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The simulation result of sway motion has not the components of wave frequency. This 

is why the effect of waves to the sway motion its not taken into account since it is assumed 

that the incident wave system is unidirectional and both the main wave and the mean wind 

directions are head. This discrepancy is however not so important, because it is clear that 

the wind effect is dominant compared with that due to waves. 

This result shows that the estimates of each coefficient of equations of motion and the 

external forces in the present simulation model are rough but not so ineffective. 

And relating to the problem whether or not the wave drift damping, which is an added 
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damping due to drifting of structure in waves and an important damping term, should be 

taken into account, we surmise that the wave drift damping is no need to be taken into 

account, but we can not judge its existence from the present result only. 

On a basis of the simulation model obtained in this section, we shall discuss about the 

statistical prediction of slow drift motion in the following section. 

5令 Statistical prediction of slow drift motion at sea 

It is said that the extreme statistics can not be estimated from the well-known 

Cartwright-Longuet-Higgins'[18] linear theory and in this case, the contribution of wind 

to slow drift motions is much significant. 

We have already developed a new statistical estimation method taking not only the effect 

of second order waves but also the wind fluctuation effect into account (see Appendix A). 

In this section, we apply this method to estimate the response PDF (Probability Density 

Function) and the expected extreme values of slow drift motions and compare the estimated 

results with the at-sea measured ones. Furthermore, ・we also study the wind fluctuation 
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effects to the responses PDF and the extreme statistics. 

Figure 5.1 shows an example of the instantaneous PDFs of surge and sway motions 

including slow drift motions, where the results are normalized such that the mean is zero 

and the variance is unity. 

The figure reveals that the PDF of surge motion is asymmetric with respect to the 

mean value and that its tail broadens toward the drift direction due to waves. The solid 

line of this figure indicates the estimation result by the present estimation represented in 

Appendix A. This result agrees very well with the measured one. 

And the instantaneous PDF of sway motion has also the same tendency as surge motion. 

But the asymmetry of the PDF is less than that of surge. 

Figure 5.2 shows the maxima PDF of surge motion, where positive direction of surge 

motion corresponds to the drift direction due to waves. The peaks are defined as the 

maximum absolute value in the peaks among mean up-crossing times. 

This figure shows that the measured maxima PDF differs from the Rayleigh PDF ob-

tained from the linear theory and is dose to the present estimate. 

Figure 5.3 shows maximum excursions and the expectation in N observations. All lines 

in this figure mean the expectations. The broken line is the estimation result by Longuet-
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Higgins', the solid line is the one by the present method and the dash-dotted line is the 

mean value of observed data. The marks are all sample values. It is found that the dash-

dotted line is approximately 1.3 times greater than the Longuet-Higgins'while the line 

estimated from the present method gives an upper limit of observed extreme data. 

And almost of the extreme values of the sway motion distributes around the Longuet-

Higgins'line. This reason can be explained as follows 

As a cause of the slow drift of sway motion, the wind fluctuation is more dominant than 

waves, as found in Fig.4.13. And as it was shown by Kato et al. [7], the wind且uctuation

process is a quasi-Gaussian process and wide-banded. Thus, it is expected that the mean 

of extreme values of sway motion is as same as or less than the Longuet-Higgins'line which 

is obtained under the assumption that the process is of Gaussian and narrow banded. If 

wind and wave induced slow drift motions are independent, the instantaneous PDF of the 

total slow drift motion can be represented by the convolution of the non-Gaussian PDF ( 

PDF of wave induced slow drift motion) and the Gauss one (PDF of wind induced slow 

drift motion). 

On a basis of the central limit theorem in mathematics, this implies that the wind 

fluctuation has the effect moderating the asymmetry of the PDF of total slow drift motion. 

Figures 5.4 and 5.5 show the effect of wind fluctuation to the instantaneous PDF and the 

extreme statistics of slow drift motion. The solid line is the results of slow drift motion due 

to waves alone and the broken line is those due to both waves and wind. It is obvious that 

the wind fluctuations suppress the asymm.etry of instantaneous PDF and reduce extreme 

responses. 

