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ABSTRACT

Comparison is made between model and full-scale predictions of
long-term wave-induced bending moment trends for two ships, the S.S.
WOLVERINE STATE and the S.S. CALIFORNIA BEAR.

For predicting such statistical trends of wave bending moment
from model tests two basic types of required data are discussed:

a. Wave data from different levels of sea severity,
along with relationships between wave heights and
wind speeds.

b. Model response amplitude operators as a function
of ship Toading condition, speed and heading.

Available wave data in different ocean areas are first reviewed.
The determination of the wave bending moment responses, and the expansion
to full-scale are then shown and discussed.

Comparison of predicted Tong-term trends with extrapolated full-
scale vresults shows good agreement for the WOLVERINE STATE in the North
Atlantic and fair results for the CALIFORNIA BEAR in the North Pacific.
The inferjority of the latter is probably due to less refined definition
of the sea in this ocean area.

It is concluded that success in using the prediction method pre-

sented is a function of the quality of sea data available for the partic-
ular service in question.
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LNTRODUCTION

A previous report under the current project (1)* dealt with the
analysis of ship stress data and the extrapolation of long-term statisti-
cal trends. It showed several techniques can be applied to this problem
and indicated that a sound basis for predieting loads on similar future
ships can be derived, Another report now in preparation (2) attempts to
compare and evaluate these extrapolation techniques and to reach definite
conclusions.,

Meanwhile, however, it has been recognized that the above techniques
cannot provide a basis for the design of ships of different or unusual
type for which statistical stress data are not available. As pointed out
in an earlier paper (3), a proven method of predicting long-term trends
from model test results and ocean wave data would be of great value in
establishing standards for new ship designs., Such a procedure has been
presented (4), and predicted trends for the Wolverine State were shown to
agree quite well with the analysis of full-scale stress data (3).

The use of model tests to predict the behavior of ships in a seaway
is not new to the naval architect. Ship resistance, propulsion, motions
and other parameters can be evaluated in a towing tank by simulating the
relevant conditions, However, the comparison of full-scale performance
under real sea conditions with simulated model results requires either
elaborate instrumentation for full-scale trials or, alternatively, a
lengthy procedure of statistical data collection and reduction. The prin-
cipal approach used in the present project is to make comparisons on a
statistical basis, although some limited direct comparisons were made in
cases in which wave records were obtained. See Appendix C.

It is helpful here to refer to Fig, 1 from (1), a plot of full-scale
ship stress data, which can be interpreted in terms of bending moment, in
relation to sea severity -— as grossly measured by wind velocity or Beau-
fort No, Each dot represents the rms peak-to-trough stress in a 20-min=-
ute sample record taken every four hours, i.e., a short-term record that
is assumed to be representative of a four~hour interval; a falr curve can
be drawn through the average rms values. The first step in the prediction
of long-term trends from model results is to predict such an average curve.
Another part of the prediction problem is to estimate the standard devia-
tion of these estimated rms values,

As pointed out in (3), a ship in service encounters many different
sea conditions in any one voyage, and many more in a year of operation,
If ve are to predict a long-term bending moment distribution, we need to
determine the ship response to many different sea conditions. Hence, we
must obtain average or typical spectra representing sea conditions of

*Numbers in parentheses refer to references listed at the end of
this report,
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3

IR

d4: ferent levels ol severity. A spectrum describes the sea by &

cfinirz
the paey = lar wave components that combine to form the visilila vave

CaTielli,

The response f & ship to an irregular sea is described by

spectrum, wnich can be predicted by 4 technique presented some vaars
St. Denls und rCierson {5). This method has been confimmad experine

5 YEELODR

(4 and hav proved to be very versatile., It involves the assunprt
shil:'s response to 2 seaway can be obtained by the linear supexpos?

ity responses £o all of ihe wave comporents. Using model test rers in
regular waves; together with the asppropriate sea spectrum, this le to a

El

pectrum that provides a complete description im statistical terms

's response to that particular sea, Thus the bending moment
response can be determined by calculation for any number ¢f representative
sea conditions, Computatiopal procedures have been developed at Well: In-
stitute and elsewhere Lor the deterwmimation of wave~induced bending moment
at any speed, heading or shiip loading for which regular wave model cest
data are available and for which the sea spectrum is known.

(A

Yo estimate the standard deviation of bending moment in any given
level of sea severity, it is necescary to extend the response calculations
to obtain response cpecira over a range oif sea spectra, all having the
seme sicnificant wave height, Tinally, knowing the relative lrequency of
ccecurrence of edch sea condition, the weighted long~tern bemding moment
probablility distributicn can then be obtained, as described later im this

Tor purposes of prediction {rom model results it is more satisliactory
to use wave lLieight than wind speed as a basis for classifying sea cpectza,
although full-scale data are often referred to wind (Fig. 1). It has Leen
found that & normal distribution of rme bending moment is still applicalle,
but the standard deviation will Le less than vhen wind is used as a basis
(4. TIu Appendix A it is shown how a prediction of average and stepdand
deviation of rms bending moment vs. significant wave height can be
transformed to bending moment vs. wind speed if desired for comparison
with fuyll-gcale.

It is the purpose of this report to describe in greater detail the
rechpigue of predicting long-term trends Ifrom model test respeonse data in
regular waves and to present a compavison with full-scale data for two dif-
ferent ships on different routes: the S.8. Wolverine State in the North
Atlantie, as previously reported (3), and the §.S5. California Bear in the
North Pacific.

The basic information reguired for the predicrion of statistical trends
of wave bending moment is:

1. Wave data for different levels of sea severity, along with
reiationships between wave and wind data.

2. Response Amplitude Operators for wave-induced bending moment,
as a function of ship loading condition, ship speed and ship
heading.

Fach of thesge items will be discussed in turmn, afrer which results for the
two ships will be presented.
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WAVE DATA

Description of the Sea

Experience gained in analvzing short-term records (20 min.) Indicates
that the statistical behavior of the surface of the sea can be rcgarded
as a Gaussian statrionary random process. The sea can be described as a
sulr of & large number of linearly superimposed elementary sine waves of Jif-
ferent frequencies, amplitudes and directions, with random phase angles (5).
A typical spectrum is a plot of wave energy S (w) against wave frequency,
W, It gives an indication of the relative im%ortance {or squared amplitade)
of all of the many wave components present in the seaway. Thus one spectrum
is sufficient to describe the statistical characteristics of the sea at any
ona point and time, Since actual sea spectra have a varicty of shapes, it
is difficult to describe them by simple formulas. However, the use of a
spectral family in equation form will be discussed later on.

Ancther important property of a sea spectrum is that it defines impor—
tant visible characteristics of the seaway, 'Significant wave height' means
the average of the one~third highest crest-to-trough wave heights in a record.
The average apparent wave pericd T; is defined as the average of the time
berween successive wave crests, and the average zero—crossing period T as the
average of the time between successive zero up-crossings. Assuming a suffi-
ciently narrow spectrum, it can be shown (5) that a Rayleigh distribution
applies to wave heights, and the significant height,"Hl/3, the average appar-
ent peried Ty, and the average zero-crossing period T are all functiong of
the area and woments of the spectrum. Thus,

= \/—'—
Hl/3 4 mo
T = 2ﬂ/m0/m2

2nvmy my

Ty /

where my is the area under rhe spectrum. The roments, m; and mp, can be
definad generally in terms of the nth moment = of the spectrum as follows:

ft should be noted that, regardless of the applicability of a Rayleigh

distribution to peak-to-trough wave heights, the variance oF of the wave
surface (sum of the squares of equally spaced pointe on a record) is also
equal to the area m under the spectrum. Hence, in the Rayleigh casc,

H1/3 = lll/T_l’l-(; =4CT

shere 0o 1% rhe standard deviation (square root of variance) of the record.
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The assumed Rayleigh distribution for the crest-to-trough heights, H,
of a short-term wave record can be conveniently expressed in terms of signif-
icant wave height, H1/3 . Thus:

H

P(HE) = 1 -~ Exp |- 2 =
_1/
3

As previously neted, "short term” means a period of time which is short enough
s¢ that the s=2a can be described as a stationary, vandom process, i.e., its
statistical properties remain unchanged.

On the basis of the assumed narrow-bard process, it can be shown cn the
basis of (7) that the highest expected value of H in N cycles 1is:

Hoay = H1y /(1n N)/8

max

where In N is the natural logarithm of N (or ].oge N) .

Afrer considerable investigation at Webb Imstitute some time ago, it was
decided that for certain types of calculations the "log-slope" spectrum form
should be applied, particularly for the response calculations of geometrie-
ally similar ships. The log-slope form of spectrum can be obtained as fol-
lows:

S_ (log w) n 2
2 . r
g1 . (loge L) = e _ w Sg (loge w) _ 2w SC () 11}

) 2
(Lw /2 ) g g2
where 8'_ (log w) is the log-slope spectrum ordinate (non-dimensional),
e e P

Sz(loge w) is an energy sSpectrum ordinate when plotted against loge Wy

2
Sz(m) is an energy spectrum ordinate when plotted against w, ft. -sec,

w is the circular frequency expressed in radians,
LW is wave length, ft.
Further explanation is given in standard references (8).
In order to convert published spectra given in (9) to this form the

following relationships apply:

S' (log wy w®
4 e 18
@ Jamy2 = x TO CORR, FT.?
L 2-”)1— gc_
W

where (CORR. FT.2) = Spectral ordinate of (9) = %%%3 where H is the "lag

number'" i.e,, spectral abscissa.



Table T gives the values of w, T and L corresponding to different val-

W
ues of loge W

TabTe I. Wave Length Lw, for Given Values of Loge w

Tog o w T T2 , 1"1«1_
0.2 1.2215 5.144 26.461 135.6
0.1 1.1052 5.685 32319 165.6
o 1,0000 5.283  39.476 202.2
-1 L9041 6.950  48.302 2474
-2 .8189 7.673  58.875 301.6

. -3 L7408 6.282  71.944 368.6
-4 6703 9.374  87.872 450.1
- 6085 10.360  107.33 549.9
-6 5488 11.449 131.08 670.2
-7 L4966 12,652 160.07 £20.0
-8 4493 13.984  195.55 1001.8
-9 L4066 15.453  238.80 1223.4

-1.0 .3673 17.078  291.66 14947
-1 .3329 18.874  356.23 1825.0 )
1.2 .3012 20.850  435.14 22292
1.3 .2725 23.058  531.67 2123.7
“14 (2446 25479 649,18 3323.7
1.3 2231 28.163  793.13 4063.3
-1.6 .2019 31.120  986.45 4961.4
wozmg =2t Ly - £2 L s 03 12

2y

Information regarding ccesn waves and winds at variocus localities
arovnd the werld ie rather spotty. The Noxth Atlantic Ocean, due teo its
impertarce &8 a trade route and its reputation for severe storms, has
been the subject of more extensive investigation than any cother region.
It was therefore possible to make use of spectra cbtained from actual
wave records in the North Atlantic on which to superimpose model data inp
the case of the Wolverine State (3).

