MODEL L/T B/T Bsk/Br
SR 98 16.8 3.06 0.95
SR 159 16.5 2.75 0.98
SR 108 184 2.67 1.00
Series 60, Cg = 0.6 18.8 2.47 1.02
Series 60, Cg = 0.7 17.5 2.50 1.02
Series 60, Cg = 0.8 16.2 2.50 1.01
SR 161 15.4 2.45 1.02

The above table clearly demonstrates that for single-screw
merchant ships of normal hull form, the approach of the present
paper gives roughly the same estimate of roll damping due to*
hull dynamic lift as the Japanese method. Including only the
skeg in making this estimate is seen to be a valid approxima-
tion.

It is worthwhile discussing briefly the rationale underlying
adoption of this approximation. Although the total sideforce
acting on the hull at an angle of attack to the flow may be es-
timated with some pretense of accuracy, the distribution of this
lift around the hull surface is largely a matter of conjecture,
particularly for ships such as destroyers and frigates with ex-
tremely rounded bilges. The lift distribution due to rolling
velocity involves an additional level of conjecture.  Given the
guesswork involved, the starting point chosen was to include
skeg damping and ignore the rest of the hull. When this
method proved to give satisfactory estimates of roll damping
in practice, no further work was done on the problem. Ad-
mittedly., this is a procedure chosen on the basis of expediency,
not rigor, and there is scope for further research

Mr. Cox’s point with reference to the use of the Schoenherr
line to estimate Cpy is well taken.  The empirical formulation
of Tamiya and Komura (footnate 11) is probably a better ap-
proximation. As regards the query on ship-fixed axes, such an
axis system is described in some detail in Section 3 of reference

1 am grateful to Prof. Himeno for informing us of the ex-
perimental results obtained at the University of Osaka on for-
ward speed effects on wavemaking, eddy-making and bilge
keel roll damping. When these results have been sufficiently
generalized, they should be incorporated into ship motion
computer programs. In the present paper, only bilge keel
damping is dependent on forward speed, through equation (59),
a linear term which increases with forward speed in accordance
with Prof. Himeno's observation. As regards nonlinear
damping, one would intuitively expect this to diminish with
increasing speed, as lifting effects become more important,

Before we leave the subject of roll damping, [ would like to
make one final point.  Good estimates of roll damping may be
obtained in practice by thorough application of fundamental
and well-established hydrodynamic principles, primarily to the

appendages and secondarily to the hull. No further fancy
theoretical developments are required.

With regard to Mr. McCallum's comment on the direction
of maximum rolling, the statement he refers to should read “on
or near the beam.” This would then include sea directions from
roughly 70 to 110°. Clearly, the direction of maximum rolling
depends on roll natural frequency, wave spectral content and
ship speed, so making general statements is a risky business.

With regard to rolling moment of inertia, this has been esti-
mated from the roll natural frequency. When the latter is
unknown, it is recommended to use a value of total roll radius
of gyration (structural plus hydrodynamic) between 35 and 40
percent of beam

Mr. MeCallum’s observation regarding Figs. 7 and 8 is cor-
rect. This is rectified in the final text for TRANSACTIONS. As
regards use of the Canadian weathership data for further cor-
relation studies, this would be an interesting and useful project,
but at present no effort is available at DREA for this pur-
pose

Dr. Salvesen’s comment on sway and yaw prediction is very
appropriate.  Strip theory is known to have two major defi-
ciencies with regard to sway and yaw. One is the phenomenon
cited by Dr. Salvesen, due to nonlinear wave excitation. The
other is unrealistically high prediction of sway and yaw dis-
placement near zero wave encounter frequency. However,
if velocities and accelerations are of interest rather than ac-
celerations, strip theory may be adequate.

Dr. Eda introduces an interesting problem of practical im-
portance for certain ship types. The implication is that for
these ships Ca4m4 and Cagng terms, especially the latter, should
be added to the equations of motion, as well as rudder terms and
a rudder system equation. It is worth noting that the latter are
included in the DREA computer program referred to ear-
lier.

I wish to thank Messrs. Mathisen and Lindemann for con-
tributing several points of information on roll response of barges.
Although barges are outside my range of experience, I certainly
concur that knowledge is deficient regarding barge roll
damping. Work on this subject should address wavemaking
damping as well as viscous effects.

Finally, Mr. Ankudinov asks why the long-wave approxi-
mations to the forcing functions were introduced. The only
reason for doing this was to facilitate the analysis of lateral
motions in beam seas of long wavelength and thereby demon-
strate theoretically that for this situation roll may be described
by an uncoupled equation. In performing numerical calcu-
lations, these approximations are not used

In closing, I wish to thank all the discussers for their very kind
and illuminating submissions.
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Wave Statistics for the Design of

Michel K. Ochi,’ Member

Ships and Ocean Structures

This paper presents wave information which plays a significant role In predicting responses of ships
and ocean structures in a seaway, and discusses methods of application specifically for design con-

sideration. A series of wave spectra to be used
developed, as well as a series for the long-term (li
riously affect the magnitude of predicted values (|

for estimating design values for the short term is
fetime) approach. Several factors which may se-
including extreme values) are discussed in detail,

and results of numerical computations carried out on a semisubmersible-type ocean platform are

presented. In the short-term response prediction

approach, it is found from the results of the com-

putations that the upper and lower bounds of responses established by using the series of wave
spectra cover satisfactorily the variation of responses computed by using wave spectra measured

at various oceanographic locations in the world.

It is also found that the design extreme value esti-

mated from the long-term prediction method agrees with that estimated from the short-term predic-

tion method.

Introduction

THE PREDICTION of responses of ships and ocean structures
in a seaway has been practiced in design for many years since
the application of the linear superposition principle in stochastic
processes was first introduced in the profession [1].2 Although
significant progress has been made since the original pioneering
work, there still remains an area for which serious consideration
has to be given in practical application of the prediction tech-
nique for design.

The area the present study addresses is that concerned with
wave information such as spectra and frequency of occurrence
of seas of different severities, which play significant roles in
predicting responses of ocean systems. In particular, for esti-
mating the design value, wave information for both the short
term and the long term (lifetime) is required.

Although considerable attention has been given to wave
spectra to be used for design consideration in the short-term
prediction, the question always remains as to how realistic the
predicted responses are if we use the commonly available
simple spectral formulations such as Pierson-Moskowitz,
Bretschneider’s two parameter, the International Towing Tank
Conference (ITTC), or the International Ship Structures Con-
gress (ISSC), which have been developed for some idealized
conditions. In reality, the shape of wave spectra observed in
;’1 € ocean varies considerably (even though the significant wave
delgh}s are same) depending on the geographical location,

tration and fetch of wind, stage of growth and decay of a
storm, and existence of swell. Since a ship (or ocean structure)
€ncounters an infinite variety of wave conditions, and since the
“};"Snltude of the responses is significantly influenced by the
szape of the wave spectrum, there is some reservation on the
teliability of the predicted responses unless the variability of
ave conditions is reflected in the prediction technique.

—
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There is also a question as to the assurance with which we
may meke predictions for ship or ocean structure operation
throughout the world, when the predictions are made using
spectral formulations which are developed from data obtained
primarily in the North Atlantic Ocean. It is therefore highly
desirable to develop a technique by which the predicted design
value will reasonably cover the variation of responses expected
in various oceanographic locations in the world.

In regard to the estimation of the lifetime (long-term) re-
sponses.pf ships and ocean structures for design, considerable
improvement is required over the currently available prediction
method. First, we currently have little information on how
wave statistics should be used for prediction. It has been a
commonly accepted practice to use wave statistics which pro-
vide information on wave height and period based on data
accumnulated over many years, examples of which are those
given by Ho%ben-Lumb [2], Roll {3], Walden [4), Yamanouchi
[5], ete.  Although these wave statistics are extremely useful
for prediction, severe seas data, which are indeed necessary for
design, are unreliable since they are, without exception, sparse.
One way to solve this problem is to represent data given in wave
statistics by a certain probability law which governs the data,
and then obtain necessary information for design from the
probability function.

Furthermare, in the long-term response prediction, several
factors which may seriously affect the magnitude of predicted
values have to be taken into consideration, These include the
frequency of occurrence of various wave spectra, various sea
severities, and the number of response eycles associated with
the encounter with waves.

It is the purpose of this paper to provide solutions to the
problems cited in the foregoing so that a more rational and
accurate evaluation of responses can be made for the design of
ships and ocean structures.

The paper consists of two parts. Part 1 presents wave sta-
tistics for short-term prediction. In order to cover a variety of
spectral shapes which a ship (or ocean platform) may encounter
in her lifetime, two sets of wave spectra are presented, and the
method for predicting extreme values of responses for design
consideration is discussed. One of the sets is a six-parameter




wave spectral family consisting of 11 members for an arbitrarily
specified sea severity; the other is a two-parameter family
consisting of nine members. As an example of a practical ap-
plication, computations are carried out on a semisubmersible-
type ocean platform to evaluate extreme values of the transverse
force in the bridging structure associated with the wave-in-
duced forces acting on the two hulls. Extreme values computed
using these two families of wave spectra are compared with
those obtained by using available wave spectra measured in
various oceanographic locations throughout the world.

Part 2 presents wave statistics to be used for the long-term
prediction. A method to estimate the frequency of occurrence
of seas of various severities from available data on wave statistics
is discussed, including a method to estimate the severest sea
condition. Also, the probability function which represents the
combined statistical characteristics of wave height and period
is developed from analysis of measured as well as visually ob-
served data. From this probability function, it is possible to
obtain information on wave statistics in severe seas where data
are always sparse. Then, a series of wave spectra for use in the
long-term response prediction is presented, and its application
to design is discussed. As an example of practical application,
computations are made on the lifetime wave-induced loading
(transverse force) of an ocean platform, the results of which may
be used to assess possible fatigue failure of the platform. Also,
the extreme value for the design consideration is evaluated from
the long-term prediction method, and the result is compared
with that evaluated from the short-term prediction ap-
proach.

Wave statistics for short-term
prediction

Part 1:

Prediction of responses of ships and ocean structures in a
seaway is most commonly carried out in individual seas of a
specified severity. Here, sea severity is generally expressed in
terms of the significant wave height.

As mentioned in the Introduction, the shape of wave spectra
observed in the ocean varies considerably even though the
significant wave height is the same. Hence, one way to cover
a variety of spectral shapes which a ship (or ocean structure)
may encounter in the sea is to develop a systematic series of
wave spectra consisting of several members (called a family of
wave spectra) for each sea severity

The concept of a family of wave spectra was considered by
several researchers, references (6] and [7] for example. How-
ever, the two families of wave spectra presented in this paper
are developed from a statistical analysis of available data, and
each member of the family is weighted following the frequency
of its occurrence. One of these expresses wave spectra with two
parameters (significant wave height and period), and a family
of spectra for a given sea is generated from a statistical analysis
of the wave period in the sea. The other represents wave
spectra by multiple parameters, and a family is generated in
each sea from a statistical analysis of the parameters, taking into
account the correlation between them. A detailed discussion
on each family is given in the following.

Family of two-parameter wave spectra

Basic concept

The idea of expressing wind-generated wave spectra in terms
of two parameters was first presented by Bretschneider [8]. His
original spectral formulation is given as a function of the non-
dimensional average wave height and period:

_ Extagt o /
S(w) = 3.437 T st 0.675(g/Faliw) (1)
where _
F; = nondimensional wave height = gH/U?
F3 = nondimensional wave period = gT/2xU
H = average wave height
T = average wave period

J; T S(TdT

J;m S(T)T

S(T) = period spectrum
U = wind speed
£ = gravity constant
It is noted that the wind speed, U, involved in equation (1)
essentially disappears and the spectrum can be expressed by two
parameters; average wave height, H, and average period T.
However, the area under the spectrum given by equation (1)
is equal to 4 H2/, which is eight times H?/(2r) defined for
the narrow-band spectrum. Hence, for consistency, the
spectrum S(w) should be divided by eight. Furthermore, the
average wave period, T, is defined from the period spectrum,
S(T), instead of the frequency spectrum, S(w), in equation (1).
If these modifications are incorporated into equation (1), then
the spectrum can be written as

il .
$(w) = 0.278 2 HEg= 047G/ )t )
w
where

J;w wS{w)dw
@ = average frequency = ————

4 S{w)dw

The spectrum can be further modified to be expressed in
terms of significant wave height, H;, and modal frequency, wm.
From the narrow-band spectrum assumption, we have, in
general

H, = significant wave height = \/§- H=160H
™

(084 _

T(3/4) ©

Thus, we can derive the following two-parameter spectral
formulation

Slw) =

o

wn = modal frequency = i (3)

125 “’_"541.;529—1.25(%,”)4 (4)
4 o
In applying the two-parameter wave spectrum for design
consideration of ships and marine structures, it is necessary to
specify the values of modal period, wm, for each sea condition
If the modal frequency is specified by using the following
formula for each sea severity

wm = 0.4 Vg/H, (5)

then the two-parameter spectrum becomes the Pierson-Mos-
kowitz spectrum, which is developed specifically for fully de-
veloped seas. In reality, however, the magnitudes of the modal
frequency and number of occurrences in a given sea are ran-
dom. Therefore, statistical data on wave height and period are
necessary to determine the modal frequency in a given sea.
Wave statistics given in references [2-5, 10, 11}are extremely
valuable for this purpose; however, data in severe seas are,
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of zero-crossing wave period for a significant wave height of 3.35 m
(11.0 ft) (data from reference [10])

without exception, sparse and no reliable information can be
obtained
tabAs an etamp]e,‘Table 1, taken from reference [10], shows the
bqtlﬁlatlon of significant wave height and zero-crossing period,
o ﬂnaiynzed from records obtained at Weather Station I
t:b]eN, 19°W) in the North Atlantic. As can be seen in the
e sta.tls“t.]cai mfoll'mation of the zero-crossing period can be
heiai::ed fairly well in relatively mild seas for significant wave
fmgu }tlp to5.5 m_(l& ft). However, it is not possible to obtain
ﬁﬁnrnt-laii:j]bllz ;el(iabhe information on severe seas, for which
indes ; > :
malrine e ;; eed required for the design of ships and
D order to amplify this statement, Figs. 1 and 2 have been
g:_gg:dr Figure 1 shows the histogram of zero-crossing wave
2 obtained from Table 1 for a significant wave height of
m(11.0ft). The histogram is constructed from a sample

5 8 10 12 14 15 18
ZERO-CROSSING PERIOD IN SEC.
Fig. 2 Comparison of histogram and cenditional log-normal distribution
of zero-crossing wave period for a significant wave height of 10.7 m
{35.0 ft) (data from reference [10])

of size 118, Included also in the figure is the conditional
probability density function derived from the statistical analysis
of the data, which is discussed later in this section. Good
agreement between the histogram and the probability density
function can be seen in the figure. On the other hand, Fig. 2
shows a similar presentation for a sea of significant wave height
10.7 m (35.0 ft). Since the data are sparse (sample size of only
6) in this sea, no reliable information can be drawn from the
histogram. On the other hand, the conditional probability
density function derived from statistical analysis of the entire
data, taking into account the correlation between wave height
and period, may provide various types of information needed
for design.