6. Conclusion 

The conclusions of this paper are summarized as follows: 
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1) A new method of parameter identification is developed to analyze short free-decaying 
data. It is useful to get the drag coefficient depending on the K-C number (Keulegan-
Carpenter number). In this case, the drag coefficient of surge and sway motions can 
be described as the sum of a constant term and a K-C dependent term, which is 
inversely proportional to the K-C number. And the constant term of the full-scale 
structure is as same as that of 1nodel while the coefficient of the K-C dependent term 
of the full-scale structure is larger than that of model. 

2) In order to simulate slow drift motions, not only in-line wind fluctuations but also 
transverse ones should be taken into account even though the mean wind direction 
is head. As a wind spectrum representing wind fluctuations, a spectrum form with 
significant power in low frequency compared with the well-known Davenport and 
Hino spectra, e.g. spectrum forms suggested by Ochi-Shin and Kato, should be used. 

3) As for estimation of the second order slow drift force, not only the potential drift 
force but also viscous drift force should be taken into account. 

And the comparison between the time domain simulation and the measured result 
supports the usefulness of the present model consisting of the two term Volterra series 
model to wave process plus the linear response model to wind fluctuation process. 
However, the problems of the phase of QTF of second order force and the wave drift 
damping remain unsolved. 

4) Relating to statistical predictions of the PDF 、dthe extreme response, a new pre-
diction method has been developed to take into account not only second order wave 
forces but also wind mean and:fluctuating loads. 

The probability distribution estimated from the present method agrees very well with 
the measured one. As for the estimation of extreme response, it is confirmed that the 
Cartwright-Longuet-Higgins'result significantly underestimates the measured results 
while that by the present method overestimates slightly. 

As for wind effects to slow drift motion statistics, wind:fluctuations suppress the 
relaxation of asymmetry of instantaneous PDF and reduce extreme responses. 
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Appendix A 

Nonlinear Statistical Prediction Theory of Slow Drift Motions 
due to Wind and Waves 

A.1 Estimation of Instantaneous Probability Density Function of Slow Drift 

Motion due to Waves 

Slow drift motion process of a moored :floating structure subjected to a Gaussian random 

excitation at some fixed time can be expressed as: 

x1(t) = x(1) + x(2) (A.1) 

where the linear term is given by: 

x(l) := 191（改(t-r)dr 
T 

(A.2) 

and the nonlinear second order term as: 

x(2) ＝ ff但（町，乃）（（t-町）（（t-叫dr1d乃
'Tl で2

(A.3) 
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In above equations, ((t) denotes the surface elevation which is a stationary Gaussian ran-

dom variable with a zero mean. The kernel g1 is a liinear impulse response function. The 

kernel g2 is analogous to the linear impulse response function and is called the quadratic 

impulse response function. And we assume that they are continuous and absolutely inte-

grable, then they possess the Fourier transform as 

叫T)＝上J応）exp(iwr)dw
27r Jw 

叫）＝j釘(T)exp(-iwr)dr 

釦(T口）＝上ff伍（咋叫exp{i(w1T1+ W2T2)}dw1dw2 
4仕 w1 W2 

G2(w1，四）＝ff釦（戸）exp{-i(w1r1+ w2r2)}dr1d乃
Tl.J 72 

According to the Kac & Siegert theory [1], Eq.(A.1) is represented as follows: 

00 00 
X(t) = LCj鵬(t)＋こ入iW](t) 

J J 

(A.4) 

where Wj is a set of independent Gaussian random variables of zero mean value and unit 

variance. The入jare eigenvalues which satisfy: 

L: K(w1, w2)'1! j（叫dw2:：：：：入凡（叫
-oo 

The parameters Cj, which represent the linear response, can be determined by: 

cj = [OOOO伍(w)喜ご炉）dw

(A.5) 

(A.6) 

where * indicates a complex conjugate and s, is a two-sided wave spectrum. In equation 
(A.5) {'11 j} is a set of orthogonal eigenfunctions which satisfies: 