However, wave infcrmation regerding the North Pacific is limited to
visual observations of wave heights apd periods. 1In oraer to predict the
performsnce of a ship in the Pacific it i3 tbherefore necessary to make
use of spectral formulations selected to match the observed data. Both
approaches were tried in this stucy for the Wolverine State in the North
Atlentic, since it was assumed that, if correlation between the twe methods
was satisfactory there, the obsecrved wave data for the North Pacific coula
then be used for predicting trends in that ccean.




Compilations of Sreclrre

The most desirable form cof wave aata iz collected spectra cbtained
from actual wave recorde. The Lest collection of spectra 1s that derived
at New York Uriversity (9) from records obtained by the Naticmal Insti:-
tute of Geeanography (Creat Britain) from wave records taoken on weather
ships in the Nerth Atlantic. To precict a ship's resperse to the wide
range of conditions te be found at sea, it is convenient to classifv or
subdivide sea spectra into ceveral contiguous ranges of significant wave
height (Hy/3).

A typical family of six curves obtained frem New York University data
(9) is sheown in Fig. 2. From the total population ol 460 spectra, 10
semple speclre were randemly chesen for each of four greups having signi-
ficant wave heights of 10, 20, 530, and 40 L : feet. The ten sample spectra
having the 20G-foot significant wave height are showp in Fig. 3 in leg-
slope form, 2 form that was described previously.

In addition, a number of very severe sea recovds were cbtained from
the Naticnal Ipstitute of Cceancgraphy (Great Britain) and were analyzed
by Pierson. From these the 12 rmest severe were used to cbtain a fifth
grcup te supplement the above four. The average significant wave height
cof these severe spectra was 48.2 feet. Thus a total of five groups clasei-
fied by zverage significant wave height was cbtained based on an actual
sample of 52 spectra. Figure 4 shows the complete family. cf average sea
spectra in log-slope form (3).

For applications of probability theory we necd mere than typical
average spectra; we need informaticn orn their variability. This is pre-
vided by using &ll the individual speclra randeniy selected toc obtain the
average (such as Fig. 3). It will be shown later that the standard devia-
tion of Lending merent ir each sea conditior can be deterrined by calcu-
lation of bending moment responcfe to gll the spectra corresponding tc
that wave height.

Observed Wave Data

The second form in which ocean wave data are available is in tabula-
tioms giving the frequency of cecurrence of different combinations cf
HV and TV values feorv different ccean arezs, where E.. und T, are the
visval average wave height and peried, in ft. and sec., rvespectively. A
most comprehensive cellectior of suvch cata is given in (10), where datas
for 50 ocean areas are tabulated for different seasons and different
wave directions tor a range of wave pericds varving roughly from 6.0 sec.
to 22.5 sec. over len increments., Data zrve based on almest two million
sets of chservations reported frow ships at sea over a peried of elght
years. The reporis zre estimates of wave characteristics as seen by un-—
trained cbservers on board. The data are subdivided inte three nonthly
pericds representing the typical four seascng for each defined =zone.

Unfortunately, data are not given in (10) for the North Pacifie.
However, lirited Pacific date egrve given by the ISE8C (11) snd more ex-
tersive aata by Yamanocuchi (12). In these sources three tables are given
for eact zone: di.e., pericd vs hedight, direction vs. height and direc-
tien vs pericd. This form of tabulation ig esgeptially "open ended,”
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l.e. for the highest category the average values cof HV gnd T
be estimrated at tte user's discretion.

y can vrly

lalle 11 illustrates a typical summary for one sca rere (Noril Pa-
¢ificy ar piven Ly Yamerouchi (12), evereged over all directions for
an entive year. TFig. 5 gives twc histograme of wave heights based on
188C data (11) for Area 1B in the North Atlantic and Area 5 in the Vorth
Pacific, covering all wave divections znd pericds for a yeai. Reason-
ably good agireement between these ocesns ig shown.

=)

In order to use such data for cur purpcse, 1t is nenesgary to se-

lect svitatle spectra te correspend to the tabulated valves of HV ard

TV" The egpectrir Fformulation most generally used is in the geperal [orm

presented ty Piersen (13):

A B
5, (W) =75 Bxp | - [2]

&

whare & (w) is the energy spectrun ordinate, w the wave frecuency, and
A and B are constants.

50 .

~AREA 3
_|-AREA T8

a0 -/

KEY:| # IS3C AREA 18 {MID MORTH ATLANT
|
o 158C AREA 3 (NORTH PACIFIC}

HISTOGRAMS FROM (3} WITH

(4]

T

|

|

L
=

FROM ANALYSIS OF
HOGBEN & LUMB DATA IN

E e A WAVE HEIGHT BANDWIDTH H = 1§ METERS
s N i AND WITI WIBFR GROUPING =
s - ‘ \
& |
5
: \ [ ‘
=
5] 20 ] [ A
o T T T
¢ WL
|
|
f

< Hro e NORTH ATLANTIC (9) b
(AREAS 6 + 7) OBSFRVATIONS
T ABOVE & METIRS
\
4—\“’&—_:“_&..,. /
| ; #= 1 J

2 4 [3 8 10 12 BT
WAVE HEIGHT. METERS

Fig. 5. Histograms of Wave Heights for All Year, A}l
Directions, A1l Periods on North Atlantic
Compared to ISSC Data

Table 1I. Typical North Pacific Wave Data (12) in Terms
of Frequency of Occurrence, %

Wive Weight vs Wave Period
No. of Ohgervarions - 100,894

HV fr. T % 5T 7 7-1 9 9T N1 11-T-13 15-1<15 15:1 Calm Total
0 k<ol ‘B2 R,07 L1.85 n.r9 0.11 0.03 B 5] 40.98
EERER L ) 6.92 17.87 13.85 4 82 0.86 U.1h 0.09 0. 4457
4.0 ho 138 n,3s 1.47 4R 2.89 1 88 n.h7 n.14 a. 10,24
13,9 0 =18.9 0.07 .19 n.33 Q32 .19 0.10 0.10 . 1.47
18,9 H -20.4 0.n2 0.08 0.22 n, 24 .25 u.lé 0.ns 0. rm
5.4 H 0. 0.0 n.06 .08 0.10 n.0g 0.0R n, 0.40
Calm 9. a . a. 0. 0. 0. 1.38 1.38

Tot 1] 1551 27.90 17,47 a.7L 137 1.18 257 1.3 loo0.00
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The 11th ITTC recommended as an interim stendard a formulation based
s equation [2] in which A = 8.1 x 103 g7 and B = 33.56/1—121/3, the single
raramcter being significant wave height, Hl/g.

It can be shown that for the above values of A and B, the avevage per-—
iod {(from zeroc crossings) is,

T = 1.96 H;
/3

Thus not only is the shape of any spectrum fixed but also the relationship
between the significant wave height and the average period. Heuce, this
simple one-parametrer formulation is not satisfactory here, although it can
be used for other purposes.

A form of the Pierson-Moskowitz spectrum Involving the two-parameters
1,3 and average period is more sulitable for our purpose, and several
such formulations have been proposed by various writers, usually expressed
in non-dimensional form. The formulation adopted here is that derived by
the I8SSC (11) from Equation [2]. It was assumed that By = H1/3 and ]/Tv is

equated to the first mement of the spectrum.

A
b (
. 11 A _
5, W= S B - —OL.:L-“:—MJ L
T o) Y o |
\

where Sr(m) is the energy spectrum ordinate in ft.’-sec.

It may be secen that a single spectrum can be selected o correspond

to any given values of HV and TV' {Some studies suggest that the rela-

ticnships are not really so simple). A typical family of six curves is

2
given in Vig. 6 in the form Sv(m)/ﬁv . Since the spectral crdinate is pro-
L

2
v e the curves at different periods (one for cach TV) repra«

sent an arrsy of infinite number of spectxra depending on the number of
vave height greoups selected.

£

portional tc H

U

Alfernzi ivaly, the ISSC spectra in "log-slope" form are given in

/ -
Fig. 7. wazrce a spectral ordinate is given by 8 _ (logC m)/ﬁv', and,
L e
2

: 347.9 H ‘
o . 2 SC loge(m) B 9 Voo [ ese ]
E U_ugp wy = (1 / = - ® T3 Y R ~-‘ e "‘:_:i

L W ZW} g EV &_1v <n'

The sbscissa of Fig. 7 is logc= w-
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Fig. 7. ISSC Sea Spectrum Family in Log-Slope Form

It may be noted that some aspects of ship performance at sea -- such as
motion amplitudes, added power, or probability of shipping water —— can be
predicted more simply than a long-term distribution of bending moment. It
is customary in such cases to define a number of different sea conditions by
using a spectrum formulation such as [2]. After ship »esponses are calcu-
lated in each spectrum, a weighting function can be applied giving the
assumed percentage of time that each condition will occur in service. Hence,
average performance can be predicted for typical service conditions. However,
since such a procedure does not consider the scatter of response in each sea
condition (i.e. standard deviation) it does not permit the prediction of
the probability of exceading high values of quantities such as bending moment.
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Short-crestedness

The sea spectra given in publications such as (8) are point spectra and
represent irregular seas as observed at a fixed point with no indication of
the spread in direction of the component waves. However, for reliable predic-
tions of bending moments from model data, it has been found (14) that the
short-crestedness of actual ocean wave patterns resulting from the different
directions of the various components must be taken into account. British wave
buoy records (15) confirm an earlier stereo photographic study (16) in indi-
cating that an angular distribution of wave energy proportional to the
square of the cosine of the apgle between the component wave and the dominant
wave direction is a good approximation. Hence, the short-crested spectrum
can be obtained by multiplying the point spectrum by a spreading function
g_Cos2 where p.. is the direction of a wave component relative to the
m
direction of the wind. It has been suggested that the exponent of the cosine
should have some other value than 2, and that the value should vary with fre-
quency. A general formulation was most recently recommended by the 12th ITTC
of the spectrum with spreading function:

P W

Sc(w, Hy) cos Sc(m)

T u T
i < W - ——
2 2

However, at present there is believed to be insufficient evidence to justify
departing from the simple cosine squared relationship. Hence,

2 [5]
5 g(loge W, uw) == cos? M S C(1oge w)

»

The total energy in all components of the directional spectrum is the
same as the total energy in the point spectrum because

IE]

fra

Cos 1 duw =1

i
2

Wave Hejght Vs. Wind Speed Relationship

As previously noted, predictions of bending moment From model tests
can best be based on wave height as the sea state parameter, whereas full-
scale data are usuallv classified by Beaufort number. Hence, a relationship
between wind speed and wave heighlt must be determined.

Several relationships between wave height and wind speed are commonly
given for open ocean conditions. However, care must be taken to distinguish
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those representing ideal Ffullv developed seas from these describing average
conditions., Fig. 8 shows rvelationships derived from various souvces.