As these examples indicate, it is necessary to establish the
conditional probability of the modal frequency or modal period
for a given significant wave height. For this purpose, statistical
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Fig. 3 Locations of nine wéathr stations in the North Atlantic

analysis is carried out on Draper’s results obtained from records
taken at Weather Station I [10] and at Weather Station | §52°N,
20°W) [11], as well as on Walden's information [4] obtained at
nine weather stations (A, B, C, D, E, I, ], K, and M) in the North
Atlantic shown in Fig. 3. )

Tt is noted here that Draper’s data on wave height and period
are tabulations of measured significant wave height and zero-
crossing period. On the other hand, Walden’s data are visually
observed wave heights and periods. These visually observed
wave heights and periods are converted to significant wave
heights and modal periods, respectively, by using a conversion
factor, given in equations (38) and (39) in the Appendix, which
is established from an analysis of measured and observed data
taken at Stations I and J.

As discussed in detail in the Appendix of this paper, it is found
frorn the results of the analysis that the statistical properties of
both wave height and period can be evaluated based on the
log-normal probability distribution. This statistical law on
wave height and period appears to be valid in the range of tl?_e
cumulative distribution up to 0.99 for both measured and vis-
ually observed data (see Fig. 34 in the Appendix, for exar?'lple).
Let us write the log-normal probability distribution applicable
for wave height as

=g - ()] ©

where ug and oy are parameters associated with the log-nor-
mal distribution of wave height. For simplicity, the log-normal
distribution given in the form of equation (6) is denoted here-
after by Alug,om).

Since both wave height as well as wave period are log-nor-
mally distributed, the combined statistical properties of wave
height and period follow the bivariate log-normal probability
law. Hence, it can be proved that the statistical properties of
the wave period for a given wave height obey the conditional
log-normal probability law. These are summarized as fol-
lows:

Distribution of wave height:

FH) ~ Mpm.ow) @
Distribution of wave period:
fT) ~ Alpr,o7) (8)
Joint distribution of wave height and period:
f(H,T)~ App.pr,06,07.0) 9)

Conditional distributions of wave period for a given wave
height:

AT~ A (ur + p 2 H = o) VI=7%ar)
(10)

where )
wr,07 = parameter associated with log-normal distribution
of wave period
p = correlation coefficient between wave height and
period
Thus, in summary, the conditional log-normal probability
distribution yields the modal period necessary to generate the
family of wave spectra in a desired sea state. Following Fhe
expression given in equation (10), the conditional distribution
of modal period, Tpm, for a specified significant wave height,
H,, can be written as follows:

flTm|Hy)

& (g 022 (0 Hy = ), VT~ P a,) (D
Ty

Derivation of family of spectra

As mentioned in the previous subsection, the joint probability
of significant wave height and modal period follows the bi-
variate log-normal distribution given in equation (9), which
carries five parameters. The values of these parameters de-
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Table 2 Paramelers associated with bivariale log-normal probability distribution for various locatl in the
North Atlantic
Weather Station A B C D E 1 J K M
Significant | "g | 0.946| 0.910 | 1.024| 0.968 | 0.671 | 1.112 1.053 [ 0.748 | 0.605
Height
Iy 0.619 | 0.588 | 0.571 | 0.578 | 0.577 | 0.562| 0.565 | 0.680 | 0.571
Modal ¥p |l 2.505 | 2.462 |2.494 | 2.483 | 2.415| 2.588 | 2.584 | 2.600 | 2.516
Period
9 0.218 | 0.218 [ 0.216 | 0.208 | 0.228 | 0.142| 0.147| 0.174 | 0.202
Correlation
.586 | 0.508 | 0.358| 0.339 | 0

Coefficient ° 0.498 | 0.594 | 0 578

.331 | 0.686

rived from analysis carried out at various weather stations in
the North Atlantic are listed in Table 2. As can be seen in the
table, the values of each parameter are rather consistent
throughout all nine stations except for the following two
points

1. The parameter associated with significant wave height,
g, for Stations E and M are much smaller in comparison with
ug for other stations.

2. The correlation coefficient, g, for Stations I, ], and K are
small in comparison with p for other stations.

Since the magnitude of the p-values are not large for all sta-
tions, the difference in p-values does not cause significant dif-
ferences in the various statistical values of wave height and
period. However, the difference in py-values appears to result
in an appreciable difference in statistical values of wave height.
In illustration of this statement, Fig. 4 shows the confidence
zone of significant wave height and modal period in which the
probability of occurrence is 0.95. The derivation as well as
detailed discussion of this confidence zone is given in Part 2 of
the paper; however, it is sufficient to state here that the confi-
dence zones for Stations E and M are substantially different
from those for other stations, and that the cause of this differ-
ence may be attributed to small ug-values of these stations.

In fact, the results of a statistical analysis have indicated that
the sea severities at Stations A, B, G, D, I, ], and K are not sig-
nificantly different, though there are some minor differences.
However, the severities at Stations E and M are substantially
low in comparison with other stations. For this reason, the
results of the statistical analysis obtained from data at Stations
A, B, G, D, L], and K are averaged and called the “mean North
Atlantic” values in the following presentations.

In order to generate a family of wave spectra through the
probability density function of the modal frequency given in
equation (11), we may consider (i) the modal frequency which
is most likely to occur (most probable value) and (ii) the upper
and lower values of modal frequency for a specified confidence
coefficient. These are obtained from the conditional distri-
bution function as follows:

Most probable modal period, T, (m):

Tomim)
= (i + 0 2280 B, = ) = (= o] (1)
Hs
Upper and lower values of the modal period, Tr(y) for a
given confidence coefficient +v:

Tuly)

= exp ‘{uq.,. + ﬂ%‘“(lnﬂa —ng) £ CV1 *pzdrm]
Hs

SIGNIFICANT WAVE HEIGHT IN M.
SIGNIFICANT WAVE HEIGHT IN FT.

LT T Ty 1

10 2 4 B 18 20
MODAL PERIOD IN SEG.

Fig. 4 Comparison of domains for confidence coefficient 0.95
’ 1 J" C pmea gy =
el dr=1+
Specifically
c=196fory =085

1.44 0.85
115 0.75
0.67 0.50

Thus, by choosing confidence coefficients of 0.95, 0.85, 0.75,
and 0.50, a total of nine modal perieds (including the most
probable value) is determined for a specified significant wave
height, H..

As an example, Fig. 5 shows the conditional probability
density function and the modal periods determined from
equations (12) and (13). The figure pertains to a significant
wave height of 4.6 m (15.1 ft) at Station I. The figure also in-
dicates the weighting factor for each modal period. Ascanbe
seen in the figure, the weighting factors are as follows:

Most probable modal period 0.2500
Modal period
for confidence coefficient 0.50 (each) 0.1875
for confidence coefficient 0.75 (each) 0.0875
for confidence coefficient 0.85 (each) 0.0500
for confidence coefficient 0.95 (each) 0.0500

These weighting factors are applicable irrespective of sea
severity, and they play a significant role in evaluating the

(13) long-term response of ships and ocean structures in a sea-
where way.
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The modal period most likely to occur and those for various
confidence coefficients in seas of various severities are shown
in Fig. 6. The figure pertains to the mean North Atlantic.
Although the modal frequencies, wm, required to establish the
family of spectrum can be evaluated from the figures, the
frequencies are expressed in terms of significant wave height
and are given in Table 8. Thus, a family of wave spectra
consisting of nine members for an arbitrarily specified signif-
icant wave height can now be generated from equation (4)
using the values given in Table 3.

The modal frequencies for each sea state of the family of
two-parameter wave spectra thus developed are somewhat
different from those presented earlier in reference [12]. The
present series is developed using the new calibration factor in
converting visually observed data to significant wave height

Table 3 Modal frequencies for the (mean) North Atlantic wave
spectra as a function of significanl wave height (w, in rps, H; in
metres)

w -value

0.95 0.048(8.75 - In H_)
i
2 0.85 0.054(8.44 - &n H.)
b
% 0.75 0.061(8.07 - {a H_)
3
0.50 0.069(7.77 — fn H)
Most probable | 0.078(7.63 - in HJ)
0.50 0.099(6.87 - fn H,)
_E
i 0.75 0.111(6.67 - {n HJ)
"
@
§ 0.85 0.118(6.65 - fn H_)
0.95 0.134(6.41 - fn H)

as discussed in the Appendix. Also, as stated earlier, the data
obtained at Stations E and M are not included in the mean
North Atlantic data

Examples of the family of wave spectra for the mean North
Atlantic are shown in Figs. 7and 8. These pertain to families
of spectra for significant wave heights of 3.0 m (9.8 ft) and 9.0
m (29.5 ft), respectively.

Family of six-parameter wave spectra

Basic concept

In order to cover a variety of shapes of wave spectra associ-
ated with the growth and decay of a storm, including the exis-
tence of swell, a series of wave spectra which involves six pa-
rameters is developed in reference [13]. From the results of
a statistical analysis of measured wave spectra, it was found that
spectral shapes similar to a typical example shown in Fig. 9 have
been most frequently observed. In a broad sense, the shape of
the most commonly observed spectra has a peak at the lower
frequencies which decreases exponentially to a plateau at the
higher frequencies.

Although the wave energy at the higher frequencies is usually
much less than that at the lower frequencies, its contribution

= to responses of marine vehicles and structures may be significant
depending on their size and speed

Thus, it is highly desirable to represent the shape of the entire
spectrum as closely as possible, and this may be achieved by
separating the spectra into two parts. This concept of de-
composition of wave spectra is particularly useful in repre-
senting wave spectra when a swell exists in the wind-generated
local sea.

Figure 10 shows a pictorial sketch illustrating the decom-
position of wave spectra into two parts, one which includes
primarily the lower-frequency components of the energy and
the second which covers primarily the higher-frequency
components of the energy. Then, the spectrum of each part
is expressed by a mathematical formula with three parameters,
namely, significant wave height, H;, modal frequency, w,, and
shape parameter, A:

(4)\+1m4)-‘\
1Ng 7/ He

T T(\) T
where I'(\) is a gamma function.

S(w) = e+ 1/ Dum/ol (14)
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The detailed derivation of equation (14) is given in reference
[13]. The parameter A controls the shape (sharpness) of the
sﬁectmm when the other two parameters are held constant, and
the spectral shape becomes sharper with increasing A In
particular, by letting A = 1, equation (14} reduces to the two-
parameter wave spectrum given in equation (4)

By gombim’ng two sets of three-parameter spectra, one rep-
resenting the low-frequency components and the other the
high-frequency components of the wave energy, the following
six-parameter spectral representation can be derived:

(4.7\! + lw 4)\.'

S(w) = 1 5 4 'mj % H,2 T

! ==Y —_ 7 ki) = 1/ 4wy S
e T el 1+ 1 AN wmy w)

(15)

where j = 1, 2 stands for the lower and higher frequency
components, respectively.
: The six parameters, H), Hys, wpn1, wme, Ay, and Ay, involved
in equation (15) are determined numerically such that the
dlf{erence between theoretical and observed spectra is mini-
mal

Examples of comparisons between measured spectra and
mathematical six-parameter spectra are shown in Figs. 11 and
12, For example, Fig 11 showsa comparison for the case when
swell coexists with wind-generated waves, and the spectrum
hence is double peaked On the other hand, Fig. 12 shows a
comparison for a very severe wind-generated sea of significant
w;}ve height 14.5 m (47.7 ft) in which the sea is partially de-
vel oped and has a very sharp peak at the lower frequencies in
the spectrum. As can be seen in these examples, the six-pa-
rameter spectra derived in equation (15) appear to represent
a variety of sea conditions expected to oceur in the ocean,

Derivation of family of spectra

n i Itgta] ofl 800 available spectra observed in the North Atlantic
i | is classified into ten groups depending on severity, and
€N for each group a statistical analysis is carried out on the
ie?tal’an.'mters, In the analysis, however, the number of param-
3 Ers is reduced to five—g, Winl, Wmg, Aj, and As—where # is
?1_ lﬁitlo of two significant wave heights, H, and H,,.
R Igefzgl;wmg steps are taken in the statistical analysis of the
p&::) Probability density functions are established for each
W l';\let't;r) hFor examﬁ)le, it is obtained that the parameters A,
S p: th follow the gamma probability law for all ten

%) Three values are determi
 Three ermined from the probability densit
function for each parameter, namely, the modal valul;,} a:él iiz
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Fig. 8 Family of two-parameter wave spectra for significant wave
height 9.0 m (29.5 f1)
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upper and the lower values are determined from a confidence
band for a confidence coefficient of 0.95.

(¢) For each value of a parameter, values of each of the other
parameters are determined from the original data by taking
their respective averages in the region of +5 percent. Thus
a total of 15 spectra is established for a given sea severity, ’
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Table 4 Values of six parameters as a function of significant wave height ( H; in metres)

T
a1 Hoe g1 Bog Ay A,
et Prebuble o.8an | 0.5 m | 0.70 OO B, | ) 15 g 70039 H, | 5 50 | 1,54 o70-062 H,
Spectrum 1 s — —
o.esm, | 0.31H, | .70 e 0P8 | e s | 1.35 | 248 e .
o.esh, | 0768, | 0.61 a0 e | 094 0O, |y g | 2iap 000 R,
o.8a 4, | 0.4, | 0.93 0056 H, | ) gp ¢ 004 H, | 5490 | 2,77 o112 K,
o.6a 8, | o.5am | 0.a1 @080, | 0 0028 By | inome [l cpmogOnonRily
0.95 Confidence | o oy | 0.4 5 | 0.81 & 052 B, | 1 g0 ¢ %033 B, | ) g0 | 2,95 &70:105 K,
Spectra 3 - )
o.77H, | .60 | 0.54 0052 H, 0.61 | 4.50 | 1.05 470082 E,
o.7s,H, | o.68 B, | 0.70 %48 ¥, | 0.00 a- 0028 R, | B-40 ‘ 1.78: 970 IR H,
cezu, | 0.3 5, | 0.70 a0 K, [ 1 37 5008 H, | g.70 I 1.78, 470060 B,
0.8¢ H | 0.54 B | 0.72 o 0052 By | g 55 o 09 H, | 5 55 | 3,00 &0 080 Y,
c:8aH, | 0.5au | o062e 0 H 1 0s £70-080 H, [l &~ 0SA0

(d) Of these 15 spectra, five are associated with the modal
value of the five parameters. It was found, however, that the
shapes of these five spectra are nearly the same; there[ot.'e, thtea‘
spectrum associated with the modal value ofvthe parareter
is chosen as representative, and this spectrum is called the most
probable spectrum for a given sea severity. Thus, a to!:a_l of 11
spectra is derived as a family of wave spectra for a specified sea

rity. .
se?he):ralues of the six parameters for the family consisting of
11 members are expressed as functions of significant wave
height, H,, and are given in Table 4, so that a family of spectra
for the desired sea can be generated from equation (1_5). )

The weighting factor for each member of the family is as
follows:

Most probable spectrum 0.50
All other spectra (each) 0.05

The weight given to the most probable wave spectrum is
much higher than that for the other spectra. This is because
the most probable spectrum also represents four other spectra
a.(sscu:tatec]i1 with the modal value of the parameters, as stated

earlier in this section.

xamples of the family of spectra are shown in Figs. 13 and
14.F Thelze are for signifiZant wave heights of 3.0m (9.8 ft) and
9.0 m (29.5 ft), respectively, and may be cm"npared with the
family of two-parameter spectra shown in Figs 7ﬁ"d 8
It can be seen from a comparison of the two families that the
members of the six-parameter family have a w;der_»anet) of
shapes than the members of the two-parameter family. Some
members of the six-parameter family have double peaks, and
the majority of the spectra have sharper peaks than those of the
two-parameter family

Application to design

The method for applying the families of wave spectra de-
veloped for short-term prediction of requnses_of Sl'll:pS and
marine structures in a seaway is discussed in this section. A
significant benefit in applying the short-term response pre-
diction lies in the estima(tiion of extreme values, which are

 for design consideration.
ne{!?::i?éss to -say,gthe extreme value for design has to be c!e—
termined by taking into account all sea severities, all varieties
of wave spectral shapes, speeds (in the case of a ship), headings
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to waves, etc,, expected in the ship’s (or marine structure’s)
lifetime weighted by the frequency of occurrence of each
factor. This gives an impression that the extreme value should
be evaluated only through the long-term prediction approach.
However, as is shownu%ater, the results of computations to
evaluate extreme values through both short- and long-term
prediction approaches clearly indicate that the short-term
prediction in severe seas is much to be desired for estimation
of extreme values. The estimation procedure as well as the
accuracy of the computation for the short term appears to be
much superior to that for the long-term predicton.  This
subject is discussed in detail in connection with the application
of wave statistics for the long-term prediction to design.