J-0000叱(w)虹(w)dw={ ~ kk
 

―-＃ 

.
J
.
J
 

9

9

 

(A.7) 

and kernel function I{ (wぃ吟） isa Her血tekernel defined by: 

k(Wぃ吟）＝｛sくい）Sく（四）伍(wぃー吟） (A.8) 

Collecting terms with the same sign on the eigenvalues, the response process is obtained 

as a sum of two random variables Z1 (for positive eigenvalues) and -Z2 (for negative 

eigenvalues), each given by a positive definite representation. Then, we can represent each 

PDF of two variables as series expansion in terms of generalized Laguerre polynomials. If 

the expansion is truncated after the first term, the Gamma PDFs with three parameters 

approximating the true PDFs of the variables Z1 and-Z2 can be obtained. The parameters 
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are determined through a comparison between the true and the resulting approximate 
characteristic function such that: 

ol= -
4E 尺＋ 3E 入J•C]
4I:碍＋2区c;

釘＝こ入j-
(2E入］＋こ号）2
4E闘＋3区朽c; (A.9) 

2(2 E入］＋EcJ)3 
Vl= -
(4 I:闘＋3E入jc;)2

If the slow drift approximation introduced by Naess [2] is applied, the parameters in 
Eq.(A.9) should be replaced byぷ＝ 2釘， 111== 2111, and釘＝ 01.Thus the PDF of Z1 
can approximately be evaluated in the following form: 

~ ~ 
Pz1(x)'.'.::::'.四(x，釘，20丘111/2) (A.10) 

The PDF of -Z2, as well as that of Z1, can be also approximated by the Gamma PDF 
with three parameters, i.e.尻，硲 and応

f（釘，尻；81，ん） J。~(z+x ―ぷ＋ふ）v1/2-1zみ／2-le―azdz

～ ～ 

x exp(-X-61十6?函）
～ ～ 

xミ釘ー的
pz(x) = (A.11) 

厄，尻；ぷ，ん）J。°°(z-X ＋ぷ―ん）ら／2-1z;;1 /2-1 e―azdz 
～ ～ 

xexp(＝臣lli) ~ ~ 
x<釘一妬

where 

~ ~ 1 !(011，島；釘，的） =— 
(2釘）；；1／2(2尻）ら／2r伍／2)r(松／2)'

1 1 
a= —+ -201. 202 (A.12) 

A.2 Estimation of Instantaneous Probability Density Function of Slow Drift 
Motion due to Waves and Wind Fluctuations 
As shown in the previous section, the slow drift motion due to wind is caused by a 
low frequency component of wind:fluctuations. It was shown by Kato [7] that the wind 
:fluctuation can be approximated as an isotropic turbulence model, i.e. it can be regarded 
as a wide banded Gaussian process close to white noise process. This implies that the 
PDFs of wind:fluctuations in surge and sway directions can be expressed in the following 
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form: 

1 (x —加）2
四 (x)= --;i==-
冨びi
exp{ 
2叶

m = Si△p晶 (0)

｝ 

叶＝JI H1i (w) 12 s; s 6.pi (w) dw 

(A.13) 

where i = 1: surge direction, i = 2: sway direction. And△Pi indicates the wind pressure 

differences in surge and sway directions and S△Pi (w) are their spectra. 

Assuming that the wind and wave processes are statistically independent [20], the PDF 

of total slow drift motion due to waves and wind can be found by convolving each PDFs 

Ps and Pw of slow drift motions due to waves and wind: 

px(x) = j凡(z-X)四 (z)dz (A.14) 

A.3 Prediction of Expectation of Maximum Excursion 

Frorn an engineering point of view, we impose the rnost severe condition such that 

the response and its response velocity processes are mutually independent. Then, the 

expectation of rnaxirnu~ excursion in N peaks can be given by 

00 
叫＝!a00Z ・ Pp(Z)N {1 -Pp(Z)}N-1dZ 

馴＝］―"00 Pv(s)ds 

(A.15) 

d {px(y+E[X]） 
叫）＝ー一

dy px(E[X])} 
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