cylinder per unit length can be derived as: 

2

2
2 2
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2 sh

ch ( ) ( )
4 sh
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M w

k z dS C D S
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(29) 

Irregular waves can be regarded as the superposition of regular waves of different 

amplitudes and frequencies. So that when the wave lift is as a stationary random 

process, the linearized Morrison force will also be a stationary random process. 

Therefore, wave load on a single cylinder in a unit length can be calculated with 

integration on the cylinder, and then the transfer function of wave force is obtained as: 

1/22
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22 22
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According to linear spectral analysis, stress response spectrum under wave 

loading can be obtained. In this paper, stress spectra of two typical tubular joints 

(K-joint and X-joint) are calculated as shown in Fig. 13. 

(a) X-type tubular joint (b) K-type tubular joint

Fig. 13. Stress response spectrum of (a) K-joint and (b) X-joint under wave loading 

5 Fatigue Damage assessment 

After obtaining the wind and wave stress response, the combined stress spectrum 

can be added linearly. Then, a new problem arises that how to calculate fatigue life 

using the power spectral density (PSD) of stresses. However, stress response due to 

wind loading is commonly a broad banded process while the stress response due to 

wave loading is also a wide process, so that a narrowband assumption method will 

produce too conservative fatigue damage results. In that situation, it is challenging for 

designers to evaluate fatigue damage under combination of wind and wave loading. 

Fortunately, many researchers including the author proposed some methods to correct 

and improve narrowband fatigue damages. However, these methods have different 

accuracy, scope of application and complexity. This section aims at looking for a 
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simple, practical and precise fatigue damage assessment technique which can account 

for the interaction between wind and wave response. Six typical and representative 

methods: Dirlik, Single-moment, Benasciutti-Tovo method, Jiao-Moan method, Lows 

bimodal method, Han-Ma method proposed by the author [36-41] will be applied to 

calculate fatigue damage of OWT as seen in table 4. Their solutions will be compared 

with rainflow counting fatigue damage solution.  

Table 4 different fatigue damage models 

Fatigue damage model Expression 

Dirlik (DK) method [36]  
 

2 2
1 2

31 2 2
2

0

1 exp exp exp
22Dirlik

G G zz z zp S G z
Q Q  



     
          

      

 

Single-moment (SM) 
method[37]  

2
2

2/
2 1
2 2

m
m

SM m
T mD
K




 
   

 

 

Benasciutti and Tovo (BT) 
method[38] 

1
2(1 ) m

RFC NB BT NBD b b D D      
 

Jiao-Moan (JM) method[39] 
*

20, 0,H 0,H* * * *2 2
0, 0, 0,H 0,*

0 00,

1( )
2 2(1 )

( 1)
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m m
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JM L L H
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m
  

    
 



 
  

     
  
 

 

Low's bimodal (LB) 
method[40] LB s lD D D   

The present spectral 
combination rule[41]  

/22/ 2/ mm m
HM wind waveD D D 

 

5.1. Dirlik (DK) method 

  Dirlik gives a PDF of rainflow amplitude after extensive numerical simulations 

[36]. This formula is a weight summation of an exponential distribution, a Rayleigh 

distribution and a standard Rayleigh distribution as: 

 
 

2 2
1 2

31 2 2
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Where 

0

Sz


                              (32) 

is a standardized amplitude and: 

1 2mx    ,  2 3 2

1

1.25( G G )Q
G

  
 ,  

2
2 1

2
2 1 11

mx G
G G






 


  
          (33) 

 2
2

1 2
2

2
1

mx
G









,  

2
2 1 1

2
1

1
G GG 



  



,  3 1 21G G G               (34)  

  Fatigue damage based on Dirlik model can be given in a closed-form form as: 

  2
0 1 2 3

1 1 1 1
2 2 2

m
p m m

Dirlik

T m m mD D Q D D
K


 


       
             

      
   (35) 

5.2. Single-moment (SM) method 

  SM method is formulated on the basis of observation for extensive simulated data 

from rainflow analysis of bimodal PSD [37]. The formula is given as: 

 
2

2
2/

2 1
2 2

m
m

SM m
T mD
K




 
   

 
                     (36) 

  The advantage of SM method is only one spectral moment 2/m  needs to be 

calculated.  

5.3. Benasciutti and Tovo (BT) method 

It is noted that the rainflow fatigue damage always has a lower and upper bound. 

