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Abstract 
Dynamic response due to breaking wave impact force on an offshore wind turbine 
support structure is investigated, especially the effects of higher modes. From 
comparison between two representative breaking wave impact force models, i.e. the 
Goda model and the Wienke model, it is clarified that their impulse response 
functions in the low-frequency region and high-frequency region reverse their 
magnitudes. For convenience in the primitive design stage, a procedure for 
prediction of the dynamic response by a breaking wave impact force acting on a 
support structure is proposed using the impulse response function. By taking only a 
few vibration modes, the maximum values of the section forces on the support 
structure can be estimated without any cumbersome time dependent analyses. 
Furthermore this paper proposes an approximation of the curling factor in terms of 
the surf similarity parameter. 
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1. Introduction 

For a fixed type offshore wind turbine built in a surf zone, it is necessary to consider the 
impact force due to breaking waves on its pile support structure for its structural safety. 
Wave force is assumed to consist of non-breaking wave force and breaking wave impact 
force. For loading on a stiff pile, for example, Goda(1) has proposed a quasi static approach 
incorporating nonlinearities in regular wave dynamics. He has also proposed an effective 
breaking wave impact load, which provides a convenient way of estimating the maximum 
section load that does not require any cumbersome time dependent analyses. By combining 
both of these methods, a convenient design method for predicting section loads arising in a 
support structure of an offshore wind turbine tower can be established, especially in the 
primitive stage of structural design. 

Since the actual structure of a wind turbine possesses multiple eigen values, not only 
the fundamental vibration mode but also higher mode responses can be excited. However, 
the Goda method(2) does not deal with these higher modes. In this paper, Goda’s effective 
breaking wave impact load is extended to higher vibration mode. 
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2. Formulations of Secton Forces by Breaking Wave Impact Force 

It is well known that the wave breaking impact force is well accounted by the added 
mass theory. Goda(2) has formulated breaking wave impact force based on von Karman’s 
formulation. On the other hand, Wienke et al.(3)(4) have formulated it according to Wagner’s 
formulation, which modifies the von Karman’s theory by taking into account pile-up effect. 
These breaking wave impact forces are expressed as : 

( ) ( )τπρλητ sbcI CRCF 2=  (1) 

whereτ is reduced time Btt= , t is time(s), CRtB = . bC is wave celerity (m/s) and R is 
radius of a support pile (m). It should be noted that Bt corresponds to impulse force 
duration in the Goda model, whereas in Wienke’s model it is ( ) Bt3213 . In the following 
studies, Bt is used for time normalization of both models. ρ is density of sea water (kg/m3), λ  is 
curling factor and cη is water surface elevation (m), see Fig.3. ( )τsC  is a temporal 
slamming effect and has been proposed as : 

Goda model: 

( ) ττ −= 1sC  (2) 
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Here, since equations (1) to (3) are time dependent, if time dependent analysis is performed, 
section forces acting on a support structure of a wind turbine are obtained. However, in the 
following, Goda’s effective breaking wave impulsive force(2) is extended to a higher 
vibration mode by the modal analysis. The equation of motion for the j-th mode is 
expressed as : 

( )τ
τ sjjj

j CX
d

Xd 22
2

2

Ω=Ω+ , Bjj tω=Ω  (4) 

where jj fπω 2= is circular frequency, jf is the j-th natural frequency of the structure of 
the wind turbine, 0xxX jj = , jI kFx

j00 = , jx is the j-th generalized displacement, jk is 
the j-th generalized stiffness and 

0jIF is the effective breaking wave impact force of the 
j-th mode which is obtained as : 
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where, h is water depth and ( )zjφ is the j-th mode value at height z measured from the sea 
bed. 

0jIF corresponds to the initial value of the j-th generalized breaking wave impact 
force. The effective breaking wave impact force of the j-th mode is expressed as : 

jII XFF
jj

ˆˆ
0

=  (6) 

jX̂ is the impulse response factor of the j-th mode, which is defined as the maximum 
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response of the Eq.(4), and is expressed as : 

Goda model : 
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Wienke model : 
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where, c1=0.38, c2=-0.019 and c3=0.00038. As can be found in Eq.(3), since the Wienke 
model is a complicated function of time, impulse response factor in Eq.(8) was obtained by 
fitting the result calculated by time dependent analysis by the Newmark β method.  