In using either the two-parameter or the six-parameter family
of wave spectra for the short-term response prediction for each
sea severity, one of the family members yields the largest re-
sponse, while another yields the smallest response with confi-
dence coefficient of 0.95. Hence, by connecting the points
obtained in each sea severity, the upper and lower bound re-
sponses can be established

For estimating the extreme values of the responses, various
factors such as operation (or exposure) time, risk parameter,

Tequency of encounter with seas, and speed (in case of a ship),
all of which affect the magnitude of the extreme values, have
to be considered for each sea severity, A more detailed dis-
cussion on each of these subjects is given in the following:

(a) Operation (or exposure) time. The extreme values of
Tesponses are a function of the number of encounters with
waves, and hence the persistence of each sea state has to be
considered in the estimation. This implies that for 2 ship the
estimation of extreme responses is made assuming that the ship
maintains a certain speed in a given sea as long as the sea con-
dition is unchanged
_ Figure 15 taken from reference [17] shows the longest per-
sutence of every 1.52-m (5 ft) interval of significant wave height
stimated from analysis of data given in reference {14]. For
example, significant wave heights between 6 m (19.7 ft) and
7.5m (24,6 ft) can be expected to persist for a maximum of 40

ours.  For seas of significant wave height of 4 m (13.1 ft) or
1@5, a 45-hour (h) duration is used by extending the curve in the

J8ure. It is noted that the extreme values increase significantly

uring the first several hours and thereafter increase very slowly

¥ith time. Hence, the extension of the curve given in the

1gure would not cause any significant error in predicting the
#xtreme vatues for mild sea states.

H"?‘ parameter. Estimation of extreme response such

2 wave-induced bending moment, etc., for design consider-

2ton is made using the concept of a risk parameter [18). The
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Fig. 14  Family of six-parameter wave spectra for significant wave
height 8.0 m (29.5 1) (from reference [13])
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risk parameter, denoted by «, represents the probability that
the extreme response in a given sea will exceed the estimated
design load. This implies that if « is chosen as 0.01, then the
response of one ship (or marine structure} in 100 sister ships
operating in the same environment may exceed the estimated
extreme value.

It is noted that the ship may encounter seas of the same se-
verity k-times in her lifetime. Thus, for each sea state it is
necessary to divide the risk parameter e by k for evaluating the
design response so that the value which is unlikely to exceed
with (I — ) percent assurance can be estimated for all sea
states.

Although the value of risk parameter can be chosen at the
designer’s discretion, the results of computations made on
various types of marine vehicles have indicated that o = 0.01
appears to be appropriate in practice.

(c) Frequency of encounter with seas. As mentioned in the
discussion on risk parameter, information concerning the fre-
quency of encounter for a marine system with each sea severity
in her lifetime is necessary in order to evaluate the design ex-
treme response. For this, information on the frequency of
occurrence of each sea state is necessary. Since the frequency
of occurrence differs depending on the geographical location,
information on the frequency in the service area(s) of the ship
(or marine structure) should be considered. A method to obtain
the frequency of occurrence of various sea severities, including

the estimation of the severest sea condition, is discussed in Part
2 using Walden's data from the North Atlantic.
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Fig. 16 Semisubmersible-type ocean platform used for compu-
tations

(d) Ship speed in a seaway. For evaluating the extreme ship
responses in a seaway, the speed in each sea severity has to be
estimated since the number of encounters with waves depends
on ship speed. Two different types of speed reduction in a
seaway should be considered: one due to the added resistance
and reduced propulsive efficiency associated with waves and
ship motions, and the other due to voluntary slowdown by the
ship’s master in order to ease severe ship motions. The methods
to evaluate the former speed reduction are discussed in refer-
ences [19-23], while the method to estimate the latter is pre-
sented in [17]. For a quick evaluation of ship speed loss in a
seaway at the design stage, Aertssen’s formula [24, 25] derived
f:;)m the results obtained from full-scale trials is recommend-
ed.

By taking these various facters which affect the magnitude
of extreme responses into consideration, the probable extreme
value and the design extreme value for a sea of specified se-
verity can be evaluated by the following formulas: -

Probable extreme value (amplitude):

Design extreme value (amplitude):

il = Vo [EET A/l v )

2m(e/k) mo
where

T = longest duration of specified sea in hours
mg = area under response spectrum
mg = 2nd moment of response spectrum
o = risk parameter
k = number of encounters with a specified sea in ships’s
(or marine structure’s) lifetime

It is noted that the extreme values given in equations (16) and

(17) include the effect of the bandwidth of the response spec-
trum on extreme values 18],

As a numerical example, the results of computations carried
out on a semisubmersible-type ocean platform are presented.
The semisubmersible-type platform considered in the present
study has vertical and horizontal cylinders as the supporting
structure as shown in Fig. 16. For this type of floating struc-
ture, the wave-induced forces and moments acting on the
structure can be approximated by the summation of the forces
and moments acting on each individual unit, assuming the in-
teraction between units to be negligible. That is, each seg-
mented column-hull assembly is considered as an individual
unit, and wave-induced forces and moments are evaluated for
each unit. Then, the resulting forces and moments on the en-
tire structure are evaluated by a summation of force and mo-
ment components. The detailed method of the computations
is given in references [26, 27]

The most severe wave-induced loadings which have to be
considered for design occur at the crossbeam bridge structure
when the platform encounters beam waves [26]. In particular,
if the length of the wave is approximately equal to twice the hull
separation, the forces on the two horizontal cylinders are about
180 deg out of phase, and this results in a severe transverse force
on the structure.

Figure 17 shows the probable extreme transverse forces
acting on the structure in beam seas of various severities. The
two-parameter wave spectra family is used in this computation.
The total service time of the structure is assumed to be 20 years,
and for one quarter of its lifetime it is assumed to be exposed
to beam seas. Included also in the figure are the upper and
lower bounds of the probable extreme values as well as the most
probable extreme values

Figure 18 shows the results of computations similar to those
presented in Fig. 17, but the computations are carried out by
using the six-parameter wave spectra family. It can be seen
in Figs. 17 and 18 that use of the two-parameter family results
in a wider range between upper and lower bounds of the re-
sponse than that obtained by use of the six-parameter family
in relatively severe seas. This is a general trend observed in
many other responses computed by using these two families of
wave spectra

[t may be of considerable interest to see how well the upper
and Jower bounds of the responses computed using the two
families of spectra cover the variation of responses computed
using wave spectra measured at various locations in the world.
Since both the two-parameter and six-parameter families are
developed using the data measured in the North Atlantic, the
bounds may well cover the responses to various wave spectra
which are measured in the North Atlantic. However, the
question remains as to how well we may predict the responses
using these families of wave spectra when the structure is op-
erating throughout the world.

In order to provide an answer to this question, Figure 19 has
been prepared. The figure shows the probable extreme

transverse forces computed by using 157 available spectra
measured at various oceanographic locations. These include
the spectra measured in the North Pacific, those near Argus
Island, the Mediterranean Sea, and near the British Isles (data
which are not used in the development of the wave spectral
families), and in the South Atlantic. Included also in the figure
for comparison purposes are the upper and lower bounds of the
responses using the two families of wave spectra.

As can be seen in Fig. 19, the bounds satisfactorily cover the
variation of responses computed using the measured spectra
in various locations in the world Some other examples of
comparison made on various types of ships may be seen in
reference [12], though the two-parameter family of wave
spectra used in reference [12] is somewhat different from that
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Flg. 17 Probable extreme values of transverse force in various sea
states computed by using two-parameter family of wave spectra
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Fig. ‘18 Probable extreme values of transverse force in various sea
states computed by using six-parameter family of wave spectra

developed in the present study, as mentioned earlier. It ap-
gg}a]rs, asa conclusion, that the bounds established with confi-
. 1;::8S cofeff@.ent 0.95 reasonably cover the variation of re-
T (1)3' mhd;:ne systems in various seas throughout the world,
e :g ; dese families of wave spectra are developed from
- af'els o ilta obtained primarily in the North Atlantic.

oy sh:::mt% e of extreme values for design consideration,
e (175 e results of computations carried out following

1 (17) using the two- and six-parameter families of wave
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spectra agree well up to a sea of significant wave height of 8.0
m (26.2 ft), but the two-parameter family yields much larger
design values than the six-parameter family in severe seas. This
is a general trend observed in evaluating the design extreme
v;lues carried out on other types of marine systems, including
ships.

The example of the extreme values for design consideration
shown in Fig. 20 is based on the concept of short-term response
prediction, These design values are compared later with those
evaluated based on the concept of long-term response predic-
tion.

Part 2;: Wave statistics for long-term

prediction

In contrast to the short-term prediction of ship and marine
structure tesponse, the long-term prediction considers all
variations of the response at every cycle of wave encounter ir-
respective of their magnitude. The long-term prediction
provides valuable information for evaluating possible fatigue
failure for which repeated loadings play a significant role even
though the magnitudes are not large. It may be used also to
evaluate the extreme value expected to occur in the lifetime of
a ship (or marine structure). In this case, however, extreme
care has to be given, as is discussed later.

For evaluation of the long-term response, a series of wave
spectra may be developed from two different approaches; one
is to incorporate the frequency of occurrence of various sea
severities with either the two-parameter or the six-parameter
wave spectral family, and the other is to generate a series from
the joint probability density function of significant wave height
and wave period. The latter approach, however, is applicable
only for the two-parameter wave spectral family. These two
different approaches are discussed in detail in the following
with some numerical examples of their application.

Estimation of severest sea condition

Prior to discussing the frequency of occurrence of various
sea severities, it may be well to estimate the severest sea con-
dition expected to occur in the North Atlantic based on the
extreme-value statistics. Although the significant wave height
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Flg. 21 Probable extreme significant wave heights in 10 years at
Stations | and J {data from references [10, 11])

follows the log-normal probability distribution, this holds only
for the cumulative probability distribution up to 0.99 as dis-
cussed in the Appendix. Therefore, it is not appropriate to
estimate the severest sea state (namely, the extreme significant
wave height), based on the log-normal distribution, since the
cumulative distribution for the extreme value will be much
greater than 0.99. Instead, it may be evaluated by applying
the concept of asymptotic distribution of extreme values, which
is applicable for any probability function if certain conditions
are met [28].

For this purpose, let us assume that the cumulative distri-
bution function can be expressed asymptotically in the fol-
lowing form:

Flx)=1—e~0 (18)

On the other hand, the probability density function of the
extreme value in n-observations, denoted by gly,), is given
by

&lyn) = nlf=)F@) 2=y, (19)

Hence, the probable extreme value, denoted by g, is ob-
tained hy letting the derivative of g(y,) with respect to y, be
zero. It can be derived with the aid of equation (18) that the
probable extreme value for large n satisfies the following con-
dition:

edlin) = (20)

Hence, from equations (18) and (20), we have

1
1—F(gn)

It is then possible to estimate the probable extreme value, i,
from the relationship given in equation {21). For the present
problem, the cumulative distribution function involved in
equation (21) is evaluated from the data, particularly for large
significant wave heights,

As an example, Fig. 21 shows the left-hand side of equation
(21), which is often called the return peried, in logarithmic form
using the significant wave height data obtained at Stations I and
T[10,11]. Since there is no appreciable difference between the
cumulative distribution functions for high significant wave
heights obtained at Stations I and J, the results are expressed by
a single line as shown in the figure.

In estimating the probable extreme values from the line
drawn in the figure, the number of observations involved in the
data has to be considered since the magnitude of the extreme
value depends on this number. It is stated in references [11]
and [12] that the data are based on random samples from 10
years of observation and that the numbers n = 2400 for Station
Iand n = 1440 for Station J. Using these numbers in equation
(21), it can be estimated from Fig. 21 that the probable extreme
significant wave heights in 10 vears are 154 m (50.5 ft) for
Station I and 14.6 m (479 ft) for Station ].

It should be noted that the magnitudes of probable extreme
significant wave heights thus estimated from Fig 21 are much
smaller than the values known to date.  This is not surprising,
since Draper’s data shown in Fig 21 are for the numbers n =
2400 and 1400 in 10 years. This implies that the sampling rates
for the data presented in Fig. 21 are one observation in every
37- and 61-h interval, respectively. Hence, it is obvious that
very severe seas which do not persist for a long period (see Fig

15) are missed in the data.

In order to estimate the probable extreme significant heights
at Stations 1 and ] more precisely, Figs. 22 and 23 have been
prepared using Walden's visually observed data at these stations
The figures present results similar to that shown in Fig,. 21, but
the numbers are significantly larger: n = 23 620 for Station

=n (21)
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Fig. 22 Probable extreme significant wave height in 10 years at
Station | {data from reference [4])

Iand n = 24947 for Station | in 10 years. Walden's data,
therefore, provide information on the sea condition every 3.7-
and 3.5-h intervals, sufficient to cover all severe sea condi-
tions.

As can be seen in Figs. 22 and 23, the estimated extreme
(visually observed) wave heights in 10 years are 15.1 m (49.4
ft)and 15.4 m (50.5 t) for Stations I and J, respectively Using
the conversion facter given in equation (38) in the Appendix,
the probable extreme significant wave heights expected to oceur
in 10 years become 18.7 m (615 ft) and 19.2 m (62.9 ft) for
Stations I and ], respectively.