The steepest line, though not necessarilv the highest in the Tow Beau-
fort No. region, is the Pierson-“ogkowitz curve derived for the ldeal case of
fully=-developed seas (13) and thevefore not suitable for the present case in

which average conditions are sought.

A shallower Jine was recommended by the 11th ITTC (1966) as an interim
standard based upon Lhe "Moslkowitz Random 1linec which was obtained bv random
sampling of available spectra (17). This line was Intended to define typical
heights for seas at random stages of parrial development and js correspond-
inglv lower than the fully arisen Pierson-Moskowitz line for higher wind speeds.
For Jow wind sneeds it lies above the Pierson-Moskowitz line, thus allowing for
residual swells which will tvpicallv accompany the wind sea. Wowever, Plarson
has pointed out that that "populatlion' from which his sampling is made (9) is=
biased in favor of seas that are near full development and thereforc may show
wave helghts that are somewhat too high. Also shown in Tig. & is a curve of
standard deviation of wave height in relatlon to wind, &3, as obtained from an
analvsis of speatra (8). 1t will later be shown that this information is essen-
tial in order to relate the standard deviation of the response in relation to
wave height to that in refation to wind speed. (Appendix A).

A simpler wind-wave relationship adopted bv the British Towing Tank Panel
has also been shown in Tig. 8. It is a straight line defined bv the formula:

111/3 = al + b [6]

where H, 3 is the sipgnificant wave height., U is the wind speed in knots and

a and b are constants. 'This relationship can be reparded as a rough approxi-
mation of the Moskowitz random line, but it is somewhat lower in both the low
and high wind ranges.

Another relationship is that given bv Poll (18) on the basis of observed
wave heights. There is some doubt, however, whether the "observed wave height"
corresponds to the "significant wave height™ as used in the previously dis-
cusscd cases. Furthermore, Roll's curve has to be extrapelated beyond Beaufort
10 due to lack of high sea data. A modified curve has therefore besn suggested
by Hogben based on his relationship between observed height HOBS and signifi-
cant height as follows:

1, = 4.1+ . ]
L1/3 4.1 89 HOBS (7]

However, the modified Roll curve still seems low compared Lo other suggested
lines. The standard deviaticn as given by Roll is also shown in Fig. 8.

A recent addition to the familv of curves is that givern by Scott (19)
which closely fits the formula:
372
Hy .08U + 5 8]
/3

He found that this formula fits the Pierson-Moskowitz observations of wave

height for winds fyom 15 to 55 knots with standard error@/g_of 6 ft.
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Fig. 8. Relationship between Significant Wave Height
and Wind Speed from Various Sources, and
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to Wind

Results obtained from the Tucker wave meter om board the Wolverine State
for two typical North Atlantic voyages (west and eastbound) are presented in
Fig. 4C, Appendix C. The wave height recorded (sipgnificant) is plotted against
wind speed for a total of 93 twenty-minute records, and the average curve
representing this relationship is shown. Also illustrated are values obtained
by Roll from observed wave height, corrected to significant wave height using
the above Equation [7]. Reasonably good agreement prevails for the range of
wave height adequately documented by actual measurements, indicating consist-
ency between Tucker meter results and corrected Roll results.

However, it should be noted that all the above relationships were
derived from data collected in the North Atlantic. It is unreasonable to assume
that in the North Pacific these relationships are necessarily the same. The
only available source of such information regarding the Pacific is Yamanouchi
(12). The data are based on 100.000 cbservations collected from various un-
trained observers over a period of four years. Fig. 9 illustrates the
Yamanouchi wind vs. wave height velationship for the North Pacific and Roll for
the North Atlantic redrawn from Fig. 8. The standard deviations are also given
for both curves in Fig. 10. The Yamanouchi curve (Fig. 9) was corrected to give
significant wave height rather than observed height using Equation [7]. It is
readily observed that the Yamancuchi curve is rather low in comparison to
Moskowitz and is even lower than Roll's curve which, however, was derived in a
similar manner from visual observations.
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Although the Moskowltz random line was selected for use in the previous
analysis (3) there is now reason to believe that the Roll relationship may be

more suitable. Detailed comparison between the Yamanouchi and the Roll
and the standard deviatioms is given in Table III.

Table III. Wind Speed vs. Wave Height Relationships
Derived from Roll (18) and Vamanouchi (12)

Average Significant Wave Hedgheo Standard Devlatlon

Wind Hi/a. Feet Feoet
Beaufore Spead, Rell Yamanouchl Roll Yamanouehi
Numbers Knots N. Atlanric N. Pacific N Atlantic §. Paclilic
1&12 2.5 7.4 G.4 2.62 2.00
344 11.0 8.5 8.1 2.78 2.70
5E 6 21.0 11.2 10.7 3.67 3.65
788 33.5 1A.6 14.4 5.53 5.65
9 & 10 48.0 23.9 19.0 7.46 7.65

= 10 654 35.0 24,3 8.79 8.20

A11 wave heighte arte significant values (average of highest one-thlzd), as
derived from the observed values given im Refs. (18) and (12) aceording to
Hogben (10) aa follows:

Hygps = 4.1+ 0,89 B

RESPONSE AMPLITUDE OPERATORS (RAO's)

Experimentally determined R.A.0.'s for the Wolverine State and the
California Bear at seven different headings of 0°, 30°, 60°, 907, 120°,
150° and 180° were obtained from model tests in regular waves at the
Davidson Laboratory (20) (21).

These data were presented in plots of M/z, Vertical Bending Moment
(M) over Wave Amplitude (z), against ship speed for a range of Ly /L

curves
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ratios, Wave Length (Tq) over Ship Length (L), of 0.2 to 2.0 and speeds
of 8-22 knots.

The results for the Wolverine State are given for a mean draft of 19.3
ft., simulating an average load condition of the ship on the North Atlantic
route, as well as for the 30 ft. even keel fully loaded c¢condition (not
actuallv attained in service).

The GCalifornia Bear too was tested at two loading conditions, at mean
drafts of 24.625 ft. and 20.9 ft., representing average loading conditions
on the westbound and eastbound voyages, respectively, across the North
Pacific. Cross plots of M/r against (eff) /1, were made for ship speeds
of 8 and 16 knots for the Wolverine State and 14 and 21 knots for the
California Bear, where LW (eff) = L /Cospw, i, being the heading angle relia-
tive to wave direction. This form of cross plot was adopted because the
R.A.0. curves for the various headings should all peak at approximately
L, (eff)/1. = 1, and this epables fairing to be more casilv accomplished.

The R.A.0.'s were then transposed from M/z to a non-dimensional form (7):

2 ’ 2
H /L (M/7) (Lw/f;/ 2ﬂ/LJ

YV = = [9]
H
e/Lz ey cpegldBC

W

where He/L is the non-dimensional bending moment coefficient, 2w ca/Lw is-

maximum wave slope, and (¢ p g L2 B Cw) is ‘the conventional quasi-static

bending moment per unit wave height, with Gw the waterplane coefficient and

c a coefficient obtained from Swaan (22).

H.e is the effective wave height, defined as the height of a tro-

choidal wave whose length is equal to that of the ship, which by con-
ventional static bending moment caleulations (Smith effect excluded)

gives a bending moment (hog or sag) equal to that experienced by the

ship in an irregular sea. Hence, by the above definitdon,

0,1 = ____BM

3
2P g L° B C CW

In this case, the irregular sea B.M, is the rms peak-to-~trough value.
It is possible to convert H L to bending moment, or to a non-dimensional
coefficient, u, where

BM )
pos = (H@;‘LJ ¢ €,
20 g B L3
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The values of ¢ and vafor the Wolverine Stste and the California

Bear are given below:

’ |

]! ! fud T Cy c CW .
Wolverine State 01955 752 .0L470
' California Bear .01899 724 .01375

The R.A.0.'s were plotted against logem as shown in Figs. 12-17 for all
conditions and twe speeds each, where

log o _ log Zﬁwé7iw
e = e
Lw /L
eff

log nﬁg%§¥£—

e L
-‘/LWEff L (10]

Since model test results did not cover the verv long wave lengths
encountered in severe storms at sea, the R.A.0. curves were extrapolated

i

by fairing to the quasi-static values obtained from Swaan (22). The static
bending moment Mw as given by Swaan 1is:

= " 2
FRJ p ghBL M

where h is wave amplitude and ig Swaan's static bending moment coefflicient
(2c CW in the previous notatiomg. In the case of the California Bear,

m, = .02716 (22), and hence for L,/L = 1.0 and °h = 1/20,

MW = 215,000 ft.-tons

The corresponding figure obtained from the Davidson Laboratorv model
tests (21) was 152,000 ft.-tons. The latter result includes effects associ-
ated with model motlions and forward speed, and therefore, it is lower, as
expected. However, the static values obtained from Swaan were very helpful
in showing trends for faiting the RAO curves, especially in extrapolating
o the longer wave lengths for which no experimental data were available.
Fig. 11 shows curves obtained by first calculating static bending moments
for the California Bear on the basis of (22) and then applying a dynamic
factor. This factor was simply the ratio of model/static bending moment at

LW/L = 1.5.

Comparing the R.A.0.'s of the Wolverine State and California Bear it
will be noted that the former are much smoother and more regular than the
latter. This is partly due to the fact that the Wolverine State data were
faired, whereas the California Bear data were not. Since the calculation
of ship responge is a summing up process, it should make little difference
whether input data are faired or not. It should also be noticed that the
vertical scale of the California Bear response is given in terms of the
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square of non-dimensional response instead of the first power, as in Figs.
12 and 13 for the Wolverine State. However, a more important difference is
that the California Bear model results showed a distinctly two-peaked char-
acteristic not found in the other ship. This may renresent simply a
difference between tne two hulls or be the result of a more thorough set of
model tests with more data points in the case of the latter ship. (Double
peaked curves are discussed In (23) ).

The R.A.0.'s for both ships were then read off the plotted curves
(Figs. 12-17) at 19 values of log w between the values of +.2 to -1.6 at
increments of 0.1 for the seven héadings investigated. The 19 values read for
each heading constitute the entire model information which was used as input
to a computer program, aleng with wave spectrum data, to give the mean response
and its standard deviation at different levels of wave height.

IR
IHEERNERN

00— - y

na’ 120
-3 Tz o 2 )

Fig. 14. Bending Moment Response Amplitude Operators, S.S.