The maximum section forces are obtained by combining an appropriate number of 
modal components. For superposition of the modal components, the Complete Quadratic 
Combination Method (CQC method) and the Square Root of Sum of Squares Method (SRSS 
method) are frequently used. The CQC method considers the effect of damping, but in a 
problem involving impact force the damping is sometimes neglected since the maximum 
response occurs at the first or second peak. Here, as the simplest approximation, the SRSS 
method is used. The maximum shear and bending moment of the i-th level iQ̂  and iM̂  
can be obtained by SRSS method as : 
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where [ ]M  is a mass matrix, [ ]K  is a stiffness matrix, 1−−=∆ iii zzz and 
jQ̂ , jM̂ , jP̂ , jφ are maximum shear force vector, maximum moment vector, maximum 
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reaction force vector and mode vector. jx̂ and jm are generalized displacement and 
generalized mass of the j-th mode. n is the number of the highest mode to be considered. 

 

3. Results and Discussion 

3.1 Differences between Goda model and Wienke model 
In Fig.1, the impulse response factors expressed by Eq.(7) and (8) are demonstrated. 

The abscissa represents the reduced frequency, which is the ratio of impulse force duration 
to the natural period of each vibration mode, as can be seen in Eq.(4). Both of the models 
intersect at 72.4≈Ω j . For 72.4<Ω j , the Goda model is larger and for 72.4>Ω j  the 
Wienke model gives larger response estimates. Furthermore, when ∞→Ω j , the Goda 
model approaches to 2ˆ =jX and the Wienke model approaches 4ˆ =jX . This corresponds 
to a ratio of ( )0sC of both models of 2. 
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Fig. 1  Impulse response factor for a circular cylinder 

Figure 2 shows a model of an offshore wind turbine(5). It is a 6MW turbine with a twin 
blade system. Its support structure is assumed to be made of reinforced concrete.  

    

Fig. 2  Model of a wind turbine(5) 
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Figure 3 shows the analytical model. The whole structure is discretized by ten lumped 
masses with sway and rotational degrees of freedom for each mass. The mass and stiffness 
are estimated based on the literature(5) as listed in Fig.3. The added mass is not included 
since they are limited in the lower part of the structure. Structural damping is provided by 
Rayleigh damping. Eigen values are listed in Table 1 together with description in the 
literature(5). The oceanographic condition is also based on the literature: wave height is 
16m, wave period is 9s and sea bed depth is 25m. Although the water surface elevation is 
represented as m2.15=cη in Fig.2, the following results are calculated using 

m 1=cλη following the calculation in the literature. 

z=0

h

 
Fig. 3  Analytical model 

Table 1. Natural periods 
Wienke(5) Present cal. Mode j Natural period(s) Natural period(s) Ωj 

1 2.879 2.962 0.417 
2 0.515 0.487 2.538 
3 - 0.167 7.411 
4 - 0.092 13.46 

The calculated time series of the base bending moment is presented in Fig.4. Here, 
structural damping is assumed to be ζ 1= ζ 2=2% for comparison with the literature(5) and for 
validation of the computer program. Although a slight mismatch is recognized among 
natural periods, as the model discretisation is rough, it can be found that the assumed model 
successfully reproduced the dynamic characteristics in the literature.  