It is of interest to compare the extreme significant wave
_helghts thus estimated with the measured ones. A difficulty
involved in the comparison is that information concerning the
length of time (in years) in which the extreme heights were
measured is not clearly known.  However, from available in-
fr;rpatmn given in references [29] and [30), the extreme sig-
nificant wave heights obtained through spectral analysis of
records taken at Stations I and | are as follows:

Station I: 167 m (54.7 ft) in 8 years [29]
Station J: 15.3 m (50.1 ft) in 8 years [29]
168 m (55.0 ft) in 14 years [30]

ZZ!;lsét}'le c!;fferencc betwgen the estimated and measured ex-
s a\;;ggrg icant wave heights is approximately 15 percent as
A It may also be of interest to compare the results presented in
& 2] with those shown in Figs 22 and 23. For this purpose,
lndﬂi he\raluate the extreme height for n = 2400 from F ig 22,
- en convert the value to the significant wave height by
wn& ﬁg%ﬁ:oﬂ (38) in the Appendix. The extreme significant
B S; A thus evaluated fmnr_x Fig. 22 becomes 15.6 m (51.0
ik al 21l;n Tas compared with 15.1 m (49,5 ft) estimated
b itgié e é& similar comparison may be made for Station
i ound that the significant wave height is 14.9 m (45.9

m Fig, 23 as compared with 15.4 m (50.5 ft) from Fig 21.

s egsggﬂmtl:;amon,s indicate, the extreme wave heights esti-
o cli:ta r(azgirv s atntalym c_\i ‘measlére& g:h;ta and Walden's

§ . wonvert to signiticant height) agree very well

Hthe estimation i made for the same sax?;ple s%za )
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Fig. 23 Probable extreme significant wave height in 10 years at
Station J {data from reference [4])

Table 5 Probable extreme significant wave heights expected In
10 years at varlous locations in the Norlh Allantic

Station Sample Probable extreme
size significant height

A 24,696 12.0 m (62.4 ft)
B 24,988 18.0 (58.8 )
ox 25,8639 | 15.6 (51.1 )
D 25,851 17.5 (57.6 )
E 24,788 14.6 (48.0 iy
I 23,620 18.7 {61.5 )
I{¥Winter) 5,510 18.9 (62.0 M
J 24,947 19.2 (62.9 )
K 26,508 12.3 (63.3 )
IS 26,359 | 13.1 (42. 9 )

The probable extreme wave heights expected in 10 years are
evaluated for various locations in the North Atlantic following
the same procedure presented in Figs. 22 and 23, and the results
are summarized in Table 5. The probable extreme significant
wave height estimated using the data obtained during the
winter season at Station I is also included in the table. The
sample size for the winter season at Station I is 5510 in 10 years
in contrast to 23 620 for all-year-round data at Station . As can
be seen in the table, the extreme significant wave height esti-
mated from the winter season data agrees very well with that
estimated from the all-year-round data. This indicates the
significance of the sample size in estimating the extreme
values.

The question arises as to the estimation of the probable ex-
treme significant wave height expected in 20 years, which is
considered to be a reasonable lifetime for ships and marine
structures. Note that Walden's data used in the present analysis
are accumulated over a 10-year period. Hence if we assume
that the statistical characteristics of the extreme values expected
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Fig. 24 Cumulative distribution of significant wave height for the
(mean) North Atlantic

to occur in 20 years are the same as those observed in the data
accumulated in 10 years, then the estimation for 20 years is
possible from the line shown in Figs. 22 and 23. That is, by
doubling the sample size, the extreme significant wave heights
in 20 years become 19.6 m (64.4 ft) and 20.2 m (66.4 ft) for
Stations [ and ], respectively. These values indicate that the
probable extreme significant wave beight in 20 years is only 5
percent greater than that in ten years.

Frequency of occurrence of various sea
severities

The frequency of occurrence of various sea severities can be
obtained based on the log-normal probability distribution
However, the frequencies for severe sea states should be mod-
ified, taking into consideration the probability distribution used
for estimating the extreme significant wave heights. In other

words, the log-normal distribution is used for the cumulative
distribution up to about 0.99, and then the asymptotic exireme
distribution is used for estimating the extreme significant wave
height.

For convenience, the frequency of occurrence of various
significant wave heights is expressed in terms of the logarithm
of the return period, In (1 — F(x))~", and is presented in Fig
24  The information in this figure pertains to the mean North
Atlantic with the exceptions of Stations E and M. The
frequencies for each one-meter interval of significant wave
height are given in Table 6.

Series of wave spectra for long-term prediction

For evaluating the long-term responses of ships and marine
structures, the families of wave spectra developed for the
short-term prediction can be used in conjunction with the fre-
quency of occurrence of various sea states given in Table 6.
That is, let the weighting factor of a specific spectrum in 3
certain sea be p;. From Table 6, obtain the frequency of oc-
currence of this particular sea p;. Then the weighting factor
of the spectrum for the long-term prediction is simply the
product of p; and p;.

Since the frequency of occurrence of 18 different sea
severities for the mean North Atlantic are given in Table 6, the
two-parameter and the six-parameter spectra families produce
162 and 198 spectra, respectively, which can be used for the
long-term response prediction.

There is another way to generate a series of wave spectra
from the joint probability density function of the significant
wave height and modal period. Although this approach is
applicable only for the family of two-parameter wave spectra,
a benefit is that as many spectra as desired can be generated in
the series. The following is the principle underlying the de-
velopment of the series of wave spectra by this approach.

Let us transform the joint probability density function of
wave height, H, and period, T, into new random variables r and
6 as illustrated in Fig. 25. Thatis

H=Hqg + r cosf

(22
T = To + rsinf )
where

Ho = modal value of H = exp {up — o5
T = modal value of T = exp {ur — 013}

Since the point (Hg, Tp) shown in Fig, 25 is the mode of the

Table 6 Frequency of occurrence of varlous sea states in the (mean) North

Atlantic
STOTTIR [rroaueney o7 | 5ib Aigne | Fpeouney o
(in Meters) Occurrence (in Meters) Occurrence
< 1 0.0503 9.7 10 0.0079
1-2 0.2665 10 - 11 0.0054
2 -3 0.2603 11 - 12 0.0028
3 -4 0.1757 12 - 13 0.0016
4 - 5 0.1014 13 - 14 0.Q0074
5-6 0.0589 14 - 15 0.00045
6 -7 0.0346 15 - 16 0.00020
7-8 0.0209 16 - 17 Q.00012
8 -9 0.0120 17 = 0.00009
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Flg. 25 Pictorial sketch illustrating transformation of random vari-
ables.

two-dimensional probability density function, the combination
of wave height, Hg, and wave period, Ty, vields the spectrum
most likely to occur in the long term. By carrving out the
transformation, the joint probability density function of r and
8, f(r.0), becomes

fir,8)

»
"~ 109270V 1 — pE(Hg + 1 cosf)(Tq + r sinf)

[ 1 [ In{Hy + 7 cosfl) — uH)Z
% = <
b Ty ( e
iy (lniHu + r cosf) — H.H) (]n(To + rsinf) — ,t.!'r)
TH oT
In(Ty + 7 sinfd) — pp\2
+
(Rrerzmt=en) ] )

From the joint probability density function given in equation

l-I'The:n, a point r; can be determined for each angle, 4, such
that
"
o flrlodr =~ (25)
where « is the confidence coefficient.

The inside of the boundary line obtained by connecting
points 7; thus determined is the confidence domain for a spec-
ified confidence coefficient y. It is noted that every point in-
side the domain provides information on wave height and wave
period, and hence the two-parameter spectrum can be drawn
for each point.

Figure 26 shows the confidence domain obtained, following
the method described in the foregoing, using Draper’s measured
data shown in Table 1. The numbers given in the table are also
included in Fig. 26. As seen in the figure, the theoretical
confidence domain for the confidence coefficient 0.99 obtained
based on the bivariate log-normal probability law covers the
original data very well.

The confidence domains are obtained for all nine stations in
the North Atlantic using Walden’s data. As an example, Fig,
3, shown earlier, is the confidence domain for the confidence
coefficient 0.95 for all nine stations.  As can be seen in Fig, 3,
the confidence domains for Stations A, B, C, D, L, ], and K are
approximately equal. While there is a substantial difference
between the confidence domains for these seven stations and
Stations E and M.

The confidence domains for the mean North Atlantic are
obtained for various confidence coefficients (0.50, 0.75, 0.85,
0.95, and 0.99), and the results are shown in Fig. 27. Included
also in the figure is a line connecting the largest significant wave
height for each domain.

In order to develop a series of wave spectra from the confi-
dence domains of various confidence coefficients, v, each
segment and the origin (mode) are weighted as follows:

{23), the conditional probability density function of 7 for a given Domain between ¥ = 0.99 (inclusive) and 0.95  0.05
8 can be derived: ¥ = 0.95 (inclusive) and 0.85  0.10
) ks v = 0.85 (inclusive) and 0.75 0.10
fir|8) = ‘—é—-—-—— (24) 4 ¥ = 0.75 (inclusive) and 0.50  0.25
0)d inside ¥ = 0.50 (inclusive) 0.25
ﬁ Sirdlde Origin (mode) 0.25
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Fig. 26 Comparison of domains of significant wave height and zero-crossing period
for various confidence coefficients {data from reference [10])
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Fig. 29 240 combinations of significant wave height and modal period
for a series of wave spectra for long-term prediction

wave height for ¥ = 0.99. Using the line OA as the baseline,
draw lines every 30 degree-intervals, and determine 12 points
as shown in the figure

v = 0.50. As an example, only six points are shown in Fig

of wave encounter irrespective of their magnitude. It should
also be noted that the accumulated number of response cycles
for each short-term response has to be used for evaluating the
extreme value based on the long-term prediction approach.

Taking various factors discussed in the foregoing into con-
sideration, the probability density function applicable to the
long-term response can be written as follows:

;%ﬁ;; n.pipprpif(x)

(mo). = area under short-term response spectrum

years assuming that the platform will be exposed to beam seas
tor one quarter of its lifetime, namely, py = ; (constant). The
severest sea state considered in the computation has a significant
wave height of 17 m (55.8 ft).

Figure 30 shows the long-term probability density function
abtained by using the six-parameter wave spectra family.
Since the total number of responses, n, can be obtained from

The cumulative distribution function involved in equation

fx) = (26) equation (27), the number of cycles of various loadings neces-
- (b) For the domain v = 0.95. Using the line OB as the TELY 0w sary for evaluating possible fatigue failure of the structure can
z baseline, determine 24 points by drawing lines every 15 de- T E T i readily be evaluated from the figure.
; £ gree-intervals. sl where 5 Ilil order to ev:(liuate the exrreTe ]\]raluc for design based on
i s ¢) For the domain v = 0.85. Using the line OC as the 2} 0 N : g _ thelong-term prediction approach, the asymptotic distribution
i T baiefine, determine 24 points by the same procedure given in =) prgggg;kt} density function for short-term re oélextrﬁmg vz_ilues 151 ccnsdidenz.{iil Ehat_i.ls(, analogous to equaﬁg:
i S Item (B). ’ < . n. = average number of responses per unit time of (21), the design value, §, with the risk parameter, a, can
i g (d) For the domain v = 75. Using the line OD as the short-term responss determined from
i E baseline, draw lines every 12 degree-intervals. Then, 30 points e emn e ; .
o Z are determined along the line for ¥ = 0.75, and another 30 g (ma). 7 (mo), TR (28)
I g points are determined between two lines for which v = 0.75 and ™ o) a
z
w

28.
(e) For the domain v = 0.50. Using the line OE as the

(mg). = second moment of short-term response spec-
trum

(28) is obtained by integrating equation (26) with respect to x,
and the left-hand side of equation (28) is shown in Fig. 31 in the

4 baseline, determine 60 points by the same procedure as de- = weighting factor for sea condition logarithmic scale. With » = 2.078 X 107 evaluated from

scribed in Item (d). P = weighting factor for wave spectrum equation (27), and by choosing « = 0.01, Fig. 31 yields the

(f) A total of 180 points obtained in the foregoing yields 180 Pk = weighting factor for heading to waves in a given design extreme value of 4800 tons. This value agrees with the

MODAL PERIOD, Tm two-parameter wave spectra. Al these spectra should be ) 5311 gk ) . design extreme value obtained for the severest sea state of sig-

Fig. 28 Pictorial sketch illustrating a method to establish a seriesof  considered to carry the same weight, 1/240 each. In addition, s “"ﬁ%a(‘i‘i‘;g actor for speed in a given sea and nificant wave height 16.5 m (16.0 to 17.0 m) in the short-term
2 il e bar i s a spectrum corresponds to the modal value of the bivariate ading prediction using the same six-parameter wave spectral family

The total number of wave spectra comprising the series is
distributed in proportion to the weighting factor given above.
For example, suppose it is desired to generate a total of 240
spectra for evaluating the long-term response, then the 240
points are distributed among the various domains in accnrdapce
with the weighting factors: 12, 24, 24, 60, and 60. In addition,
60 points are allotted to the origin (mode).

Figure 28 is a pictorial sketch illustrating the method to
distribute the points in each domain. The procedure to de-
termine a total of 240 spectra is as follows: ]

(a) For the domain v = 0.99. Connect the origin 0 (the
point which yields the most probable wave height a:)d Pe_rlod)
with a point A, which corresponds to the highest significant

log-normal distribution (the solid circle in Fig. 28), and the
response to this spectrum is weighted as 60/240. Figure 29
shows the thus-determined 240 combinations of significant
wave height and modal period for the mean North Atlantic

Application to design

Various factors, each of which is weighted according to its
occurrence in the lifetime of a marine system, have to be con-
sidered in the long-term response prediction. These include
(a) seas of various severities, (b) a variety of wave spegtral
shapes, (c) speeds (in the case of a ship), {d) various headings
to waves, and, in addition, {e) the expected number of cycles
of the response for a given sea, wave spectral shape, speed, and
heading, The last factor, the number of response cycles, has

The tatal number of responses expected in the lifetime of a
marine system becomes

s ();?;; mpmmm) X T X (60) (27)

where T is the total exposure time to the sea,
As an example of application of this methodelogy, the
ag-term probability function is computed for a transverse
o1te acting on the ocean platform used for the short-term re-
?)Dnse Prediction. For the ocean platform, the weighting
actor f°}' speed, py, can be neglected. Furthermore, in order
_fmphfy the problem, the computation is carried out for 20

5 This was first
: pointed out by Dr. M, Ch: f the David W. Tayk
Naval Ship Research and Development Cgﬁﬁ;_ . G

(see Fig. 20).

Computations of the long-term transverse force are also
carried out using the two-parameter wave spectral family. In
this case, computations are made for the two approaches dis-
cussed earlier. One method is the same as that used in con-
junction with the six-parameter family, the other method uses
the series of spectra determined from the confidence domains
shown in Fig. 29. These two are identified as the “weighted
sea approach” and the “confidence domain approach,” re-
spectively, in the following presentation of the computed re-
sults.

Figure 32 shows the long-term probability density functions.
The probability density function obtained from the “confidence
domain approach” indicates that the lifetime response contains
a larger number of small-magnitude responses in relatively mild
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Fig. 32 Probability density function of long-term transverse force
obtained by using two-paramater family of wave spectra
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Fig. 33 Design extreme value of transverse force evaluated by using

two-parameter family of wave spectra 5

seas than are obtained from the “weighted sea approach.” The
probability density function from the latter approach agrees
reasonably with that obtained by using the six-parameter wave
spectral family shown in Fig. 30.

The extreme values for design consideration estimated by
using the two-parameter family are shown in Fig. 33. The
number of response cycles in 20 service years is the same for
both approaches, n = 1.864 X 107 in the present example. The
design values by choosing a = 0.01 then become 6000 and 5870
tons for the “weighted sea approach” and “confidence domain
approach,” respectively. ]

It should be noted that the extreme design value estimated
from the “weighted sea approach” agrees well with the extreme
design value estimated for the highest significant wave ]}elght
(16.5 m or 54.1 ft) considered in the short-term prediction
method given earlier in Fig. 20. This same property was ob-
served in the results computed by using the six-parameter wave
spectral family. Hence, it may safely be concluded that the
extreme value for design consideration estimated from the

long-term response prediction method agrees with that esti-
mated from the short-term response prediction method.