Thus, BT gives a fatigue damage prediction model as [38]:  

1
2(1 ) m

RFC NB BT NBD b b D D                   (37) 
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Where the bandwidth correction factor can be obtained: 
1

2(1 ) m
BT b b                            (38) 

in which an approximate formula of the weighted factor b  is given in Eq. (39). 

1 2 1 2 1 2 2 1 2
2

2

( )[1.112(1 ( ))exp(2.11 ) ( )]
( 1)

b         



     



        (39) 

5.4. Jiao-Moan (JM) method 

  Jiao and Moan [39] derived a bandwidth correction factor from the envelope 

process of two narrow-banded Gaussian processes. The expression of this factor is 

given as: 

*
20, 0,H 0,H* * * *2 2
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2 2(1 )
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   (40) 

Where *
0,L  and *

0,H  are normalized zero-order spectral moments and 0,P  is 

defined in Eq. (41) 

2*
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0, 0, 0, *
0,L 0,L

1 H
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where 

* 2
1,H

* *
0, 2,

1H
H H




 
                          (42) 

5.5. Low's bimodal (LB) method 

  Since two cycles can be extracted from rainflow counting, Low [40] proposed a 
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bimodal method as: 

LB s lD D D                               (43) 

Where sD  and lD  are related to the small and large cycles respectively. 

  Fatigue damage due to the small cycles is formulated as 
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  The functions  
HR Hf r  and  

LR Lf r  are the Rayleigh distributions of the LF and 

HF components, respectively. 

  Fatigue damage due to the large cycles can be expressed as 
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Where 

 
1f 


  , 0                         (48) 
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Eq. (44) and Eq. (47) must be calculated with numerical integral, and the innermost 

integral can be obtained according to Low's derivation. 

5.6 The present spectral combination rule 

Han and Ma [41] derived a simple and accurate formula for combination of 

fatigue damage subjected to two Gaussian random processes, based on this, a spectral 

combination rule is developed as: 

 
/22/ 2/ mm m

HM wind waveD D D  (50) 

Where 

 0,
0,2 1

2
mwind

wind wind

T mD
K
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(52) 

Eq. (50) can also be expressed with a bandwidth correction factor as follow: 

 
/22/ 2/

/2
0, 0,
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(53) 

Wind response and wave response can be taken as a low-frequency process and a 

high-frequency process respectively. The corresponding parameter in Eq. (53) can be 

calculated based on the stress response spectrum. 

6 Results 

In this paper, the bandwidth correction factor is used as a target to assess fatigue 

damage of support structures due to wind loads and wave loads. This factor can be 

defined as: 

com

NB

D
D

  (54) 
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comD  is the total fatigue damage obtained from JM method, LB method and HM 

method. NBD  is the fatigue damage based on narrowband approximation which can 

be given as, 

 0, 0,wind wave2 1
2

m

NB wind wave
T mD
K

  

 
   

 
               (55) 

In which 

2 2
0,wind 0,wind 0,wave 0,wave

0,
0,wind 0,wave

wind wave

   


 






                   (56) 

0, 0, 0,wind wave wind wave                              (57) 

  According to the results of dynamic analysis, the mean zero up-crossing rate and 

the zeroth-order spectral moment of K-joints and X-joint corresponding to wind 

response in time domain and wave response in frequency domain can be extracted. 

To compare the accuracy of the different methods, a percentage error of the damage 

value is introduced: 

100RFC

RFC

Error  




                         (58) 

where   is the damage correction factor obtained by the spectral methods, and 

RFC  is the corresponding numerical simulation result. 
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Fig.14. Combined stress spectrum of X-joint 

Through the decoupling of the turbine and the support structure, wind and wave 

induced response can be determined separately. The effects of wind and wave 

response can then be added by simple summation of the corresponding spectra. Figure 

14 is the stress spectrum of a typical X-joint in the jacket-type offshore wind turbine 

support structure, which is obtained through half coupling analysis theory and finite 

element method. This stress spectrum shows a characterization of multiple peaks 

which is induced by combined wind and wave loads. The bandwidth of wind 

spectrum and wave spectrum can be calculated respectively, corresponding to

wave =0.5182 , wind =0.9351 . It can be seen that stress spectra by wind and wave are

rather broadband processes. 