CALIFORNIA BEAR, 14 Knots Speed, Light Draft from
Model Tests (20)
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Fig. 15. Bending Moment Response Amplitude Operators, S.S.
CALIFORNIA BEAR, 21 Knots Speed, Light Draft from
Model Tests (20)
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Fig. 17. Bending Moment Response Amplitude Operators, S.S.
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WAVE BENDING MOMENT RESPONSES - MODEL

The prediction of wave~induced bending moments on ships operating in
realistic short-crested irregular seas can now be accomplished by the prin-
ciple of superposition (26) im which R.A.0.'s from model test results and
the short-crested sea spectra discussed above are combined. In each case
the products of points on a wave spectrum componment curve and the corres-—
ponding R.A.0. curve at fhe same log w and the same heading angle give
points on the bending moment responsé spectrum component curve,

Calculations of the response spectrum component curves and the inte-
gration of these curves ovar a spread of & 90° from the dominant wave direc-—
tion, to give the integrated response spectrum cuxve, were carried out Dby
electronic computer, The response spectrum curves are useful meinly in terms
of the areas which they enclose, because these can be interpreted statistic-
ally.
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Hence, the computer program performs the integrations:

A= ¥ | ! - oy ] 11
R j{ d/; Sz;(loge W, Lw) Y He/L(loge w) duw dw (111
or R = fAngle ﬁrFreq. Point Sea| Spreading (RAD) d|wave d(Freq.)

J Spectrum J Function angle

where R = mean square ship response

7

= 2 x variance = 2 x o~

Or the root-mean-square (r.m.s.) response is,

;’/ﬁ = l/j O

il
-

x (r.m.s. of record)

Therefore, it a record worresponding to the spectrum were available, the
r.m.s. value {(root-mean-square of equal time-spaced 1 L values) would be,
[

g = VR/2

The "r.m.s. of record”™ is a fundamental statistical quantity associated
with the physical phenomenon, and from it "r.m.s. peak-to-trough," generally
referred to as V%} can be egtimated. I the narrow-spectrum assumption can
be assumed to apply, T = 2/2 o,

Since ship bending moments are usually quoted as hogging ov sagging,
then "r.m.s. peak-to-mean' is one-half as great, ov r.m.s. 5 /L (heg or
sag = V2 o. €

In this report, bending momeni data for irregular sea conditions
are usually plotted in terms of r.m.s. peak-to-mean H /L (hog or sag).
However, in some cases the r.m.s. of record, o is used and hence —-- In
order to avoid confusion -- the lower case he/L syimbol i1s then used.

The above relationships between the r.m.s. of the record o and the
r.m.s. peak-to-trough or pealk-to-mean are correct, as neted, for narrow-
band type of spectrum. Ideally, for thls type the agbove relatiounship
will be correct, i.e.:

V'F
O = v

2+

1

[12]

However, for the other extreme cendition reprosenting a very wide
frequency spectrum {(white noisa) the peaks of a record will be best repre-
sented by a normal distribution. In this casec the relationship will be:
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It is evident that in reality some intermediate relationship will usually
be appropriate, given by:
VE

W= -

where £ represents the type of spectrum,with £ = 0 for the narrow and

€ = 1 for the wide type. An estimate of & can be obtained from the ratio

of zero crossings to peaks and troughs. It has been found that a ship bend-
ing moment spectrum is almost always narrower than the corresponding wave
spectrum, and hence it is generally satisfactory to use Equation [12].

The computer printout gives values of "r.m.s. of record,” h /L, for
each of seven headings -- 0°, 30°, 60°, 90°, 120°, 150° and 180°% -— and
for each of the spectra in each wave group at one speed: e.g., if one sig-
nificant wave height group is composed of 10 sample spectra then the cut-
put of the program would consist of 10 r.m.s. values for the 180° heading,
10 for 150° heading, ete., giving a total of 70 r.m.s. values.

The mean r.m.s. of record and standard deviation of he/L values were
then calculated for each heading. (The larger the number of spectra avail-
able in each group, of course, the better the estimate of standard devia-
tion). Indtially the standard deviation s, was calculated as follows:

AL D [14]
s = —
.
However, it is statistically preferable to use
2__( 0’
.lki -
5 = S [15]

n-1

where s is the estimator of the standard deviation. It should be noted
that 1f we wish to investigate the confidence interval for standard
.- X)2
L = X7
ba)]

than n-1 as above, becomes acadenmic because in the investIgation the
denominator cancels out.

deviation we use s2 = The fact that n is used here, rather

After study of the Wolverine State log data, it was concluded that
there was equal likelihood that the ship could be at any heading. There-
fore, the overall averages of the means and standard deviations could be
calculated by equal weighting of results for all headings, i.e.,

Average mean r.m.s. of record is the arithmetic average of o for all
headings.

Average standard deviation, s, is obtained from (see Appendix B):

2 2
(Si +om, )

2 _ 1
52“'n

Heo~18

1 g m.}z
— - T: 1
=1 m 1=l [16]



23

where )
s, = average standard deviation of bending moment
in relation to wave height,

0]
I

= gstandard deviation of r.m.s. for one heading,

=
¥

mean of r.m.s. for one heading,

=]
]

number of headings ,

These calculations were also computerized, and the average means and
average standard deviations of r.m.s. of record were obtained for each of
the wave groups.

Fig. 18 illustrates the results obtained for the Wolverine State in
the North Atlantic using the H~family of spectra of Fig. 4. The results
are given for the 8- and 16-knot ship speeds in terms of the r.m.s. of
record, he/L, and standard deviations.

A similar relatiomship to that given in Fig. 18 for model tests was
obtained from full-scale analysis of stress and wave height data based
on a tvpical vovage across the Atlantic (east and westbound), Fig. 8C in
Appendix C illustrates the relationship between significant wave height
and the r.m.s. of record, h /L, for both model and full-scale. Mean and
standard deviation are giveg for both cases. Although the range covered
by the full-scale results is limited in terms of the maximum wave helght en-
countered on this particular voyage, the agreement in the range shown is
very good. The method used to obtain the full-scale relationship is given
in Appendix C.

As previously explained, random samples of sea spectra were not avail-
able for the North Pacific ocean. Hence, spectral formulations based on
different values of H_ and T _ had to be used. Generally for each of six
values of H_ there are six values of T_ and hence six spectza having a

v Y
known probability of occurrence (instead of random spectra of equal proba-
bility}). The caleculation of mean r.m.s. response and standard deviation

then involves the following relationship, applicable within any ope band
of HV values:

s, =_‘/Z (x; - X)2 p (T)

Percentage occurrence of each TV

where P (Tv) =

z Percentage occurrence of all TV values

As will be discussed later, the Californis Bear operated over a much
wider range of drafits than the Wolverine State, and model basin results
showed considerable variation in bending moment with draft. Hence, Fig. 15
gives the California Bear results in terms of h /L (r.m.s. of record) for
both drafts at which model tests were run, as wéll as for both speeds.

Results for the California Bear are also given in Fig. 20 in terms of
he/L, the r.m.s. of record, for one average draft. The results shown here
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were interpolated to represent the average full-scale loading condition,

A = 14,420 tons. (It should be noted that the results are not for the aver-—
age model loading condition). The curves for the twe speeds were blended
into one curve on the assumption that the ship speed will be reduced as the
wave height increases.

Since it was desired to compare the Wolverine State in the North
Atlantic with the California Bear in the North Pacific, it was neces-
sary to obtain a comparison of the two methods previously discussed.

This could he done for the North Atlantic, since H_ and T, data are
available from I1.5,50.(11) and N.P.L.(10) that are similar o those bv
Yamanouchi (12) in the Pacific. Accordingly, the responses of the
Wolverine State were calculated from these data and compared with previous
results, as shoWwn in Fig. 18.

Fig. 21 illustrates the results obtained for the Wolverine State in
the North Atlantic using the alternative wave data. The H-familv results
shown in Fip. 18 were redrvawn along with results of calculations using
data published by the 1.5.5.C. giving the frequency of occurrence of TV

in each HV. The 1.5.5.C. spectral formulation was also used. The agree-

ment between the two mean curves is excellent up to a 30-ftr. wave height,
but there is considerable difference in standard deviation in the higher
waves (20-30 ft.). This suggests that using HV and TV data exaggerates

the standard deviation of bending moment. A further comparison will be
given in the next section where predicted values are compared with full-
scale results om a Beaufort No. basis.

Tn the case of the I.5.8.C. data, all values greater than & meters or
26.00 ft. wave height (and greater thap 15 sec. wave period) are classed in
. one open—-ended band. Although data for the highest band have been plotted
at 30 ft., separate calculations prepared from Fig. 5 indicate 32.48 ft.
as the mid-peint of this band. However, it is clearly an estimate, and the
exact value canmot be determined accuratelv. In order to estimate the erro
involved with a wrong choice of upper limit of wave height, a series of cal
culations was run using the Wolverine State and the California Bear data in
the North Atlantic and North Pacific varying the mean wave height and perie
values for the upper-most band. The results showed that the open-ended nat
ure of the wave data information can onlv affect the bending moment curve
at the highest wave height and has no effect on the curve up to that point.
It will be shown later, under discussion of the long-term curve, that due
to the small frequency of occurrence of such wave heights the effect of an
error in the upper bound on the long-term prediction is very small.

EXPANSION_OF MODEL DATA TO FULL-SCALE

The predicted trends of bending moment vs. wave height are net
directly comparable with full-scale data. In order to test model pre-—
dictions against full-scale data, the trends predicted on the basis of
significant wave height must be converted to trends with Beaufort No.
The relationships between wind and wave height (Figs. 8 and 9) were dis-
cussed in a previous section and can be applied here. The wind-wave
relationship originally used for the Wolverine State in the North
Atlantic (3) was the Moskowitz—-ITTC curve showp in Fig. ©. However, the
Yamanouchi curve for the North Pacific is seen to be much lower. It
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havdly secems reasonable to expect such a large difference to exist be-
tween the two oceans. A more reasonable explanation would be that the
differences result from differences in the way the data were obtained.
Accordingly, Roll's data obtained from visual observations on weather
ships (rather than from actual spectra) would appear to be more directly
comparable to Yamanouchi's results, obtained by untrained observers.

However, in addition to a general trend of wind vs. wave height it
is necessary to know the variability associated with this trend. Hence,
standard deviations of wave height were computed from Pierson-Moskowitz
wave spectra (9) and the Roll data (18). In the case of Yamanouchi's
data, the standard deviation of observed data had already been calculated
and plotted (12). See Fig. 10.

Though a rather simple graphical relationship between wave height and
wind speed can be used for converting the r.m.s. values from one Scale to
another, a more sophisticated approach is required to change the standard
deviations predicted from model tests on the basis of wave height to the
corresponding values on the basis of wind speed, which is essential for the
long-term predictions. No matter whether data are classified on the basis
of wind velocity or significant wave height, considerable variations from
the average wave bending moment or stress can be ewpected for ipdividual
cases in any one weather group. When classified by wind speed, the sea
spectra can vary greatly in both shape and area depending on the stage of
development of the sea and the presence or absence of swell. On the other
hand, classifying by wave height limits the variation to spectrum shape
only. It is thevefore expected that there will be a larger standard devia-
tion of both wave height and bending moment when classifying on = wind
scale basis. This was shown by Compton (25).