The results of the computations clearly indicate that a con-
siderable percentage of small magnitudes of response in rela-
tively mild seas (which do not contribute to the extreme value)
is included in the long-term probability density function. In
other words, the magnitude of response does not reach a level
critical for operation or structural safety irrespective of how
long a marine system operates in mild seas, while the magnitude
reaches the critical level within a few hours in severe seas. This
suggests that the short-term prediction in severe seas is much
to be desired for estimation of extreme values.

It should also be pointed out that the estimation procedure
of the extreme values through the short-term prediction ap-
proach is extremely simple in comparison with that through the
long-term approach, and that the accuracy of the computation
for the former appears to be much superior to that of the latter
approach. That is, extreme values in the short-term prediction
approach can be estimated by the formulas given in equations
(16} and (17) as contrasted with the estimation by extending the
cumulative distribution function for the long term.

Thus, in summary, as far as estimation of extreme values is
concerned, it is appropriate to consider severe seas expected in
the service area and apply the short-term prediction meth-

Summary and conclusions

This paper presents wave information which plays a signif-
icant rele in predicting responses of ships and ocean structures
in a seaway, and discusses methods of application specifically
for design consideration. For this, a series of wave spectra to
be used for short-term prediction as well as a series for long-term
(lifetime) prediction is developed. In applying the series to
evaluate responses of marine systems, several factors which may
seriously affect the magnitude of predicted values (including
extreme values) are discussed, and results of numerical com-
putations carried out on a semisubmersible-type ocean platform
are presented. Conclusions derived from the results of the
present study are summarized in the following:

Short-term résponse prediction

1. Two series of wave spectra are developed for the short-
term response prediction of a marine system—one a six-pa-
rameter wave spectra family consisting of 11 members for a
specified sea state and the other a two-parameter wave spectra
tamily consisting of nine members for each sea. Each of these
members carries a weighting factor depending on its frequency
of occurrence

2. In the development of the two-parameter family, it was
found from the results of analysis that both wave height and
wave period obey the log-normal probability law for a cumu-
lative distribution up to 0.99. Hence, the combined statistical
properties of wave height and period may be evaluated based
on the bivariate log-normal distribution

3. Inthe development of the six-parameter family, a variety
of wave spectral shapes associated with the growth and decay
of a storm, including the existence of swell, is analyzed Hence,
members of this family have a wider variety of shapes than
members of the two-parameter family.

4. In using either the two-parameter or the six-parameter
family for the response prediction for each sea severity, ane of
the family members yields the largest response, while another
vields the smallest response with confidence coefficient of 0.95.
Hence, by connecting the values obtained in each sea severity,
the upper- and lower-bound responses can be established

64 Wave Statistics for the Design of Ships and Ocean Structures

5 Comparisons of responses computed using these two
families of spectra and those computed using spectra measured
at various oceanographic locations have indicatéd that the
bounds established with confidence coefficient 0.95 reasonably
cover the variation of responses of marine systems in various
sea throughout the world, even though the families of wave
spectra were developed from an analysis of data obtained pri-
marily in the North Atlantic. Use of the two-parameter family,
however, results in a wider range between upper and lower
hounds of the response than that obtained using the six-pa-
rameter family in relatively severe seas

6. For estimating extreme values of the responses for design
consideration, various factors such as operation (or exposure)
time, risk parameter, frequency of encounter with seas, znd
speed (in the case of a ship) should be considered. The results
of computations have shown that the design extreme values
obtained from the two families of wave spectra agree well in
seas of mild to moderate severity, but the two-parameter family
yields much larger values than the six-parameter family in se-
vere seas. This is a general trend observed in evaluating the
design extreme values carried out on various types of marine
systems, including ships

Long-term response prediction

7. A series of wave spectra for evaluation of the long-term
response is developed from two different approaches, one which
incorporates the frequency of various sea severities with either
the two-parameter or the six-parameter wave spectra family
{weighted sea approach) and the other which generates a series
from the joint probability function of significant wave height
and period (confidence domain approach). The latter ap-
proach is applicable only to the two-parameter wave family.

8. The severest sea state (extreme significant wave height)
in the long term may be estimated by applying the concept of
asymptotic distribution of extreme values. In estimating the
extreme values, however, the sample size of the data hasa sig-
nificant effect on the magnitude of extreme values. It is esti-
mated that the most probable extreme significant wave height
at Station Lin the North Atlantic is 18.7 m (61.5 £t) in 10 years
as compared with 16.7 m (547 ft), the highest significant height
measured in eight years. The probable extreme value in 20
Yyears is estimated to be approximately 5 percent greater than
that in 10 years.

9. In the long-term response prediction, various factors, each
of which is weighted according to its oceurrence in the lifetime
of a marine system, have to be considered. These include seas
of various severities, a variety of wave spectral shapes, various
speeds (in the case of a ship), various headings to waves, and,
naddition, the expected number of cycles of the response. The
sccumulated number of response cycles for each short term has
1o be used for evaluating the statistical properties of the response
based on the long-term prediction approach.

10. Results of numerical computations have shown that the
extreme value for design consideration estimated from the
0ng-term prediction method agrees with that estimated from
the short-term prediction method. However, the estimation
procedure of the extreme values through the short-term pre-

iction approach is extremely simple in comparison with that

) tggh th? long-term approach. Greater care has to be taken

ey use of the long-termn approach in order to obtain the same
acy as that provided by the short-term approach,
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Appendix

Joint probability distribution of wave height and
period

In order to obtain the combined statistical characteristics of
wave height and period, available measured and observed data
are independently analyzed. Since both measured and ob-
served data taken at Stations [ and ] in the North Atlantic are
available, a statistical analysis is made to obtain the relationship
between them. It was found from the results of the analysis
that both the measured and observed wave heights follow the
same probability law, namely, the log-normal probability law.
The measured and observed wave periods were also found to
follow the log-normal probability law. Hence, it is possible to
evaluate the combined statistical characteristics of wave height
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Flg. 34 Cumulative distribution function of significant wave height
plotted on log-normal probability paper (data from reference [10])

and period by the bivariate log-normal probability law. It is
also possible to find the conversion factor by which the wave
information for design use can be obtained from the visually
observed data. A detailed discussion is given in the fol-
lowing.

Analysis of measured data

From the records obtained at Station I (19°W, 59°N)in the
North Atlantic, Draper and Squire [10] present statistical data
of significant wave height, H,, and zero-crossing period, T,
which is duplicated in Table 1 of this paper. Inorder to obtain
the combined statistical characteristics of the two random
variables, H, and T, from Draper’s data, we may first consider
the marginal probability distribution of the significant wave
height from Table 1.

Figure 34 shows the cumulative distribution function of the
significant wave height plotted on the log-normal probability
paper, while Fig. 35 shows it plotted on Weibull probability
paper. The comparison between the histogram constructed
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Fig. 35 Cumulative distribution function of significant wave height
plotted on Weibull probability paper (data from reference [10])
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from Table 1 and the two probability density functions is shown
inFig 36, Asseenin this figure, the data are approximately
resented by the log-normal probability distribution over the

range for the cumulative distribution up to 0.99,
As another example, Draper and Whitaker’s data [11] ob-
tained at Station J (20°W, 52°N) are analyzed in the same
fashion as for Station 1. The results indicate the same trend as
observed in the analysis made for Station I, and, hence, it may
safely be concluded that the significant wave height obeys the

}og-normal probability law expressed as follows:
1 e—1/2(InH,~pyefopys)?
5

1
f(H,) = S VinH

For convenience, the probability density function given
in equation (29) may be written as

FOH) ~ Mg 005) (80)

where A{iins, s ) is the log-normal probability density func-
tion with parameters pgg and oys.

It is noted here that, although considerable attention has been
given to statistical information of long-term wave height, the

robability function applicable to long-term significant wave
geight is the focus of much criticism  Some claim that the
log-normal distribution is appropriate [31-33), while others
believe the data can be better fitted by the Weibull distribution
[34,35]. In the present analysis, however, a total of 12 cases
of measured and observed wave height data is analyzed not only
from comparison of the cumulative distribution functions but
also from a comparison of the histogram and the probability
density functions. The results of the analysis of all cases illus-
trate that the long-term wave heights follow the log-normal
probability law over the range for the cumulative distribution
up to 0.99.

Next, the marginal probability density function of the
zero-crossing period is derived.  Figure 37 shows a comparison
between the histogram and log-normal probability density
function of the zero-crossing period using the data obtained at
Station [. Good agreement between them can be seen in the
figure The comparison made using the data obtained at Sta-
tion J also shows the same trend as that obtained for Station I.
It is noted that an attempt was made to represent the wave
period data by the Weibull probability distribution. However,
the results indicate that the representation is extremely poor
for both measured and observed wave period. Thus, it is
mrlcludgd that the zero-crossing period follows the log-normal
probability law. That is

fITo) ~ Alprg, 070) (31)

wherf.! Alpro,070) is the log-normal probability density
fumetion with parameters urq and oro.

5 Erom the conclusion given in equations (30) and (31), and
- om the Property of the log-normal probability distribution,
tcan be derived that the combined statistical properties of
Henificant wave height and zero-crossing peried follow the
”vanate log-normal probability law, which may be written

(29)

FOHLTo) ~ Ak, 06,0 e (32)

;‘:ZTE p’}sothe correlation coefficient for two random variables,
2'1: Gchlusion‘given in equation (32) plays a significant role
valuating various statistical properties of significant wave

h;;lé ;emcrossing period. First of all, it is possible from

O ) to evaluate the joint probability of occurrence of

e Slfgmfmant wave height and zero-crossing period,
partic oy tyb Or severe seas, as demonstrated in Fig. 26. It is
noted that the statistical information given in the original data
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Fig. 37 Comparison between histogram of zero-crossing period and
log-normal probability density function (data from reference [10])

is sparse for severe seas, and no reliable information can be
obtained from the data, in general.

Secondly, the statistical properties of the zero-crossing period
for a specitied significant wave height can be obtained from
equation (32) with the aid of equation (30). Itisa conditional
log-normal probability distribution given by

(T H,)
~4 (‘”m + 07 (I Hy = ), VI ﬂ?z‘“m)
s

(33)

The valdes of modal period necessary to establish a family
of wave spectra for a specified significant wave height are de-
termined from the conditional probability density function
shown in equation (33).

Thirdly, the confidence domain for a specified confidence
coefficient can be evaluated based on equation (32). Then, a
series of wave spectra necessary for the long-term response
prediction can be established from the confidence domains as
demonstrated in Fig. 29.

Analysis of visually observed data

The same statistical analysis made on measured data of wave
height and period s also carried out on observed data givenin
reference [4]. The data presented in [4] are the accumulated
observed wave heights and periods at nine locations in the Nerth
Atlantic (see Fig. 3) over a period of 10 years. The observations
were made regularly by trained oceanographers at 3!,-hour
intervals, as an average. Wave heights were visually observed,
and wave periods were counted by a stopwatch from visually
observed wave crests. Therefore, the observed wave height
represents neither the significant nor the average wave height.
Also, the observed wave period represents neither the zero-
crossing nor the average wave period. Hence, in the analysis
of the data given in reference [4], the wave height and period
are defined as visually observed wave height, H,, and visually
observed period, T,. Later, these visually observed wave
heights and periods are converted to significant wave height
and zero-crossing period (or modal period), respectively, so that
the information based on visually observed data can be used for
the design of ships and marine structures.

Asan example of the statistical analysis carried out on wave
height, Fig. 38 shows a comparison between the histogram and
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the log-normal as well as the Weibull probability density
functions using the data observed at Station I The results of
a similar analysis carried out for the remaining eight stations
have indicated the same trend as observed in Fig. 38. Hence,
the conclusion regarding the statistical property of the long-
term wave height obtained from the measured data is also ap-
plicable to the visually observed wave height. That is

FOH) ~ Akt s Oy )

where Alpyy,ovy) is the log-normal probability density
functien with parameters pvy and ovy.

Figure 39 shows an example of a comparison between the
histogram of the visually observed wave period and the log-
normal probability density function using the data obtainied at
StationI  As this example indicates, and from the results of a
similar analysis made on the remaining eight stations, it is

(34)
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concluded that the visually observed wave period appears to
follow the log-normal probability law. That is

F(To) ~ Mpugyaory) (35)

where Alpgv,oryv) is the log-normal probability density
function with parameters pyy and a7v.

The conclusions given in equations (34) and (35) are the same
as derived earlier for the measured significant wave height and
zero-crossing period except for the values of the parameters
involved in the probability density functions. This implies that
the conclusion regarding the combined statistical properties of
the significant wave height and period can also be applicable
to the visually observed wave height and period

Since all of the visually observed as well as the measured wave
height and period follow the same probability law (log-normal
probability law), it is now possible to find the relationship be-
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ey .d and measured data by applying the property
of the locg-?:::mal probability distribution. The procedure is
% {ﬁol?ssassume that the relationship between the visually
observed wave height, Hy, and the significant wave height, H,,
is given by
H, =aH,} (36)
d b are constants. It was obtained that the signifi-
;?—?:r:vtnheight follows the log-normal probability law with
ameters uys,ops.  Then, it can be proved that the visually
g;;wed height, H,, which is functionally related as given by
equation (36), hasto follow the log-normal probability law given

by

f(H)~Allna+b-py, bay) (37)
By equating equation (34) and (37), the constants @ and b in-
volved in equation (36) can be determined, The same proce-
dures of analysis can also be applied to wave period. From an
analysis of measured and observed data obtained at Stations [
and J, the constants are evaluated for wave height and period
individually.

Figure 40 shows the relationship between significant wave
height and visually observed height determined thereby. As
can be seen in the figure, there is no serious difference in the
relationships derived by using the data obtained at two different
Jacations (Stations [ and [).  However, it is a general trend that
the visually observed wave heights are less than the significant

wave height, particularly in severe seas. The average of the
two lines for Stations I and ] is drawn in the figure, and this
average line is expressed by

H, = H,1.08 (38)

An analysis similar to that made for wave heights is carried
out for the observed wave period and the measured zero-
crossing periods at Stations I and J, and the results are shown
in Fig. 41. As seen in the figure, there is practically no dif-
ference in the relationships between the observed and zero-
crossing period derived by using the data obtained at Stations
Land ]. The average curve is drawn in the figure and from this
the conversion formula can be derived.

Furthermore, the zero-crossing period, Ty, is converted to
the modal wave period, T,,, defined as the wave period for
which the wave spectrum peaks. Information of modal period
is necessary to determine the two-parameter wave spectra de-
fined in equation (4). The conversion can be made by using
the theoretical relationship between the modal period and the
ﬁero—crossing period, assuming that the spectra are narrow-

AT "

Thus, the conversions from the visually observed wave period

to the zero-crossing and modal period are given as

Ty=2.12T,07
Tm = 1.41 To= 2,99 T,078
The conversion formulas given in equations (38) and (39),

and used in the present study, are assumed to be applicable to
all visually observed data presented in reference [4].

(39)

Discussion

N. Hogben,* Visitor

First I would like to express my warm appreciation to Dr.
Ochi for his valuable work on spectral modeling of sea condi-
tions and its application to structure design and to welcome the
presentation of this latest addition to the outstanding series of
papers which he has written on this subject. Unfortunately,
due to late arrival of the preprint, my comments have been
drafted in some haste and are based on a rather superficial
reading of the paper.