       
(a) Wienke(5)                   (b) Present calculation 

Fig. 4  Time series of base overturning moments due to breaking wave impact force 
(ληc=1m, included up to the 2nd mode, ζ 1= ζ 2=2%) 
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In order to compare the Goda model and Wienke model, Fig.5 demonstrates the 
maximum section forces at the sea bed, which are obtained by time dependent analysis. It 
can be found that the higher the mode, the lower the contribution. In the figure, the broken 
lines show the maximum section forces for each of vibration mode where the characteristics 
in Fig.1 are clearly evident, i.e. for the first and second mode the Goda model value is larger 
than the Wienke model value but for higher modes the latter is almost twice the former. 
However, for the accumulated forces, which are indicated by the solid lines, these intrinsic 
dynamic characteristics are not seen clearly and even seem to be inconsistent, i.e. although 
the Goda model value is larger than Wienke model value up to the second modes for higher 
modes the relationship is reversed with respect to the overturning moment. This is because, 
in overturning moment, the higher mode contribution is relatively small compared with the 
base shear. As can be seen in Fig.5(c), this difference increases with damping ratio. 
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(a) Base shear, ζ 1= ζ 2=2.0% 
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(b) Base overturning moment, ζ 1= ζ 2=2.0% 
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(c) Base overturning moment according to structural damping 

Fig. 5  The maximum section forces by time dependent analysis (ληc =1m) 

3.2 Predictability of the maximum section forces by SRSS method 
Figure 6 compares the proposed method with time dependent analyses. For ζ=0.8%, the 

proposed method with SRSS approximation provides reasonably conservative estimates if 
at least eight modes from the lowest is considered in Eq.(9) and Eq.(10). 
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(a) Base shear 
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(b) Base overturning moment 

Fig. 6  Comparison between the proposed method and time dependent analyses (Wienke 
model, ληc =1m) 

3.3 Curling factor 
Batejes(6) has classified the breaker types into three categories as summarized in Table 2 

in terms of surf similarity parameter 0tan LHbb θξ =  where θtan  is sea bed slope, 
bH is wave height at breaking point and 0L is wave length. In the plunging wave region, 

breaking wave impact forces becomes the most important. Figure7 shows a diagram 
comparing the surf similarity parameter with the curling factor, which is established based 
on experimental studies(2)(7). The hatched area in the figure corresponds to the region of the 
plunging wave, in which the curling factor increases drastically from the spilling wave 
regime and consequently a larger breaking wave impact force is expected. By considering 
the following assumptions, i.e. breaking wave impact force is less significant in the 
collapsing/surging region and the curling factor manifests its peak at the mid of the 
plunging wave region, the curling factor is approximated as : 

( ){ } 1+log 2
bb

max

max
ξξ

λ
λ

a
=  (16) 

where, maxλ is the largest value of λ ,
maxbξ is a surf similarity parameter corresponding to 

maxλ and a is a parameter that determines the shape of the approximation. In Fig.7, 
6.0max =λ , 9.0

maxb =ξ and a=4 and 10 are demonstrated. 

Table 2. Classification of breakers(6). 
 Spilling Plunging Collapsing / Surging
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Fig. 7  Relationship between surf similarity parameter ξb and curling factor λ 

Since no data are available from the middle of the plunging wave region to surging wave 
region, it is hoped that Eq.(16) will be updated by the accumulation of data in future studies. 
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4. Conclusions 

The dynamic response due to breaking wave impact force on an offshore wind turbine 
support structure was investigated. The Goda model and the Wienke model were compared, 
which are based on the von Karman and Wagner approximations. Furthermore, a simplified 
prediction procedure was proposed for high-frequency components in a breaking wave 
impact load acting on a pile-like support structure. The results of the study are summarized 
as follows : 

(1) Impulse response factor of Goda model and Wienke model intersect at 72.4≈Ω j , 
i.e. when 72.4<Ω j , the former is larger than the latter. However when 

72.4>Ω j , it is opposite. 

(2) When considering higher modes, the two models show different tendencies, i.e. the 
Wienke model shows larger value than the Goda model with respect to base shear, 
and the latter shows larger value than the former with respect to base overturning 
moment where the higher mode effect is less significant than lower mode effects. 

(3) By the SRSS method, for damping factors above 0.8%, by incorporating at least 
eight modes from the lowest, the maximum load effects by breaking wave impact 
force could be reasonably predicted on the conservative side. 

(4) An approximation formula of curling factor was proposed as a function of surf 
similarity parameter. 

Research following this paper, should be investigate through a number of case studies 
how much these breaking wave impact forces contribute to the total wave force. If the 
results of such investigation show that its contribution is not negligible and requires even 
further improvement, a Bagnold-type model might be a candidates for a more elaborate 
model of breaking wave impact force. 
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