The relationship between variance of bending moment on a wind speed
basis to that on a wave height basis has beep dealt with bv E. G. U. Band
at Webb Institute, and Appendix A summarizes the preferred approach to
this problem. The method is based on the assumption of a uniform linear
normal distribution, where the distribution of data is uniform along one
axis and normal along the other axis in reference to a mean Iline., A dif-
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ferent approach was also considered whereby it was assumed that the data
were normally distributed along both the vertical and horizontal axis
about a single mean data point. The first method appears preferable
here.

On the basis of the first assumption, Appendix A gives a simple
relationship among the variances of the three quantities: wind
velocity, wave height (significant) and wave bending moment. The fol-
lowing expression permits the model predictions to be related to wind
conditions,

!

2 2 2
= 2 A [17]
2 =5 + ta 8 g — —
81 2 Totamt Byl o3 12J
where
512 = variance of ship response relative to wind as a
continuous function (non-dimensional).
T 2 . . . .
5,7 = variance of ship response relative to wave height
within a weather group (non-dimensional).
2 . . ; \
S3 = variance of wave height relative to wind (sq. ft.)

tan § = slope of average curve of ship response (r.m.s. values)
vs. significant wave height (1/ft.)

AH = increment of width of weather group.

52 is obtained from model data analysis and is plotted in Figs. 18
and 19; S4 must be obtained from published wave and wind observations. As
more data become available from oceanographic studies, the values can per-
haps be refined and related to specific ocean areas and seasons.

The standard deviation of bending moment within a weather group is
obviously dependent on the range assigned to the group, and the wider the
range the greater the standard deviation will be because of changes in the
mean value within the range. In the limiting case of infinitesimal widths
a continuous function will result. The following relationship between the

variance S, within a weather group and the variance S, 1f it is a continuous
function is given in Appendix A,

_ 2 2
S, — 8y = ran® 9, AHZ/12 (18]

This relationship permits one to correct the variance or standard devia-
tion obtained by grouping the data to the value which applies to a con-
tipuous function, or vice versa.

Using the above relatiomships the standard deviations of r.m.s. bend-
ing moments were calculated for the Beaufort No. basis, and then were cor-
rected to apply tc a continuous function instead of a series of groups.
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The predicted values of r.m.s. bending moment coefficient and standard
deviation for both Wolverine State and California bear are plotted vs. wind
speed in Figs. 22, 23 and 24. Some extrapolation was necessary above Beau-
fort 10, indicating the possible need for more sea spectral data for very
Severe weather conditions. However, it will be shown later that the effect
of different assumptions regarding trends above Beaufor: 10 is negligible,
since such weather occurs tarely. Table IV illustrates the step by step
caleulation for the California Bear average draft condition, The increage
in the magnitude of standard deviation on the basis of wind speed as com- .
pared to that with wave height is substantial.

A summarv of the mean and Standard deviation of the r.m.s. bending
moment coefficient, HE/L, for the two ships at the appropriate speeds is

given in Table V. The means are those obtained for each wave height group
assuming eaqual probability of all headings, while the standard deviation is
the corrected value as obtained after conversion to the basis of wind speed
rather than wave height. The wind speed is given in the tahle also.
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The mean H /L and the standard deviation shown in Table V and in Figs.
e

22, 23, and 24 are given in terms of /ﬁ; the root-mean-square ship bending
moment rigponse, and can be converted to peak-to-trough root-mean-square
stress, /E, by multiplying by the appropriate factors for each ship as derived
in (1).

Examining the curves of Fig. 22 for the Wolverine State in more detail,
it will be observed that there are three different model-based predictions
using different wind and wave data. Fig. 18 was used as a basis for the
calculation in &sll cases, with speed taken to be 8 or 16 knots, depending
on wave height. The different assumptions may be swmwarized as follows:

Table IV. Sample Conversion of Standard Deviation of
He/L from Wave Height to Wind Speed Basis

THE SANTTTF I8 FOR THE CALIFORNLA FLAR TN THLD PACIVIC

ATL Ilu/L and SID. DEV. values are /F values, 1.e., L., x V2
Wave Wind Sted. Dav. Std, Dev. Srd. Dev.
Haozht, Spred, Ho/Lows Ty, 5 M Tam = Upso ve W M /Lova W
- o H /3 e
HL/%‘ Feet W, Enots Sy Feet 1/fct. 8-, Tect 5
o o ) 0 0]
7.38 8.1 N00425 4,497 .000359 KIS .0N054
12.30 26.9 -001063 L.a7 000314 4.hL _0Q174
17.22 h2.4 001620 5.7% -00N 237 7.15 L0185
27.96 39.6 002130 6.39  .o0n0280 8,05 .00219
NOTFS
(1) From Tig, 9, Yamanouehi Curve.
(2) From cuperposition ecaleulntions in 18%C specera, Tip. 20.

(3) 8lopes of mean curve, Frg. 20.
(4) Trom IMg. 10, Yamanouchi Curve.
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Table Y. Summary of Mean H /L and Standard
Deviations from Mdel Tests

ALL H /1, and std. doviations tce VR valuos, L.or., romes. % V2.
-

Wolverine State

Approx. Sig. Wind Mean SEd. Doy,
ship Wave Specd HE/L of
Speed, M., (from B /L on
Knote Feet Rell), &
Knots Wind bpocd
16 7.38 3 L0030 -00244
16 12.30 24 00478 -00240
17 17.27 35 00603 00276
3 22.96 46 -00739 00316
8 30.00 (60) -(08e0 .no382
Californi | Bear ¢ Avg. Draft

from ¥iminouchi (12)
21 7.38 g L0031 00054
20 12.10 27 00485 Q07124
hi:1 17.22 42 L0064 00183
15 22.96 60 00790 .0021s

L4 30.00 7N -0097e -

Tarenthoger indicats extrapoiated value,

Wind-wave Relationship
Case Spectral Family and Standard Deviation

1 Selected from Moskowitz random (17)
Pierson-Moskowitz (9) (17)

2 Selected from Roll, modified (18)
Pierson~-Maoskowitz (9) (17)

3 ISSC formula (1F) Roll, modified

The first case is essentially the same as that previously published
(3) and is believed to be basically sound -- because of the good data
available for the North Atlantie. It will be noted that the agreement of
both means and standard deviagtions (Figs, 22 & 23) with full-scale results for
Case 1 is excellent.

Case 2 shows that using the Roll wave-wind relatiomship results in a
definite under-estimate of both mean bending moment and standard deviation.
However, using the ISSC spectral family (Case 3) —— as would be necessary
in the Pacific -- reduces the error of the mean at high wind speeds and
increases the standard deviation. It will be shown in the next section how
the long-term distributions compare for all of thesc cases.

Turning to Fig. 24, the procedure used for the California Bear in the
Pacific is analogous to Case 3 for the Wolverime State (ISSC formula and
Yamanouchi wind-wave relation). Avetage data for two model drafts were
used, and speed was assumed in accordance with wave height. It is gurpris-
ing to find that mean and standard deviations of bending moment are esti-
mated with better accuracy here by this method than for the Waolverine
State.
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Hence, it can be concluded that the Roll wind vs. wave height rela-
tionghip for the Wolverine State and the Yamanouchi wind-wave relationship
for the California Bear vield reasonable agreement between model and full-
scale. Curves such as those in Figs. 22 and 24 were referred to in pre-
vious publications (1) as the "'limited short~term curves' and are the
essential source of information for the derivation, along with the required
wezther distribution, of the long-term curves.

As indicated earlier, observation of full-scale and model results
ohtainaed from the California Bear showed substantial differences in bending
moment response between the deep and light draft conditions. Hence, some
further consideration of the effect of draft seemed necessary. Fig. 19
illustrates the model results for the deep and light loading conditions at
two speeds. Fwem the above four curves two curves were obtained, one for
each loading condition at an assumed speed varying in relation to the
severity of the sea. Upon conversion to wind speed the two response curves
are shown in Fig. 25 in terms of H /L vs. wind speed. Similar trends were
observed from the full-scale resulfs where the westbound conditions associ-
ated with the deep draft, or a displacement of 16,840 tons, and the east-
bound conditions (4 = 12,000) were found to yield substantially different
results.

Hence, it was of interest to make model predictions for east and west-
bound voyages separately. It should be noted that the condition equivalent
to the light draft (4 = 12,000) case could not be reproduced in the model
tank due to the model's own welght and the minimum weight condition
achieved was equivalent to 13,900 tons displacement. Hence, in order to
compare the full-scale esastbound conditions with model tests, a simple
linear extrapolation was performed as follows:

13,900 - 12,000 [h L — h 1 1
hg L (A =12,000) = he L(A = 13,900) 16,840 - 13,800 L & (16,840) € (13,900)J

The zbove extrapolation was performed ar each Beaufort WNo. and the results
are givep in Table VI.
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Table VI. h./L Bending Moment (x 10%) RMS and
Standard Deviation S.S. CALIFORNIA BEAR

ao= 17 000 ©o= 17,900 P 1R, 340
Extrapolation
Wave Wined Ship
Heluho,  Sped, hpeed, Vit Stad. Ave, Sland. e, Srand.
re. Enote  Kuors _ RMS _ bov. TS Lov.  HMS __ pev.
206G 21.0 .92 0 r.on ] Loy .37
/.38 5. 1.0 .80 L7000 313 .78 3,64 .91
17.30 6.9 20.1 4.15 1.510  4.71 1,71 5.58  2.00
L7.27 47,4 17.8 5.39 TR0 614 2.54 730 2047
22.90 R9.H 13-3 6.60 2.57 7.62 2.594 9.1 3.5
30.22 Ju.n 10 a4 107 RN 3.45 Tr.sz 4.13

Fig. 206 shows the model predicted bending moment hQ/L and standard

deviation for the westhound and eastbound conditions (Table VI) along with
ship results as obtained from full-scale analvsis (3). It is evident that
the considerable difference betweon full-scale results for east and west-
bound vovages is roughly predicted from model tests on the basis of differ—
ences in draft.

Comparing the mean curves first it may be seen that model predictions
ocvercstimate bending moments somewhat at lower wind speeds both east and
westhound -~ but especially westhound. Turthermore, the upward trend of
the predictions is much less stecp than full-scale. Howcver, in the range
of 30 -~ 45 knots the magnitudes arc satisfacrory. The magnitude of the
predicted standard deviations is quire good westbound, butl somewhat high
castbound at higher wind speeds. It should, be pointed our, however, that
when che mean draft was used as a basis for comparison, as shown in Fig. 24,
the agreement betwecen medel prediction and full-scale results was much
better., The less satisfactory results for east and westbound separately
could be due to the reduction in the statistical sample size of the full-
Scale data as a result of the separation of west and easthound voyages.
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A1l in all. one would expect less accurats long-term nvedictions by the
method that had to be used in the Pacific than bv £l 2 method usced in zha
North Atlantic wherc hetter wave data were available.