Tam particularly interested in Part 2 of the paper, which is
concerned with long-term statistics and makes use of visual
wave data to assist the predictions. There are two main points
which I wish to make. The first is to note that long-term sta-
tistics as experienced by ships in normal service are likely to
cantain a substantial fair-weather bias because of their tendency
to‘dodgﬁ the more extreme conditions. This must be borne in
mind when interpreting the weather station data used in the
Paper in application to ship design. This point is strongly
sapported by data in a paper of mineS comparing statistics from
weather ships and from voluntary observing ships. I would be
interested to know if Dr. Ochi has considered making any use
of voluntary ship data which are available in very large quan-
tities for most areas of practical interest.

My second point is to draw attention to the possibilities for
use of wind in predicting long-term wave statistics, noting that

al observations of Beaufort number have been reported
iy SIps in service since 1854. I am myself currently exploring
app

B avaiﬁ?li%ma a preliminary account of progress will shortly

—_—
‘ga'uonul Maritime Institute, Feltham, Middlesex, England
ogben, N, Sea State Studies at the Ship Hydrodynamics Lab-
':‘;iry Fe'ltha:r!_, Marine Observer, Vol. 33, July 1963.
Mg Ug%)en, N., "Wave Climate Synthesis for Engineering P
*lional Maritime Institute Report No. NMI R45 (in preparation)

Kal Kure,” Visitor

The present paper by Dr. Ochi reflects his deep under-
standing of stochastic phenomena for the benefit of the whole
profession. We are used to that from his earlier papers

Many valuable aspects are included in the present paper.
The emphasis given to the variability of spectra referring to a
given sea state is very important for design application. Either
this is purely probabilistic or semiprobabilistic as advocated,
for example, by Faulkner and Sadden.®

Another important aspect is discussed by Dr, Ochi concerning
the long-term estimation of extreme values versus the short-
term estimation in extreme seaways. Iread Dr. Ochi's paper
to say that the contribution of tail areas of the peak distribution
curves from lower sea states erroneously affects the extreme
loads when using the long-term approach. These tail ends do
not exist in reality and would produce particularly large errors
for vessels operating mainly in sheltered water and only occa-
sionally in the open sea

For a semiprobabilistic design philosophy, I would like Dr.
Ochi'’s opinion on the merits of the two approaches in terms of
relative values of the appropriate partial safety coefficients on
a characteristic load determined either way.

Many parameters are involved in prediction of loads due to
waves. These are not only ship speed and heading and expo-
sure time, but also loading condition and geographical area.
The latter two are correlated in the load-line zones, It is in-
teresting to note the resemblance of worldwide data with the
North Atlantic data in the paper. However, wave pattern
differences from, say, the North Sea to the North Atlantic
Ocean must result in different responses.

7 Danish Ship Research Laboratory, Lyngby, Denmark; chairman,
185C Design Load Committee,

83 Faulkner, D. and Sadden, J. A., “Towards a Unified Approach to
Ship Structural Safety,” Paper No. 3, RINA Spring Meeting, 1978.
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I would like Dr. Ochi’s comments on this and even more on
the effect of parameter variability on responses. Would it be
possible to adapt the concept of fuzzy logic to evaluate the
variability due to human factors in selecting speed and
heading?

The floating structure adopted for the response examples is
laterally large. It seems to me, as outlined in a 1976 paper of
mine,? that the short-crested character of seaways is particularly
important for such structures and that azimuthal correlations
must be considered in load predictions. I would like comments
from Dr. Ochi on that question also, but I shall probably have
to tame my curiosity to future works of the author. Iam
looking forward to them.

Bruce L. Hutchison, Member

In our consulting practice we are frequently concerned with
determining the probability distributions of sea states from the
data bases available in the literature. The author has made a
most valuable contribution to the techniques to be applied to
this process. In particular, the introduction of the bivariate
log-normal probability distribution for significant wave height
and zero-crossing period, and the families of probability-
weighted sea spectra, is most welcome and should find imme-
diate application in our practice.

We are often concerned with analyzing special cargo
movements and individual voyages. In our analysis of the
overall risk of encountering a sea state, we assume that the
duration of the voyage may represent several independent trial
samples of the underlying sea-state probability distribution.
The number of trial samples, 1, is equal to the duration of ex-
posure divided by the independence time for the sea-state
events, Ina 1978 Marine Technology paper'? this discusser
presented the following expression for the overall risk of en-
countering a sea state with cumulative probability of exceed-
ance, o:

PlHy s> Hl=1—(1 —a)" = na
for small o

Thus the overall risk of encountering the 1 percent sea state
on a five-day voyage, assuming a 24-hr independence interval,
would be about 5 percent  Has the author considered the effect
of repeated independent trials in the overall risk of encounter
for short-term analyses? Does he know of any data available
suitable for estimating the independence interval for sea-state
events?

Concerning the method for establishing a series of wave
spectra suitable for long-term prediction as illustrated in Fig”
28, it is my understanding that the probability distribution along

4 = constant contours is uniformn. If this interpretation is
correct, then it would seem that an unbiased method for se-
lecting the spectral parameter pairs from a y-contour would
space the points at equal intervals along the contour’s length.
The procedure shown does not lead to equal spacing along a
contour. What is the nature of the probability distribution
along a y-contour?

J. F. Dalzell, Member

When the author presents a paper in this forum which does
not contain useful methods or data, I shall be very surprised.
The present paper is very much up to the author’s usual stan-

rd

Within the present state-of-the-art of prediction of wave-

9 Kure, Kai, Discussion to “Prediction of Extreme Wave Induced
Loads on Ocean Structure,” by M. K. Ochi, First BOSS Conference,
Trondheim, Norway, Vol 2, 1976.

10 Hutchison, Bruce L. and Bringloe, J. Thomas, “Application of
Seakeeping Analysis,” Marine Techrology, Vol 15, No. 4, Oct. 1978,
pp. 416-431.

going characteristics of ships and ocean structures, the designer
is faced with the problem of what to do about wave statistics
and, more importantly, how to interpret and weight predicted
results when he gets them. The author addresses the essential
needs by:

(a) Providing specific values for the statistics of occurrence
of wave heights and periods, including an elegant approach to
the joint distribution, as well as estimates of probable ex-
tremes.

(b) Providing three relatively compact approaches to the
variability of wave spectra as a function of significant height
along with the rationally derived sets of weighting functions
which are so necessary in making sense out of predictions

‘With respect to the author’s conclusion on the relative merits
of short- and long-term approaches to extreme values, it seems
obvious to this discusser that both must be sensitive to the
weighting factor for the largest sea state, or, in a sense, to the
validity of the statistics of the persistence of the extreme sea
In both cases it has to be assumed that the theoretical statistics
of short-term response hold irrespective of the sample size. 1
have considerable reservations that this is true. One can only
hope that the predictions resulting from such assumptions are
conservative.

Although the author’s emphasis in the paper is upon pre-
diction of extremes, the material presented, especially the two
farnilies of scaler spectra, is equally if not more applicable to
average performance predictions for design alternatives. The
author notes that his current two-parameter family is “some-
what” different from that previously presented in reference
[12]. 1have to part company with the author on the “some-
what.” There appears to be a quite significant difference in
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the context of performance predictions for smallish ships. The
new two-parameter tamily seems much more in line with ob-
erved spectra than was the old.

1 was initially less than convinced of the reasonableness of
the two- and six-parameter spectral families by the examples
<hown in the paper because the comparisons involving the
families as a whole are made indirectly by means of particular
vehicle responses predicted for a sample of observed wave
spectra and for the spectral families.

As an occasional practitioner, I was hoping to find verification
that the families reasonably represent the variability of observed
wave spectra, rather than the variability of particular responses
computed for specific vehicles.

The accompanying Figs. 42 and 43 are the result of a brief
{and incomplete) attempt to satisfy myself on this point. Since
observed spectral data do not come in exact significant-wave-
height sizes, some grouping is necessary. The shaded areasin
the figures indicate the extreme spread of sprectral density
reported in reference [16] for two ranges of significant wave
height (15t025mand 2.5t035m)(4.9t082ftand 82to11.4
ft} Upper and lower envelopes of spectral density for the two-
and six-parameter families were obtained by computation of
the spectral families over the range of significant wave height
shown Tam unwilling to read too much detail into these results
since, due to sampling variability, the extremes of observed
spectral densities undoubtedly overemphasize the spread, and
because the spectral families were derived from a much larger
set of data. While there may be a tendency to overestimate the
relative importance of long waves, the figures indicate that
etther spectral family reasonably well covers the range of a
sample of previous spectral observations. In this connection,
does the author have a personal preference for one family or
the other? If both are used, can the author recommend
methods of rationalizing any divergent results?

Wolfgang Reuter, Member

| The views expressed herein are the opinions of the discusser and not
necessarily those of the Department of Defense or the Department of
the Navy |
I congratulate Dr. Ochi for dealing so well with a complex
subject and I thank him for orienting his perspective toward
application in design. ~ This is particularly commendable be-
:‘al.i:e rl]ne trszorn;atlon of R&D accomplishments inta design
echnology have i
s Dioﬁr)ne‘ often taken our profession unduely long pe-
_ With the designs of the DI 963 and LHA-1 Class ships, the
Na\_f}' took a major step toward improving its ship seakeeping
design efforts. For the first time a performance specification
Was prepared Tequiring operational capabilities of certain
;T;rls;llons in def!ned' sea conditions and further requiring per-
¥ osk?;nc'e venfication. At that time the convenient Pierson-
B witz spectral fqrmulatilon was invoked and appropriate
d&k‘ﬁosn“(;?& accomplished with the eventual successful intro-
ek E?E sinps However, these design efforts did not
e 1thout i engcat!on of several major problems specif-
my Hssoclated with swells and short-crested wind-generated
. Seal:ﬂ?e, when the Naval Sea Systems Command sponsored
Technolepm‘g Workshqp on the Integration of Seakeeping
iy Gg{y into the Sh;p Design Process in June of 1975, the
: a§ ora chan‘ge in Navy design practice became more
e Ve&ggni:;eﬁ identified at t]':iat workshop and subsequent
NE wa' ; i i
Raie ot i T()‘sg y toward resolving our design prob-
.- “Tings us to the consideration of Dr. Ochi’s work toda
g;::hcgtng:g:ﬁloen Fol iutur.e naval ship design. The abil.it)};
a0 values is but one part of_ our seakeeping
fesign ems. However, the determination of the appli-

cability of short-term versus long-term statistics to that design
problem will have a significant impact on our ability to update
our design practices without introducing unacceptable com-
plexity into the design process. This will be accomplished by
the application of short-term extreme-value statistics to the
two-parameter spectral response data which are presently being
generated for each new ship design.

However, this cannot be accomplished by Navy or industry
without active participation by the users of these extreme-value
data, specifically the structural and equipment designers. With
improved ability to more accurately specify extreme values and
limit loads, a corresponding improvement in their utilization
in design must be accomplished.

I hope that next year we might see a paper on the practical
application of extreme values and limit loads to the analysis of
ship structures and hull-borne equipment accompanied by an
analysis of the potential for reduced design margins.

Edward N. Comstock, Member

[The views expressed herein are the opinions of the discusser and not
necessarily those of the Department OFDe.fcnse or the Department of
the Navy |

In keeping with his outstanding reputation, Dr. Ochi has
again provided the Society with an excellent dissertation on the
subject of wave statistics for extreme-value and limit-load de-
sign. It is now dependent on the profession at large to integrate
the results of this basic research into design practice through
the updating of extreme-value and limit-load prediction pro-
cedures and analysis techniques. It is in this integration,
however, that a number of technical questions and practical
considerations arise which must be addressed.

In Dr. Ochi’s discussion of the two-parameter spectrum, he
describes the confidence coefficient domain (Fig. 4), an
adagtion of which, in conjunction with a specified cumulative
probability, is presently being used at the Naval Ship Engi-
neering Cenlter for seakeeping performance assessment. The
successful use of this approach, with the inherent weighting
factor in the form of the joint probabilities of occurrence of
significant wave height and modal period, raises questions re-
garding the weighting functions of modal period tabulated in
the text and Fig. 5 of the paper. Where are these weighting
functions from? ‘What physical significance do they have, and
what advantages are obtained over the use of the cumulative
probabilities associated with the specified confidence coeffi-
cients?

A further question arises when comparing the boundary
values of modal period for a given significant wave height de-
rived from Fig. 6 with the confidence zone domains of Fig. 4,
In effect, while the lower boundary values of medal period
appear to correspond with a constant value of confidence
coefficient, the upper boundary appears to cut across a sub-
stantial range, corresponding to widely varying values of joint
probabilities of occurrence, an inconsistent and unsatisfactory
condition. These comments should not obscure the fact,
however, that the two-parameter spectrum and confidence
coefficients based on observed, measured, or hindcasted spectra
are most readily adapted to ship design.

Dr. Ochi’s comments regarding the decomposition of wave
spectra into “sea” and “swell” are wholeheartedly concurred
with and have been the object of the Naval Sea Systems Com-
mand’s Seakeeping R&D Program since its inception in 1976.
However, the introduction of a six-parameter point spectrum
to approximate both a “sea” with its associated spreading of
energy over direction, and a “swell” with its probable variation
in principal direction, is extremely cumbersome for use in de-
sign and, to some extent, illogical. At this time, there is insuf-
ficient data to justify this additional complexity while ignoring
the first-order effect of short cresting.
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Willlam A. Cleary, Jr., Member

[The views expressed herein are the opinions of the discusser and not
necessarily those of the U.S. Coast Guard.]

In the opinien of this discusser, this paper is a significant step
toward efficient utilization of wave spectra in ship design and
ocean engineering. All designers are faced with a choice as to
the limits of design. Ocean or ship designers have the added
difficulty of trying to describe the ocean as a support medium
for their ship, which also creates variable loads on it. While
the long-term seaway prediction method has proved to be ex-
cellent for the 1960’s and 1970, it has not offered direct proof
that a single severe storm was sufficiently covered in design
calculations. Dr. Ochi's paper seems to fill that gap

The only constructive criticism that I have at this time is to
question the use of 20 years for the highest significant height
of seaway. It is perhaps only hearsay evidence but I have
several times listened to comments that designers of offshore
platforms for the North Sea have often been surprised that their
design values for a 50- or 100-year storm have been exceeded
in the first year or two of actual operation.

In the same area of concern, it 15 noted that the short-term
extreme-value calculation produces design estimates similar
to the long-term method. The author is using a confidence
coefficient of 0.95 and he states that this reasonably covers the
responses in ocean areas throughout the world  If the service
time of the structure is assumed to be 50 years or more, will this
increase the design extreme value in equation (17)?

In the section “Application to design,” the author notes the
nfluence of exposure time, risk over ship’s lifetime, occurrence
of high seas, and vessel speed in seaway, all of which are used
in equation (16). The philosophy of ship design currently in
force under international law and more specifically in the In-
ternational Load Line Convention would not allow the ap-
proach in equation (16) unless “all oceans” data only were used
in the formula. The reason for this is that when any ocean
structure receives an international load line certificate from any
administration it is allowed to go anywhere on the ocean for the
next five years.