Table 5 lists the relative error of different fatigue assessment methods according to 

Eq. (58). Only the present method, BT method and DK method provide accurate 

fatigue damage predictions, with the errors -1.41%, -0.68% and -1.51% for m=3, and 

increasing to -8.59%, -6.69% and -3.16% for m=5 respectively. For SM method, the 

damage may be under-estimated by as much as about -12.9% for m=3 and -21.8% for 
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m=5. JM method, LB method and Low-2014 method on the other hand always return 

positive errors (with a maximum overestimation of about 25% for m=3 and 35% for 

m=5 for JM method, which indicates they are conservative design. 

Table 5 Error of fatigue damage by different methods for m=3 and m=5 for X-joint 

 JM LB Low-2014 

The 

present 

method 

SM BT DK RFC 

m=3 

 0.872 0.772 0.780 0.686 0.606 0.691 0.685 0.695 

Error/% 25.41 11.07 12.18 -1.41 -12.9 -0.68 -1.51 0.00 

m=5 

 0.958 0.843 0.824 0.650 0.556 0.664 0.689 0.711 

Error/% 34.73 18.59 15.85 -8.59 -21.8 -6.69 -3.16 0.00 

 

 

Fig. 15. Combined stress spectrum of K-joint 

Figure 15 is the stress spectrum of a typical K-joint in the jacket-type offshore 
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wind turbine support structure. The bandwidth of wind spectrum and wave spectrum 

can be calculated respectively, corresponding to wave =0.577 , wind =0.910 . Table 5 

shows the relative error of different fatigue assessment methods for K-joint. 

A same tendency can be observed in Table 6. Only the present method, BT 

method and DK method give accurate fatigue damage predictions. For m=3, the errors 

are -3.35%, -1.58% and 0.03%; For m=5, the errors increases slight to -7.93%, 

-5.32% and -4.87% respectively. For SM method, the damage may be under-estimated

by as much as about -10.7% for m=3 and -16.2% for m=5. JM method, LB method 

and Low-2014 method always provide positive errors with a maximum 

overestimation of 25.94% for m=3 by JM method. 

Table 6 Error of fatigue damage by different methods for m=3 and m=5 for K-joint 

JM LB Low-2014 

The 

present 

method 

SM BT DK RFC 

m=3 

 0.980 0.909 0.865 0.752 0.695 0.766 0.778 0.778 

Error/% 25.94 16.86 11.13 -3.35 -10.7 -1.58 0.03 0.00 

m=5 
0.958 0.968 0.895 0.730 0.664 0.751 0.754 0.793 

Error/% 20.79 22.12 12.79 -7.93 -16.2 -5.32 -4.87 0.00 

7 Conclusions 

This paper studied fatigue damage of offshore wind turbine under combined wind 

and wave. Dynamic analysis is carried out based on Bladed and ANSYS. Combined 

stress spectra of X-joints and K-joints are obtained. Finally fatigue damage is 
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estimated with spectral methods. The main conclusions drawn from the study are as 

follows: 

(1) The proposed half coupling model considers the effect of aerodynamic and 

structural damping, achieves the separation of turbine system and support structure, 

avoids the complex modelling process and time-consuming fully coupling analysis. 

Numerical simulations demonstrate the half coupling model can not only provide 

accurate fatigue life prediction but also give numerical efficiency and rapid 

computational speed. 

(2) Based on the half coupling model, a half integrated analysis tool combining 

Bladed and ANSYS is proposed, which can finish fatigue damage assessment of 

offshore wind turbine under combined wind and wave well. The half integrated 

analysis tool can be recommended in engineering design of offshore wind turbine. 

(3) A linearized Morison equation is developed and achieved in ANSYS for wave 

spectral analysis. 

(4) Among the fatigue damage model mentioned in this paper, it can be conclude that 

a recently developed spectral combination rule based on HM method is very simple 

and can give accurate results because only several spectral parameters are needed.  

In addition, the paper gives some advantages and disadvantages of the proposed 

model. The major advantages of the proposed half coupling model are:  

- its efficiency in engineering practice for time and computer usage, which makes it 
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possible to carry out repeated iterative parameter or design variations with a huge 

potential for design optimization and cost reduction. 

- It would be advantageous to use a simplified half coupling model in an early design

stage and for parametric studies. It is a promising approach for fatigue assessment of 

floating OWTs under multiple random loads. 

The major disadvantages of the proposed half coupling model are: 

- It is not suitable for certification calculations at the end of the design process.

- The calculation can’t be performed with the need for a complete wind turbine

simulation program. 
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