LONG-TERI PREDICTLONS

We can now detetrmine the long~term distributior of bending moment
for any weathar grour —— ans hence for all weathers - 1L we make
e

same two assumpiions as in the extrapolavion of =hin sirvass g

1. Aciual peak-to-irough values of bending moment over the short-
term are Ravlieigh distributed.

2. Short—term r.m.s. valies for any wave height are neyxmally dis-
tributed.

The prablem for ecach weather greoup then is simply the integration of
a large number of hvpothetical Rayleigh distributions, each of which is
identificd and determined by its v.m.s. value, when the r.m.s. values
are themselves normally distributed with known standard deviation. The
procedure is exactly the same as that used in the cutrapolalion of [ull-
scale stress cdata (1)(3) and vields & cumulative distribution Lor each
weather group.

The final step in the prediction 1§ to make & weigheed integration
of the above curves for individual weather groups cn the basis of the
frequency of occurrence of the different weather conditions. A computer
program was prapared at Webb and used for both moacl and full-scale da
(Jistings ave given In Appendiwx D), and the resulits of the nredictions are
given in Figs. 27 to 29. Fig. 27 shows the long-term cuvves for th
Wolverine State as originally predicted (3) and as recaleulated using Rell
wind-wave data. It may be seen that simply substituring Roll vind-wave
relations (previously referred to as Case 2 leads to a slightly lower
trend than the criginal prediction method (Case 1) which agrees wigh full~
scale results. However, using the TSSC spectra as well {(Case 3., with rthe
resulting higher standard deviations, gives z definite overestimatic.

Hence, jt would he expected that the amalagous merthod in the Pacific should
vield vesults that are too high -- hence on the safe side.

T

=

¥ig, 28 gives Californlia EBear predicted curves separatad inTo zasi

and westbound voyages. Both east and wesibound predicrlons are seen o bea

overestimated bBv about the game amount. Tig. 29 givas comolned east
et

)
westbound rasults whiah again show overestimation in comparison with
scale, although of smaller magnitude. This resuls is pot sucprising in
view of the overestimate obiained ahove for the Wolw
same method,

c¢ine State using this
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CONCLUSIONS

As pointed out in other reporte (1;{3}, a purely statistical treatment
of the ship wave bending moment grobliem cannot yvield a satislactory general
design tool. Statistics are helpful in designing similar ships to these
for which stress data were cellected bur capnot provide direct guidance in
designing different ships.

The first step toward developing a design tool is described in this
report., It is shown that long-term trends of wave bending moment can be
predicted from model tests and ocean wave data, using the results of full-
scale statistical analysis and extrapolation as a check of predicted trends.
For this step to be gatisfactorily accompiished, however, it is necessary tao
have sufficient such full-scale verifications of predicted long-term dis-
tributions to give unqualified acceptance of the technique. Furthermore, as
pointed out in this report, adequate ocean wave data arve needed for all
important trade routes.

Another step in design application will be the determination of a proba-
bility level to adopt for design wave bending moment. It is necessary first
of all to consider the safety of the ship and its crew. The only sound basis
for a strength standard in this regpect is one based on probability theory.

We must be sure that the total rigk of structural failure is never greater

than society can accept. As progress is made in developing techniques for
predicting long-term trends of various loads acting on a ship's hull, along
with sophisticated techniques for determining detailed distributions of
stresses, the time is approaching when we should decide what risk of structural
failure is acceptable to society. Here the classification societies can be

of agsistance by analyzing their records to determine the number of major
failures cccurring over the years in ships of different types and sizes and
computing the corresponding probabillities that have presumably been considered
acceptable (25).

The final step in the practical application of new techniques te ship
design will be the rational combining of wave bending moments with other
design loads, such as still water bending and dynamic springing or slamming
effects at sea.

It has been pointed out elsewhere (3) that a long-term distribution curve
of bending moment or stress can also be utilized as a partial definition of anti-
cipated loads for fatigue considerations. However, this interesting possibility
does not lie within the scope of this project or this report.

The following specific conclusions can be drawn from the present work:

1. A previously published procedure (3)(4) for predicting long-
term distributions of bending moment for a new ship design on the
basis of model test data and ocean wave spectra hac beer extended
to cover gituations in which ocean wind and wave data are less
complete than in the North Atlantic, i.e., available in the form
of tabulated wave heights and periods.

2. When the modified technique iz applied to the 5.5, Wolverine
State in the North Atlantic, it 1s found to overestimate the long-
term trend of bending moment, whereas the earlier procedure (using
observed wave specira (B8)) agrees very clesely with full-scale
trends.
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4. When east and westbound voyages of the Californis Bear are
compared separately, the differences may be accounted for on the

basis of draft differences, and trends are further overestimated,
perhaps becauvse of an Inadequate sample size of full-scale data.

5. In general, it is evident that success in using the prediction
discussed is dependent —~- at least in part -- on the quality of sea
datz available. Hence, more complete and accurate ccean wind and
wave data are clearly needed, including wave reccrds from which
spectra can be determined, paLtiCUlarly for cther Important trade
routes besides the North Atlantic

6. Meanwhile, it 1s believed thet the application of the pro-
cedure for predicting long-term bending moment trends to two dif-
ferent ships in two different oceans has demonstrated a rational
basis for the quantitative determination of wave bending moment re-
quirements for possible new designs of the future. This is felt

to be the ultimace combined objective of the Ship Structure Com-—
wmittee projects SR 153, B8R L65 and SR 171.

In general it appears, therefore, thar predictions of long-term trends
made on the basis of model tests are satisfzazctory when adequate ocean wave
data in spectral form are available, Tor design predictions to be made on
a voutine basis for ships of amy size and hull form on any service, the fol-
lowing are vequired:

{a) Additional wave data in the form of records that can be spectrally
analyzed for important trade routes, such as the North Pacific and the
area around the Cape of Geod Hope.

(b} Additional verification of the prediction procedure by means of
further comparisons between predicted and observed long-term trends
for ships of various sizes and hull forms.
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APPENDIX &
RELATIONSHIP BETWEEN STANDARD DEVIATION OF HULL RESFONSE
WITH RESPECT TO WIND AND WITH RESPECT TO WAVE HEIGHT
by
D. Hoffman

and

E. G. U. Band

Problems arise when comparing predictioms of ship bending woments made
from tests of ship model response in waves with data from full-scale cbserva-
tions clasgified according to the Beaufort scale (or wind speed). In parti-
cular, it is required to convert statistical values such as the standard
deviation (82) of the rms bending moment at a constant significant wave helght,

predicted from model tests, to the corresponding full-scale standard deviation
(Sl) of rms bending moment ar constant wind speed. No direct relation sxists

between S. and S.. Here the wave height H depends on the wind velocity W, al-
though it shows Considerable scatter (i.e. large 83),

Basic Relationships

The inter~relationships between two- and three- dimensional groups of
data can be described in a2 number of ways. Two of the simplest forms of disg-
tribution to treat amalytically are described beleow. A sample calculation
based on the second case will be given in some detail, both Lo show the pro-
posed method for manipulating the data and also to verify the validity of the
method.

Case I

In this idealized case, the distribution of ship respense in any wind vel-
ocity band is assumed to be normal with varying wind velocity. The mean of the
distributions is assumed to be a ilinear function of wind spead, while the stand-
ard deviation is invariamt. Furthermore the number of data points within any
wind speed band is assumed constant, i.e., the distribution along the mean line
ig uniform. Such a two-dimensional, uvniform, lirnear normal distvibution is
shown in Fig, 1A for ship bending moment ox stress, X, vs. wind veloecity, W.

The two standard deviatioms, Sl and Si , are each constant, where

Sl ig the standard deviation of X at constant W, and

Si is the standard deviation of W at constant X.

It can be shown that, in this case, S_d and Si are simply velated by,
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Fig. 3A. Experimental Data Showing
Distribution of Bending
Stress X with Respect to
Wind Speed W for 14 ft, <
H1/3 < 16 ft.
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Fig. 4A. Experimental Data,
Distribution of Bending
Stress X Versus Signif-
igant Wave Height,

H
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Fig. 6A. Diagram Showing Distribution of
X with Respect to W for Discrete

Fig. 5A. "Target Distribution” of X with Values of AH

Respect to W for a Small aH
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Fig. 7A. MNormalized Presentation
of Fig. 6A.

squares, and 61, changes to Oi. (Fig. 7A). It is then possible to sum up the
data along a line such as A-A to obtain the contributions of the different
overlapping groups of data and to determine the distribution of the total
population along A-A. If X and W are independent variables (with H constant),
then it can be shown that:

5

5,2 [38]
Cos Oi
v ]
51 _ % [44]
Sin ¢!
in Jl
' BN
and tan 61 = (tan Gl) 3 [5A]
5
2

A geometrical solution was obtained by Band. See Fig. 7A. Circles are
inscribed within the squares and & tangent line drawn above and below the mean
Sl
line. Then g—‘is the vertical distance from the mean line to either tangent.
2

See Fig. 7A.

The significance of the geometrical solution is that the unit radius of
the circle in Fig. 7A represents the standard deviatiom for cuts through the
data at any angle to the axes. Hence, for convenience, one may consider the
ditection normal to the mean line. Since the standsrd deviation about the mean
line is unity for each portion of the population represented by the individual
squares of Fig. 7A, then the standard deviation about the mean line is unity
for the entire population. The standard deviation § /5. of the entire uniformly

distributed population, in the direction parzllel to thg X/S. axis, is readily
seen to be 1 in Fig. 7A. Thus Sl = SZ/COS el’ which 15 equation [3A].
Cos 6]

1
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Similarly Eq. [4A] is derived directly from Fig. 7A,

Eq. [5] can be obtained from [3A] and [4A] as follows:

S!
Sin © =—,,%
D
1
Cos 0] = SZ
1 3
1
S! Sl S!
i.e. tan 8) = = —/— === tan ©
1 52 S2 52 1
One may now express Sl in terms of SZ’ 83, 82 and 83 in the following
manner:
2 /2 )
Sl = S2 (1 + tan 61) from equation {3A]
2,0 2 2 Y, , )
= S2 (1 + (S3 /52 ) tan 61) using equation [5A]
2 v/
= (8,° + 552 tan? 8)) /2
2. .2 2 2 Vs .
(82 + 53 (tan” 6, . tan 93) - using eq. [1A] and [2A]
tan2 832
2 2 2 Y
Hence, Sl (82 + 83 tan 02) T6A]
and similarly
2 2 2 . 2 1/,
82 = (Sl - 53 . tan Gl/tan 63)

2 2.1/
sé = (Sl . SZ y 2 (tan 93/tan Gl)

Application to Model Stress Data

In many practical examples the available data are grouped into bands of
certain width H, and the mean and standard deviation of all points which fall
within the band are determined. Generally, the wider the bands the better the
continuity of the curve joining the means of the various groups will be (i.e.,
the easier to fair). However, the standard deviation of data within the groups
is not identical to that of a continuous curve. In reality the continuous
standard deviation is reduced due to the fact that some of the scatter of data
within the bands is eliminated when H tends to zero. (See Fig. 8A).
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Fig. 8A. Derivation of S,, the Standard

2!
Deviation of the Continuous
Line of X vs. H

The above situation exists with the model results as plotted in Figs. 18,
19 and 20 of the main report. The means and the standard deviations are those
due to the use of five discrete families of spectra, each representing a band
of wave height, Fig. 8A illustrates an enlarged version of part of Figs. 18,
19 and 20 and further analysis is given below.