Formula (16) may be of great use in evaluating future in-
ternational proposals for limited ocean area fixed structures.
Before it is used for evaluating movable ocean structures, a new
international legal philosophy must be conceived and
adopted.

Walter H., Michel, Member

Once again Dr, Ochi has produced a work of great scope and
valuable content. Itisapparent thata tremendous amount of~
data evaluation and analysis was required and that we are only
seeing the tip of the iceberg. One is tempted to ask for more
details out of curious interest, but, as with the iceberg, it is more
prudent to stand off, in full assurance that the rest of it is
there.

Of particular interest and extreme value for engineering
application is the author’s synthesis of the vast amount of North
Atlantic data into a well-defined range of sea spectra, for both
the more commonly used two-parameter formula and his own
more comprehensive six-parameter family, as given in Tables
3 and 4, respectively. Itis also of interest to see that available
worldwide spectra fit within the same confines, as illustrated
in Fig. 19 of the paper. Can Dr. Ochi affirm that this latter
observation is true in a general sense, and not only for such
particular cases as the design example used herein?

In regard to the design example, it is noted that the bounds
of probable force are narrower for the six-parameter spectrum
and within the bounds of the two-parameter spectrum, par-
ticularly in the range of the higher waves. A study of the
spectral shapes as given in Figs. 8 and 14 will support this

finding, in consideration of the fact that the forcing function
for the particular semisubmersible in beam seas is maximum
at a frequency of about 0.8 rps. It should be realized, however,
that the situation can be reversed for cases where the maximum
response would be closer to the peak frequency of the spectra,
insofar as the members of the six-parameter family are seen to
have higher energy content in this region

As to the six-parameter spectrum itself, it is a more accurate
representation than the two-parameter spectrum and is par-
ticularly useful for properly analyzing average vessel response
in moderate seas and swells where double-peaked spectra are
more likely to occur. It is noted that for high to extreme seas,
however, that the influence of the second peak greatly dimin-
ishes, until one can reasonably adopt a single three-parameter
relationship for such spectra as shown in Fig. 12. That makes
life a little easier for the designer.

The paper is convincing in the development of spectral values
that are as close to real life as one can presently expect for the
ocean areas studied. Unfortunately, the same cannot be said
for the determination of extreme values for design, as addressed
in the second half of the paper. Use is made of theoretical
statistics for a linear process, which have had little if any con-
firmation by data comparison for the gravity wave system that
exists, which is highly nonlinear in the range of extreme heights.
If the proposed factors of risk and lifetime encounters are in-
cluded, along with the upper bound of 95 percent spectrum
probability, we have a situation that is definitely overkill

For illustration, consider a significant wave height of 50 ft
(15.24 m) for the two-parameter spectrum. If we apply
equation (17) and use values of its parameters as given in the
paper, the design extreme wave height would be 125 ft (35.1
m) and at a steepness beyond the breaking wave limit. To my
knowledge, there are no marine vessels designed to such severe
criteria and no data, experimental or otherwise, to confirm its
existence.

Let me say that this situation is not the fault of Dr. Ochi. The
sea data that oceanographers and statisticians compile almost
never cite the singular value of the maximum wave height re-
corded. Apparently it is simply thrown into the general av-
erages that define the basic spectrum, and thereafter a theo-
retical projection is made that tells what the maximum wave
height should be, with almost complete disregard of what it was
found to be.

It 15 hoped that this situation will be rectified, and also that
when sufficient data on maximum wave heights are compiled,
Dr. Ochi will be commissioned to use his masterful techniques
to give the rest of us as meaningful an evaluation of extreme
values as he has given here on spectra.

Manley St. Denis, Member

I am pleased that the author has made the most of what is
still, in spite of active developments in the field due in large part
to his enterprise and enthusiasm, a rather poorly developed area
of research. This is due in part because of the complexity of
the problem, but mastly because of the sparsity of observations
required to validate the underlying theory and to turn specu-
lations into a practical technique for making useful predic-
tions

The finding that in the North Atlantic Zone of the westerlies
the significant wave height and zero-crossing period are closely
fitted by the bivariate logarithmic-normal distribution is per-
haps fortuitous but certainly welcome, for this results in a
powerful simplification in the analysis of the observational
material and in the prediction technique. However, the ob-
servations fitted by such a distribution span an interval of 2
decade, and such a relatively short time interval is insufficient
to provide a firm statistical fit. The author is wise to avoid
arguing the validity of the logarithmic normal law beyond the
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& of the data (as, for example, Jasper did in his 1956 paper);
for reason tells us that the long-term distribution of seaway
characteristics must eventually be bounded, and the logarith-
mic-normal distribution is not. The author does not discuss
very much the tail of the probability distribution, that is, the
range in probabilities of occurrence greater than 0.99, reserving,
I suspect, the pleasure of doing this in a future paper. Yet it
is this range that must interest the ship designer, for the ship
must be endowed with the capability to survive with a high
degree of reliability the severest wave she is likely to encounter
during her lifetime. There is much to develop as yet to achieve
2 reliable prediction of the characteristics of seaways of extreme
intensities.

This brings me to my second point: The author transforms
the wave characteristics of significant height and zero-crossing
period into a variance spectrum by the original two-parameter
formulation due to Bretschneider. He is aware, of course, that
such a two-parameter spectrum is not reliably representative
of any seaway: that is, indeed, the reason he developed his
more flexible six-parameter spectrum. Ultimately, he must
extend the present work so as to employ his six-parameter
spectrum, but this promises to be a most laborious task, and the
instrumented obsexrvation of waves to yield the six-parameter
spectrum promises to be one of rather formidable difficulty.

But I must observe that the representation of the seaway by
a variance spectrum is valid only when a set of three conditions
is fulfilled, namely, that the sea is composed of linear waves,
that it is steady, and that it is Gaussian. Only light seaways
fulfill these conditions, but when the severity of the seaway is
hugh, none of these conditions is fulfilled and the variance
spectrum may be at best only a partial representation of the
seaway, o perhaps may have to be discarded completely.

A final point: For design analysis it is necessary to go beyond
significant wave height and some related characteristic period
(zero-crossing, modal, etc ) and to derive the long-term extreme
values of these characteristics. These involve in part a trans-
formation from significant wave height to short-term maximuzm
height. The aggradation factor by which the former must be
multiplied to obtain the latter depends on the persistence of the
sea state and on the confusion level of the sea. The author has
treated each of these aspects in previous papers, but has in-
cluded only the first of these in the present paper. 1am sure
that in a future paper he will include both aspects.

To summarize, the paper is a remarkable one in that it
satisfies in part our needs but also in that it whets our desire for
more knowledge

Iy closing, I should like to claim partial credit for this paper
and for the preceding ones that the author has presented to the
Society, for it was | who was instrumental in keeping Dr. Ochi
I America.  And I hope that our esteemed presiding officer
#nd vice president take notice of this and see to it that the So.
Slety issue me a Certificate of Appreciation for having helped

- Ochi temain in America

Rodney T, Schmitke, Member

& E{l‘ ?L‘h has Again made a significant contribution to the
EDrU sea_keepmg research. I would like to raise one point.

- Ochi has shown a number of slides comparing analytical
'DE_ctrai formulations with measured spectra, In general, the
Pn?rameter Spectrum gives a much better representation of

% m?asl:trement than the two-parameter spectrum. 1 would
e int out, llmwever, that there are other two-parameter
ations which may well represent measured spectra

€6 In particular, I cite the's
Z ( % pectrum developed by Gos-
I dhﬂ?’e;“i;é'i‘i Mllftfi by h}'eglilesinln analysis of data obtained at
In the North Atlanti invi "
Somments on s <ty antic. I invite the author’s

Edward V. Lewlis, Member

This is an outstanding paper because it provides a compre-
hensive comparison of two distinct approaches to obtaining
design loads of ocean structures: considering the complete
population of load eycles and considering the load cyeles only
for very severe sea conditions.

The latter approach has several dangers;

1. We may not identify the most extreme sea.

2. The extreme load may not oceur in the extreme sea,

This paper shows how to avoid these pitfalls and concludes
that the two approaches give comparable results.

Dr. Ochi shows a number of comparisons of the shapes of
different ocean wave spectra (for example, Figs. 11-14). 1 urge
that he—and others engaged in such studies—investigate the
use of slope (or acceleration) spectra for such purposes. Spectra
plotted in this form may be easier to study and interpret, since
they do not have the usual sharp peak of an exponential
curve.

The six-parameter spectrum family is a very ingenious de-
velopment, but I should like to offer one word of caution. The
existence of double peaks suggests the presence of two separate
storm and /or swell systems. Hence, it is likely that they are
moving from two different directions. We are led inevitably
to the need for further refinement by dealing with directional
spectra, which will have a significant effect on response.  This
approach has become a real possibility through the use of
FNWC spectral hindcasts, which are directional in char-
acter.

In determining long-term probabilities, it should be noted
that another approach not clearly spelled out is to derive the
long-term cumulative distribution of individual load cycles
from the density function—integrating Fig. 30, for example.
This will yield an estimate of the load expected to be exceeded
once in a ship’s lifetime—or in the lifetimes of 100 or 1000
ships—as [ have discussed elsewhere. The result of this other
appreach should perhaps be compared with the methods dis-
cussed in the paper. Furthermore, I believe this approach is
essential not only for fatigue considerations but for reliability
evaluations leading to an estimate of the failure probability.

Finally, using the extreme-value approach, I think it is es-
sential to give practical significance to the parameter cv. It is
my understanding that it can be considered as a lifetime
probability that is considered acceptable—that is, 0.01 corre-
sponds to one ship in 100.

Stanley G. Stiansen, Member

The author is to be congratulated for his comprehensive
presentation of the North Atlantic wave data analysis and the
new approach for predicting responses of ships and marine
structures in a seaway. Of particular interest is the example
where the probable extreme transverse force, computed for a
semisubmersible-type ocean platform using worldwide mea-
sured wave spectra, falls between the upper and lower bounds
computed based on the wave spectral families and the short-
term extreme methods suggested in the paper. Itis interesting
to note that the author’s use of North Atlantic Ocean data to
establish the wave spectral family used for design is consistent
with the ABS application of the so-called H-family wave data
for evaluating a ship’s long-term response.

The H-family, which is also based on North Atlantic data,
consists of five significant wave heights groups, namely, 10, 20,
30, 40, and 48.2 ft (3, 6, 9, 12, and 14.6 m). There are 10
spectral members in each group except the last group,which
has 12 member spectra. The probability of occurrence
(weighting factor for sea condition) of these five wave groups
is 84.54, 13,30, 2.01, 0.14, and 0.01 percent, respectively. This
is somewhat different from the wave group and percentage of
occurrence given in Table 6 of the paper.
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Table 7
M. K. Ochi’s Short-
Term Extreme

M. K. Ochi’s Long-
Term Response

Probable Design Probable Design
Value Value Value Value
Ships  (ton-M) (ton-M) (ton-M) (ton-M)
1 0.82 X 10% 1.12 X 10° 0.90 X 10% 1.19 X 105
2 4.00 X 108 544X 10° 4.0 X 108 6.40 X 108
3 943X 105 12.85X 105  BBO X 10° 1200 X 108
Table 8
ABS Long-Term Prediction
Short-Crested Long-Crested
Sea ea
Ships (ton-M) (ton-M)
1 0.66 X 10® 0.76 X 10°
2 3.42 x 10° 3.88 X 10°
3 7.90 X 10% 8.92 X 10%
Table 9
M. K. Ochi's ABS
ABS Long-Term Short-Term Permissible
Short-Crested Sea Design Extreme Stress
Ships (tons/cm?®) (tons/cm?) (tons/cm?)
1 1.30 1.83 1.61
2 1.33 1.95 1.67
3 1.37 1.95 1.68

The wave speetral family and the method for calculating
extreme responses of ships and other marine structures sug-
gested by the author have been applied to three existing
oceangoing ships, designated as Ships 1, 2 and 3. Ship lisa
Mariner class cargo ship 161 m (528 ft) long, Ship 2 is a bulk
carrier 249 m (817 {t) long, and Ship 3 is an nil tanker 310 m
(1017 ft) long. In addition, ABS long-term prediction for these
three ships has also been calculated using H-family wave data.
A comparison of the two methods was made and is summarized
as follows:

1. Using the author’s six-parameter wave spectral family
and a risk parameter of 0.01, the short-term extreme and the
long-term response techniques suggested in the paper, the
vertical bending moments amidships calculated for the three
ships are given in Table 7, where an equally distributed
weighting factor for heading to waves is assurned.  Also, two
thirds of ships’ 20-year lifetime is assumed to be at sea.

2. The vertical bending moments amidships of the three
ships, calculated using the H-family wave data and the ABS
long-term prediction, are given in the Table 8 for two cases:
one with the cosine-square spreading function to simulate the
short-crestedness of the seaway, and the other for long-crested
waves. The vertical bending moments amidships at a proba-
bility level of 10~ are given in the table. In these calculations,
each spectral member in a significant wave height group is
equally weighted. The calculated results of the short-crested
sea agree very well with ABS Rule requirements, while those
of the long-crested sea are comparable with the results for the
probable values in Table 7, in which the long-crested sea is
considered.

3. The stillwater bending moments for these ships are 0.47,
097, and 3.63 X 10° ton-M, respectively. Combining the
stillwater bending moments with the results in Tables 7 and 8,
we arrive at the total vertical bending stresses amidships as given
in Table 9.

In conclusion, as shown by the calculations in Tables 7 and
8, the results based on the probable extreme approach suggested
in the paper are comparable to the ABS long-term prediction

for similar sea conditions. As evident from the comparison,
the question of whether a design should be based on the prob-
able extreme value or the “design extreme value” should be
considered in conjunction with a predetermined allowable
stress. It should be noted that the current longitudinal strength
standard has proven successful with many ship-years of service
experience. A new approach in estimating the extreme loads
could not be utilized as a basis to justify an increase of strength
requirements.

Author's Closure

I would first like to take up the subject concerning the esti-
mation of design values through the short-term prediction
approach as opposed to that through the long-term approach,
since this subject was apparently of interest to many discus-
sers.

Tam grateful to Mr. Reuter for his remarks that, as far as the
evaluation of extreme responses is concerned, we may update
our design practices without introducing unacceptable com-
plexity into the design process.

The disadvantage of applying the long-term prediction
method in estimating the extreme value is that a considerable
percentage of small-magnitude responses in relatively mild seas
(which apparently do not contribute to the extreme value) is
included in the estimation. The magnitude of ship response
will not reach a level eritical for safe navigation irrespective of
how long the ship operates in mild seas, while the magnitude
of responses will reach the critical level within a few hours in
severe seas. In other words, severe seas mask (or nullify) the
contribution of mild seas to extreme values. Therefore, as far
as estimation of extreme values is concerned, it appears to be
appropriate to consider only severe seas, and apply the short-
term prediction method.

I would like to add the following remark to the section
“Application to design” of Part 2 of the paper. At the end of
the section it is stated that the design extreme value should be
estimated in severe seas expected in the service area of a ship
(or ocean platform). This should read that the short-term
prediction should be carried out in seas up to the severest seas
expected in the service area. This precaution is necessary since
the extreme response may not necessarily occur in the severest
sea condition as is pointed out by Professor Lewis. For instance,
the extreme value of the bow vertical acceleration of the Mar-
iner occurs in seas of significant wave height 25 ft (7.6 m), far
below the severest sea condition used in the computation [12]
This is due to speed loss and the response characteristics in se-

vere seas.