The mean point of the Ap data points that fall in the strip AH is at
i

The value

(Xi’ Hi)’ and the standard deviation of these poiuts about Xi is §2.

of §2 will depend on the width of the wave height range AH. 1In order that
the relationships developed in the previous paragraphs can be applied it is
necessary to derive the standard deviation S, of the continuous line of X ver-

sus H, in terms of AH and 82' 2

The data are grouped in increments, AH, about a mean data point (Hi’ Xi)

of An, points.

The standard deviation of each group is S.,, and it is assumed that AH
is sufficiently small for the distribution to %e treated as uniform over AH
and for the curve of X vs significant wave height H to be considered as a
straight line of gradient tan 8, in the range AH. These assumptions are con-
sistent with the uniform linear normal distribution which has been con-
sidered above.

j=]

. dn,
i
The number of data points per unit length q; = ﬁl'= T
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where q; 1s assumed constant over H. As the second moment of data points
about Xi will be equal for both concepts:

) 5 2 I N
Any 52 = g o X - Xi) dni + g ) é 82 dn1
i 2 s

B, + 0H
q oH3, % - ¢ tan’ 0 fH—-H)Zd'+ s.2 sy
q LHS,” = y tam V2 X i Ty 0y
H, - AH
2
—~ 2 2. 2 AH3
AH(82 -3, ) = tan 62 17
2 =2 2 AH?
S.¢ = - AR
) §7, - tan 6, 13 [74]

Finally, substituting in the previously derived relationship for Si’ eq.

[6A], an expression is obtained for Si in terms of the experimentally ob-
tained parameters S2’ 62, AH, 53:

5.2 -5 24 [s 2 _ Anz]tanz 6 [8A]
3 EE-‘ 2

This is equivalent to Equation [18] on page 27 of this report.
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THE DISTRIBUTION OF SEVERAL SUPRRPUSEL Forir st
by

*
Dr. Otto J. Karst

Statement of the Problem

Consider a set of n populations, each ddegcribed ooa Joret HEFRES N ot
ii(x) (i =1, 2, . . . n)with known mean ., and v
i

i.7 and having
i e
Ni members, respectively, where each Nj is very large. Toeon p popas

lations are combined into ecne populacion and the elements rhoroughly
The preblem is to find the density funrtion f(x), the wran ., and the
ance c¢Z of the new population in terms of the known density funcrion:
means, wvariances, and sizes of the original o popularions

We shall assume that each of the constituent density functio..
crete. The results are easily extended to the continucug

The Density Function

Assume that each density function is defined oaver

N, oas the o : T

? 1

Xj (GG=1,2,73,. . Ni)' Define N =

=1

elements in the combined population. Then the probabilivy -tor s oy cnend
chosen at random from the combined population is also o wesh o o o

constituent population is Ei. The probability thasn this ¢ ol 770 fae
N

i®® constituent population has a particular value of che oot T oy

say Xj, is then given by F({Xj). Hence the prohabilite . S devn g

fement voa Tie i

able assuming the value X, due to a draw of an e
population that is also a’member of the i ™ eopstituent g ulao

Hence the total probability that the random vir Lo, iy sscuwd the
value Xj is

n .
N N, ft, (%
L, T ‘
i-i N

B

Professor of i1 Loy o Weht Tnal bsune o0 HETEN
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gince the events in rhe zum are mutually exclusive,

Therefore the desived decsiby function is given by

xl
F(X) = PriX = X,1 =7 N [1B]
i —— 1
i=1 W

and Fi(ﬁ) is understood to be zero for any X > Ni'

Ve chall now vevify that the summation over all X,

yOEX) =1
x=1
We have
oo 2] n
DR 20 NE N RS N I Y ¢ o\
¥=1 X=l 1=]_ N
© bl
=% 7 N, f, (%)
¥x=1 i=1
sl & .
= % Z Ni z fi \."()
i=]1 x=1

But ) £, (X) = 1 since
pit

£f. (X} is a density function.

( i
oo n
- 1
L E00) = ¥ LN
=1 i=1
1,8 _
s 1 Q.E.D.
e mira oF the combined population.
o7 definition: w = E{¥]
= Z ® (%)
%=1
= n
=1 I x4 ofm
x=1 i=1 N
e} =3
- ,:j:_ } NL >) % f'i (}\)
N i=3 =1
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[=s]
But z x f£,(x) = My the mean of the " constituent population.
%=1 -

Hence,
{2B]

Z =

n
yo= E Ni ui
i=1

Therefore we see that the desired mean b is the weighted average of the

constituent means, which should come as no great surprise.

The variance of the combined population.

2

H|

E[(X - u)z], which by a well known procedure reduces to

02 = Bix2] - 2.

By definition:

(o]

Now, 5 o 9
E[X°] =] % £(x)
x=1
oo ol 2
- Z ¥ X Ni fl(x)
w=1 i=1 N
n @
1 B
=y LN T xR f(w
i=1 =1 t
1% N
=N Z . ity Where Hy; = 2nd moment about
l:

But 2 = - 2
917 T Mar T My
Hence
n
2 1 2 2
E[X]=-N—Z M0, 7+ N w )
i=1
2
n 2 2 IZ‘
2 1 (NG + N, v, 1 N.u [SB]
o =3 Z il i i - 220 % i'i
N S N i=1

This formula expresses the variance of the combined population in texms of
the statistical parameters ujs Og» Ni of the constituent populations.
g E
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APPENDIX C

CORRELATION OF MEASURED WAVE
DATA WITH WIND SPEED AND
MEASURED STRESSES

by

Dan Hoffman

Introduction

The analysis at Webb Institute of full-scale stresses recorded on
board the Wolverine State (and other ships) on routine commercial service
has so far been limited to the method presented in a series of reports (1)
(2)(3), in which 20-minute sample records of stress have been put through
a probability analyzer by Teledyne Materials Research Company to obtain
histograms and/or rms values of peak-to-trough stress. These rms stresses
were then plotted against environmental condition in terms of Beaufort No.
reported in logbooks. Although some sort of average wave height and aver-
age period were also recorded, little credit could be given to these fig-
ures because of the inexperience of the constantly changing crew in esti-
mating such quantities visually. Thus the previous analyses were based
on two parameters: the wind speed and the rms peak-to-trough value of the
20-minute records.

The installation of the Tucker wave meter on the Wolverine State was
intended to alleviate partly the above restriction and to provide some
additional information with regard to the environmental conditions, i.e.,
the significant wave height as well as wind speed. It was expected that
some relation could be developed between the measured wave heights and
the corresponding wind speeds. Simultaneously, a more refined data reduc-
tion could be carried out on some of the wave and stress records by means
of spectral analysis, which would lead to precise relationships between
stress and wave height. Also, it would make possible a comparison with
the stress results obtained from the probability analyzer.

The installation of the Tucker wave meter on the Wolverine State, the
reduction of data, and spectral analysis of records were all carried out
by the Teledyne Materials Research Company under contract to the Ship
Structure Committee (Project SR-153). Additional analysis and interpreta-
tion of data at Webb Institute reported herein was in part supported by
the American Bureau of Shipping, New York.

Because of several failures of the recorder and a change in routing
of the Wolverine State, the analysis of wave records obtained on board
was eventually limited to one voyage in the North Atlantic. The particular
voyage chosen to be analyzed (No. 277) was found to be the only North
Atlantic run for which both valid wave and stress measurements were re-
corded. It represents a typical trans-Atlantic voyage with roughly 50
single records in both the west and eastbound directions, representing
roughly 200 hours in each direction. The weather distribution of the 93
samples is given in Fig. 1C and further illustrated in Table IC. The dis-
tribution can be considered to be approximately normal except for trunca-

tion at BN = 0. A larger weather distribution based on 1713 records on
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the Wolverine State taken over 20 voyages in the North Atlantic is also
shown in the figure and table, indicating that the comparatively short one-
voyage sample agrees quite well with the 20-voyage distribution except
above Beaufort 8.

Table IC. Distribution of Weather

Probagbilities

®*  West  Eest  Total 1 voy. 20 Yoy.
0 2 5 7 074 -
1 0 0 0 - .060
2 2 7 9 .097 .106
3 4 14 18 .194 .192
4 13 6 19 .206 212
5 12 7 19 .204 .184
6 12 2 14 .151 .096
7 3 1 4 044 .069
8 3 - 3 .032 .042
9 - - - - 031
10 - - - - .006
11 - - - - ,002
51 ) 33 1.000  1.000
*BN = Beaufort No,
S$.5.WOLVERINE STATE ‘
[
03— ———— —ee— KEY: VOY 277 4“
VOY 170-217 wmm == =
: 20 VOV
?E 02 — ) — - —
[ - |
P - S N SR S . :
|
——— - _ ‘

BEAUFORT NO

Fig. 1C. Histogram of Weather Distribution
as Recorded by S.S. WOLVERINE STATE

The stress distribution with weather (Beaufort No.) for Voyage 277
is given in Fig. 2C, along with the standard deviations. Data for two
or more Beaufort Nos. are grouped together. In order to evaluate the
adequacy of one voyage in representing a larger sample, the rms mean and
standard deviations for 30 voyages were also plotted, as obtained in .
The agreement cf both the means and the standard deviations is exception-
ally good, indicating that Voyage 277 can be treated as a sample of the
Wolverine State data in the North Atlantic -- at least, up to Beaufort 9.

Analysis of Records

All of the 93 wave records obtained from the Tucker wave meter were
spectral analyzed, as well as 45 stress records, 24 westbound and 21 east-
bound. Results of spectral analysis of the full-scale records, both wave
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Fig. 2C. Distribution of Short-Term Stress,
S.S. WOLVERINE STATE Voyage No. 277

and stress, were supplied by Teledyne in terms of the ordinates of the
energy spectrum. For each spectrum a total of 128 such values were given,
covering the frequency range of 0 to .5 Hz, In addition, computer graphs
in the form of limear and log spectral plots were supplied, along with
compressed plots of the wave and stress records themselves.