Mr. Stiansen shows a comparison of design extreme bending
stress of the Mariner of 1.83 ton/cm? following the author's
short-term approach versus an extreme bending stress of 1.30
ton/cm? computed by the ABS long-term short-crested sea
approach. The Mariner's design extreme midship bending
moment was computed earlier by the author, where a value of
0.95 X 10° ton-M was obtained.!! This leads to a design ex-
treme bending stress of 1.55 ton/cm?, about 15 percent less than
that given in Mr. Stiansen’s discussion. This value is quite
reasonable in comparison with the ABS permissible stress of 1.61
ton/em?®  The extreme bending moment computed by the ABS
long-term prediction method is determined at probability level
of 1078 which is an arbitrarily chosen number. Equation (27)
of the paper provides a precise number of responses expected
in the lifetime of a ship. The author would like to suggest that
the ABS long-term prediction method should be modified in-
corporating the number of response cycles, which has not been

1 Ochi, M. K., “Concept of Probabilistic Extreme Values and its
Applications,” Proceedings, International Symposium on Practical
Design in Shipbuilding, 1977
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considered in most of the Jong-term prediction methods de-
velaped to date ‘

Dr. Hogben raises a question concerning the utilization of
wave information accumulated by voluntary observations made
by ships on service routes as well as the utilization of wind data
for predicting long-term wave statistics. In general, data

ovided by voluntary ships seem to be unreliable due to a
substantial fair-weather bias because of their tendency to avoid
severe seas. In this regard, data accumulated by weather ships
stationed at various locations in the ocean are not biased, and
thereby it is approprialte lt)n] stati;tic;_:]ly analyze these data. In
connection with the possibility of using wind data in predicting

Jong-term wave statistics, it seerns to be necessary to accumulate
data invn]vinfd simultaneous otiiarv%t}inns of wind and waves
before any prediction is attempted. There is certainly a general
statistical trend between wind and waves as is demonstrated
by Bouws.!?

Mr. Kure questions the relative merits of the short- and
Jong-term approaches in terms of the safety coefficients from
the viewpoint of a semiprobabilistic design philosophy. In the
namerical example, the same risk parameter, «, is used for both
short- and long-term approaches, and exactly the same design
values are derived. Hence, the relative merits of the two ap-
proaches in terms of the safety coefficients appear to be the
same

Mr. Kure raises a question concerning the effect of differ-
ences in wave patterns for some geographical areas on responses.
This 15 certainly an important subject to be considered. For
instance, the ship responses may differ in the North Sea from
thase in the North Atlantic Ocean because the effect of fetch
has to be considered for wave patterns in the North Sea. The
families of wave spectra presented in this paper are for open
seas. The author has been developing another family of wave
spectra applicable for fetch-limited seas, and it is anticipated
that the results will be published in the very near future

Mr. Kure suggests that. since the width of an ocean structure
is large, the evaluation of responses should be made in short-
crested seas, taking into account possible correlation between
du'ection_al components of the sea surface. Apart from the
cgmplexlty involved in the evaluation, there is no doubt that
his suggested approach is valid for a more sophisticated and

accurate evaluation of responses of an ocean structure in a
seaway.

Mr. Hutchison questions whether or not the effect of repeated
encounters with a specified sea is included in the short-term
predlgtl(lm,_ The number of encounters with a specified sea in
the ship’s lifetime is considered in the evaluation of the design
extreme value. This is the factor, k, in equation (17) of the
baper, and this factor is newly added to the formula which was

erived previously by the author. The value of k is determined
from information on the longest persistence of a given signifi-
cant wave height which may be found in Fig. 15

Inregardto the determination of a series of wave spectra for
theg-‘&rm pl:edlc_tiop, Mr. Hutchison requests elaboration of
4 péoba{blhty distribution along the y-contour line given in

18 28 of the paper. The ~-line in the figure provides the
;’ft?l'matlon that the probability of occurrence of the combi.
va]‘lgﬂ gg;?ve height] anc}LI period inside the line is a certain

o tor example.  However, no probability can be as-
“mﬁ:ﬁﬂl‘; *-line ]f’ola.r coordinates are used for the joint
prob 2ty tunction of wave height and period as shown in
:q:‘;ttﬂell};}s?sﬂl nt‘li'lrough (25) Therefore, pairs of significant
W i hmxo—r:toss_mg periods are chosen not at equal
ng the +-line; instead, they are chosen for equal

T
Bouws, E., “Wind i
i i & Wind and Wave Climate in the Netherlands Sector
t the Nu‘liﬂ‘ihfea Between 53° and 54° North Latitude,” Koninklijk
§ Meterologisch Instituut, Scientific Report 78-9, 1978.

angles around the origin which represents the modal values of
significant wave height and period

Mr. Dalzell comments that the two-parameter family of wave
spectra presented in this paper is significantly (not “somewhat”)
different from the two-parameter family previously presented
by the author in 1977. Tacknowledge that there is a substantial
difference between the families, particularly in mild seas;
hence, the magnitude of predicted responses of small-size ships
by using the newly developed two-parameter family may differ
significantly from those predicted by using the previous one.

As stated in the paper, the two-parameter family presented
in this paper uses a newly developed conversion factor from the

visually observed data to significant wave height. For the
previously developed two-parameter family, Nordenstrom’s
conversion factor was used. The new conversion factor vields
a series of spectra much more in line with cbserved spectra than
the previous one as commented on by Mr. Dalzell.

In connection with verification that the two-parameter and
six-parameter families reasonably. cover the variability of ob-
served wave spectra, Mr. Dalzell has shown comparison of the
envelopes of the two- and six-parameter spectral families with
observed spectra. The results of his comparison indicate that
either spectral family reasonably well covers the range of
variation of the observed spectra. This result may give the
impression that these two families are equally applicable to be
used for design consideration. I would like to note, however,
that the good coverage of the envelope of both the two-pa-
rameter and six-parameter families does not mean good rep-
resentation of the individual spectra by both the two- and six-
parameter spectral formulations. In fact, more than 70 percent
of a total of 800 observed spectra cannot be represented ade-
quately by the two-parameter spectral formulations, as con-
trasted with almost all of the observed spectra being represented
satisfactorily by the six-parameter formulation. In other words,
due to the physical complexity involved in the generation of
wind-genegated waves, the shape of wave spectra observed in
the ocean varies considerably (even though the sea severities
are the same), and hence it appears that the variability of
spectral shapes cannot be represented satisfactorily in terms of
only two parameters.

Mr. Comstock raised a question regarding the derivation of
the weighting factor for each modal period. The derivation
is a routine method in statistics. For example, in the case of the
two modal periods for a confidence coefficient 0.95, each has
a weight 0.05/2 at the tail portion of the density function, and
each has a weight 0.05/2 which is shared with the period for
a confidence coefficient (.85, Hence, each modal period for
a confidence coefficient of 0.95 has a total weighting factor of
0.05, The physical meaning of the factor is that a total of 10
percent of the shapes of wave spectra observed in a given sea
state may have modal periods very close to the two values
corresponding to the confidence coefficient of 0.95,

Mr. Comstock believes an inconsistency exists in the value
of the modal periods from a comparison of Figs. 4 and 6
Unfortunately, this question is raised due to his misunder-
standing of the figures. Figure 4 shows the confidence domains
established for the joint distribution of significant wave height
and modal period, while Fig. 6 shows confidence domains of
the modal period for a given significant wave height, namely,
a conditional distribution. Hence, these two figures cannot be
compared directly.

In regard to the family of six-parameter wave spectra, some
discussers believe that the spectra are decomposed into two
parts: seaand swell. This is not correct. In the development
of the six-parameter spectral representation, each spectrum is
decomposed into two parts, one which includes primarily the
lower-frequency components of the energy, the other which
covers primarily the higher-frequency components of the en-
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ergy. The lower-frequency part is not necessarily associated
with swell. A detailed discussion on this subject is given in
reference [13]. )

Mr. Cleary questions the use of 20 years for the highest sig-
nificant wave height of the seaway, and he suggests that the
service time of the structure should be 50 years or more for an
ocean structure. He asks if this would increase the design ex-
treme value given in equation (17). The numerical example
given in this paper is evaluated for 20 years of service, and in-
deed it appears to be too short a service time for an ocean
structure. The design extreme value given in equation (17)
carries a parameter, k, which reflects the number of encounters
with a specified sea in the ocean structure’s lifetime. There-
fore, the k-value for 50 years of service is 2.5 times of that for
the 20 years of service, and this leads to increase in the design
value. In the case of the ocean structure for which the nu-
merical example is presented in this paper, the design value for
50 years of service will be approximately 6 percent more than
that for 20 years of service.

Mir. Cleary introduces an interesting practical problem. He
states that the designers of offshore platforms for the North Sea
have often been surprised that their design value for a 50-year
or 100-year storm has been exceeded in the first one or two years
of actual operation. 1would like to remark that the value used
in their design has been evaluated based on the severest sea state
expected in a 50- or 100-year storm, but their estimation is based
on the most probable extreme value defined in this paper.
Theoretically, it can be proved that the largest value of the
response will exceed the estimated probable extreme value With
a probability of 63.2 percent. Therefore, it is not surprising
that the design value for a 50- or 100-year storm was exceeded
in the first one or two years of operation. To overcome this
problem, the formula to evaluate the extreme value for design
use presented in this paper carries two parameters, o and k, as
given in equation (17), and the design extreme value is signif-
icantly larger than the probable extreme value which has been
considered to date.

Mr. Michel asks if the results shown in Fig 19 hold in a
general sense. The trend observed in Fig. 19 appears to be
generally true judging from many other examples presented
in reference [12], although the modal frequencies of the two-
parameter family used in reference [12] are different from those
given in this paper.

Mr. Michel raises an interesting discussion on extreme wave
height. He considers the incidental extreme wave height for
design and points out that it would be as high as 125 ftin a sea
of significant wave height of 50 ft. It is not surprising that a
sihglge extreme wave height of 100 ft or higher may actually
occur in open seas of significant wave height of 50 ft. However,
the author would like to point out that it is not appropriate to
consider an incidental extreme wave height alone; instead, the
wavelength associated with this extreme wave height should
be considered for design.

Professor Lewis suggests the use of the cumulative distribu-
tion of individual load cycles in determining long-term
probabilities, since this yields an estimate of the load expected
to be exceeded once in a ship’s lifetime. 1 cannot concur with
this concept of the necessity of the cumulative distribution
function. This is because the load expected to be exceeded once
in a ship’s lifetime is merely equal to the most probable extreme
value, which 15 simply estimated through the short-term pre-
diction approach as is discussed in the paper.

Mr. Schmitke asks if some spectral formulations other than
the two presented in the paper were considered in the study
He points out the Gospodnetic and Miles spectral formulation
as an example. The author has considered various spectral
formulations in the course of this study. However, the Gos-
podnetic and Miles spectral formulation is not appropriate for
establishing a family of wave spectra since it contains too many
parameters.

Finally, the author sincerely appreciates Professor St Denis’s
discussion, which comprehensively summarizes all key prob-
lems required to be clarified in the future.
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Analysis and Control of Distortion in Welded Aluminum Structures

Koichi Masubuchi,” Member, and Vassilios J. Papazoglou,? Student Member

Results of recent investigations at M.LT. on the subject of analysis and control of distortion in welded
aluminum structures are summarized. After a brief overview of the distortion problem as a whole,

three kinds of welding distortion are analyzed

longitudinal bending distortion, out-of-plane angular

distortion, and buckling distortion. Experimental results are presented and compared with predic-
tions obtained by computer programs developed at M.LT. Methods for the control of these kinds of

distortion are proposed. They include the elastic
ods, and the application of tensile stresses durin

prestraining method, the differential heating meth-
g welding, It is concluded that the computer pro-

grams developed so far can, with proper modifications, be very useful to designers and fabricators
in dealing with the distortion problem. They can be part of an integrated system capable of deter-
mining the optimum values for the parameters of the problem, taking into account structural hydrody-

namics and tabrication considerations.

Introduction

ONE of the most troublesome problems a welding fabricator
faces today is that of weld distortion. The nonuniform heating
and cooling cycle, which occurs in the weld and the adjacent
base metal, causes the development of complex strains during
welding. Their respective stresses combine and react to pro-
duce internal forces that can cause bending, rotation, or
buckling, or all three. These dimensional changes are collec-
tively known as welding shrinkage distortion

During the past 30 years, most critieal structures such as ships
and submarines were built of steel. Asa consequence, huge
amounts of empirical information was gathered on the various
kinds of welding distortion encountered during the fabrication
of steel structures. At the same time, analytical investigations
were cartied out in an effort to gain better understanding of the
problems.

Lately, however, the interest in using aluminum extensively
45 4 structural material has increased. As examples, one can
mention the building by the U. §. Navy of the surface-effect
Ihlps {SES) or the construction of cryogenic tanks for LNG
earniers. This occurred due to the many desirable properties
shuminum possesses, such as high strength-to-weight ratio and

‘acellent fracture toughness at low temperatures. Unfortu-
nately, however, the distortion problems in welding aluminum
::s;nunh more severe than those of steel, for the following
s

dé&ﬁ%mpared with steel, aluminum has a higher heat con-

2..- jllrl:!;}il:;:i-has about twice the coefficient of thermal

di&ei'rhe modulus of elasticity of aluminum is one-third that

fdltﬂfjnformation can, accordingly, be transferred directly
Professor of acean en ing : i i assac
. gineering and materials science, Massachusetts
ﬁ'{ﬂme of Techpclogy, Cambnidge, Massachusetts.
Zm' assistant, Department of Ocean Engineering, Massa-
chusetty mstitute of Technology, Cambridge, Massachusetts
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from the knowledge of welding distortion of steel structures.

The foregoing facts gave the incentive to investigators at
M.LT. to carry out a thorough fundamental study on distortion
in welded aluminum structures. The three-vear investigation
was first directed toward an understanding of the problems
through the conduction of experiments and the development
of analytical means to predict distortion. After successful
completion of this task, the effort was then directed toward
finding attd analyzing ways of distortion control. Several
methods were tried such as clamping, elastic-plastic pre-
straining, and differential heating.

This paper focuses on the problem of distortion in welded
structures, especially in aluminum welded structures. An effort
is first made to analyze the overall distortion problem and to
consider its causes and consequences. Various methods for the
determination of distortion are outlined and then the analytical
simulation method which was used throughout the investigation
is explained. Six different computer programs developed for
this study are summarized.

Three different weld distortion problems are selected to il-
lustrate the method of analysis. They are the following:
longitudinal bending distortion of built-up beams, out-of-plane
distortion of panel structures, and buckling distortion of thin
rectangular plates. These types of distortion were selected
because they are typically found in ship structures. Experi-
mental results are presented and compared with predictions
made by the various computer programs. Finally, various ways
for controlling distortion are proposed and tested against ex-
perimental evidence.

To avoid any duplication, it is assumed that the readers of
this paper are familiar with, or have access to, Welding Re-
search Council Bulletins 149 and 174, published in 1970 and
1972, respectively (1, 2].3

General overview of the distortion problem

In analyzing the structural and material strength of a specific
structure, it is a common practice to make various assumptions

which usually lead to a substantial simplification of the problem

* Numbers in brackets designate References at end of paper.