The data analyzed by Teledyne were originally stored on two reels of
1" l4-channel FM magnetic tape. The data were recorded at 0.3 ips with an
FM carrier frequency of 270 Hz for both the data channel and the compensa-
tion chamnel. The data were band-pass filtered before digitization at 24
dB/Octave between .02 ~ 0.3 Hz. The sampling rate was one sample per sec—
ond, so that the actual digitization was carried out at 100 times real
time with the tape moving at 30 ips. TFrom each record, approximately 30
minutes long, 1024 data points were selected equal to 17 minutes. For
each record the spectrum was computed by Teledyne using a digital com-
puter. Each computer printout indicates the number of data points read
(usually 1024), as a check on the input parameters, the number of the first
data point in the record and the number of raw spectral estimates were
averaged to produce the final spectral estimafe, which is a chi-squared
variable with 32 degrees of freedom. (95% confidence interval is -38%,
+447). Reading in 1024 data points gives 513 raw spectral points, of
which only every fourth is sufficient and printed out, resulting in 129
printed points, the first at 0 Hz and the last at 0.5 Hz. The sum of all
the spectral ordinatezis also given, and to convert it to an approximate
integral it must be multiplied by Af =:0.5/128, the frequency interval be-
tween the printed spectral ordinates. The result is the mean square power
of the signal, and its square root, which is given on the printout, is the
TOoOt mean square (rms) power —~— O for wave or o, for stress. The scale
of the linear spectral plots for most cases was Eept constant to allow
direct overlaying for comparison.

Data Reduction

Tables IIC and ITIC illustrate the rvesults as obtained from the spec-
tral analysis in terms of rhe significant wave height and the tms stress.
Also shown are results obtained from the probability analyzer for the same
west and eastbound voyage. For each record the significant wave height
H was obtained as follows:

1/,
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where the upper limit of incegrarion is wvaleu af o = 20f = 2 x .5 .- [
= 2nbE = 2w x 0.5/128

The stress was obtained from the spectral analysis as describea above,
and the rms of the record Oy was converted to he/L, Thus rms bending moment
coefficient,

h /To=o o x .0028 =x 1.325

where 0028 is the conversion factor from stress to beundiog uowest «iec -
ficient as given in (1) and 1.325 is the average calibration facter [cr
port and starboard. Assuming & narrow band spectlium, Lhe mms of vecord
was converted to yms, peak-to-trough, hp/L, where

He/L = og ¥ .0028 x 1.325  x 2,/2 = 01483 o

Similarly, the /B peak-to-trough rms stress as c¢brained from the proba-
bility analyzer was reduced to 2 similar form:

B /L= E  x 0028 x 1.325 = .00271 /&
the assumption of a narvow band spectrum holds, the two values should
The results as tabulated in Tables IIC and fII{ show the actual rela -
tionship between the two separately reduced rms values along with the num

7
ber of zero crossings in the record. These results are plotred and dig-
cussed in a later section.

Wind-Wave Height Relationship

The need for a bettey definition of the envirenmental condition in
studies of ship bending stresses is well demonstrated inm Fig. 3C. Thtze
racords were chosen to demonstrate the wind-wave relaclionshiwp, 1 re-
ported to be of Beaufort scale 5, having the same heading angle and ob-
served wave height and period. The individual wave spectra are given
along with the siguificant weve height calculated from thz spectral areas.
It is evident that a considerable scatter in significant wave height ex—
ists for the same Beaufort condition, H_, and T7. The results are just as
inconsistent on the basis of wind speed. Examination of the log book dace
indicate an increase in wind up to Record 21 and a decrease from thzre
orward. Record 21 is therefore most likely not a fully developed sea.
Record 22 represents the highest significant wave height, although a reduc-
tion inm wind speed was vecorded. It is probably caused by the build-up of
the sea during the preceding 12 hours. Record 23 represents the effect
of veduction in tvind speed over a period of gight nours which causes a

reduction in wave height. It is further observed that, except above w = G.L,

2
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Table IIC., Westbound - Ho/k {Peak to Trough)

3

Record q /L = 10_3 /L ox 100 H (Ft.}
a B J;.l"3
* &
(P.a.) [S.4.)

2 64 - [

k| 4.3 - 5.50

4 5.45 5.6% 6.74

5 5.20 5.69 6.50

3 4,00 - 5.59

7 3,15 - 5.94

8 4,97 5.52 6.14

9 5.08 5.47 5.52

13 4,60 4. 84 5.54

11 4.6 5.14 5.22

12 B892 2.88 8.80

11 8.25 9,19 7.96

14 8.94 9.05 7.96

13 §.13 B.55 7.64

15 5.95 - 7.18

17 T8 F.rn 7.74

i 790 - 8.8

20 8.16 - 10.34

21 8.50 - 19.75

2z 5.90 - 4.08

23 %.95 - 12.20

24 7.86 9.10 10.04

25 7.6L 8.26 9.92

26 6.86 7.00 §.20

27 6.98 - 8.60

28 §.06 - 7.04

20 9.16 - 5.96

a0 10.18 12.40 12.21

31 13,96 - 9.62

1z 5.42 - .04

23 8.35 - 7.86

34 7.37 - 7.58

33 6.73 7.68 7.3

36 7.25 761 7.38
{F.4.} - Prob- 37 9. 06 - 9.27%
ability 18 9.58 10.40 §.12
analyzer 39 11,25 12.46 12.16
40 12.15 13.14 2.90

(§.4.) ~ Spee— &1 T.Lh 5.39 7.98
trun analy- 42 §.99 - 10,30
sis. 41 6.98 - 9.56
i 4,27 - 6.43

T - no. of A5 4,48 - .50
cyeles din a6 1.97 - 2,92
record. 57 ] - 1.5%
i il 1.534

49 3.53 6,26 2.5

50 5,16 5.07 266

51 3.08 - 165

32 i} - =

a3 0 - .32
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Table TIIC., FEastbound - He/L (Peak to Trough) rms vs. H

1/

3

Record /L x 1073 u/Lx 1070 H (Ft.) " B

@ A l_/3 N
(P.A) (5.A.)

55 3.04 3.18 5,36 352 3
56 4,21 4.72 10.16 335 3
57 3.76 - 8.90 299 4
58 3.97 - 8,68 3% 3
59 1.67 - 7.68 a7l 3
60 3.41 - 7.80 358 3
51 3.34 - 488 353 3
62 3.41 - R 371 1
63 3.45 3.61 470 335 2
oh 7.23 - 5.37 121 0 .
45 5.08 - 5.17 332 2
66 5.04 - 6.186 150 1z
57 5.41 - 5.18 243 o
68 4.30 - 4.20 330 2
69 3.19 - 4.9% 172 2
! 3.26 - 5,29 303 3
71 3.82 - 3.89 346 4
72 3.34 - 4,56 a7 0
73 9,28 0.2 7.54 344 6
74 5.20 7.70 7.16 187 5
1 9.16 9.20 7.17 373 5
2 11.28 172.42 8.88 350 7
3 (13.72) (13.88) - 298 9
4 {12.31) (13.48) - 295 g
7 6.15 5.95 4.36 357 &
8 4.56 - 5.70 295 0
9 3.49 - 7.19 25% 3
10 5.79 8.85 8.72 215 3
11 8.16 6.36 6.26 254 3
12 6.98 7.73 4.63 261 3
13 5.86 5.74 b bk 260 2
14 5.35 6.53 6.82 308 2
17 7.85 - 11.42 247 5
14 8,31 - 9.14 185 3
19 8.43 - &.38 186 3
20 6.12 7.42 5.20 154 3
21 6.75 7,45 £.20 153 5
22 7.26 - 11,44 136 4
23 11.02 - 7.49 136 g
24 5.05 - 6.76 139 5
25 6.53 5.66 5.06 128 4
26 4.67 5,40 4,940 149 4
27 4.53 4.06 3.92 117 4
28 2.72 3.78 3.30 120 0

Comparison Obtained Irom Probability Analyzer and
Spectral 4nalysis

The rms stresses, as obtained from a peak-to--frough analysis of the
stress records using the probability analyzer, have so far been the only
reduced form of siress data available for analysis. Frevious reports (1)
(2)(3) were based entirely on these rms siresses, and all conclusions der-
ived were on that basis. The gpectral analysis, now performed on 42 rec-—
orda, 23 west and 19 eastbound, provide wvaluable alternative rms data for
comparison. Fig. 7C illustrates the relationship between the two sets of
stress values, where the 45° line represents the ideal case of equal stress
by the two methods. Considerable scatter of data is evident, particularly
in the eastbound results. Some of the scatter may simply represent com—
putational error, but the mean line (dashed) through the peoints shows a
gignificant trend, the spectral values being somewhat higher. Such a ten-
dency can be explained theoretically on rthe ground that the peak-to-trough
stress data do not exactly fit a Rayleigh distribution.

It should be noted that the rms of peak-to-trough stresses was ob-—
tained from the spectral analysis by assuming the spectrum was of narrow-
band type and the response of the gystem represents a Gaussian stochastic
process. Thus a /2 factor was applied to the rms of the record. If a
deviation from the gbove idealized assumption cccurs in reality, the fac-
tor to be applied is less than V2 . It is therefore possible that the
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reason for the aversge 10~ to 15% overestimate from the spectral apalysis
is due to the fact that the multipiier carnot be bigger than /2 and can
assume the latter value only under idealized condition. Any deviation
from the above will result in a cmaller value than v¥2 , which on the aver-
age for the above tested sample would be Y2 x .875 = 1.24. Cxamination
of the spectra plots shows in some cases that they are broad, and/or double
peaked, which indicates a departure ifrom the narrow band assumption.

Ancther possible reason for the higher results by spectral aznalysis
may be that the probsbility analyzer may underestimate the tms peak-to-
trough stress because of a slight error in the mean line definition.

Anothet comparison of the two sets of rms stress data is given in Fig.
8C, where average results are plotted against significant wave height,
Results by spectral analysis are shown to be higher over the range of wave
heights.

Stregs-Wave Height Relationship

A detailed study of the trend of stress as a function of the recorded
wave height was made possible for the 42 selected records. Three different
setgs of stress data were adjusted to a common basis of tms hm/L bending
noment coefficient and plotted in Figs. 8C and 9C in relation to significant
wave height:

a) Stress from the spectral analysis.
b) Stress from the probability analyzer peak-to-trough analysis.

¢) Stress predicted from model tests in regular waves.
Fig. 9C illustrates the comparison between the rms he/L’ as obtained from

a) the spectral analysis and from c¢) model test predicrions, im relation
to significant wave height. In both cases the standard deviation is also
plotted. It may be observed that practically all full-scale observations
fall within the limits of the t standard deviation zbout the mean obtained
from model tests. The relationship between the two mean lines is good
particularly in the range of 2 - 10 ft. significant wave height. Above
this wave height the lack of full-scale measuremenrs is evident, and the
religbility of the full-scale mean line is doubtful.

The good agreement in the rvange 2 - 10 ft. significant wave height
is incidentally an dindication of satisfactory aceuracy in the Tucker wave
meter.

It is also evident again that the results from the eastbound veoyage
seem to cause most of the scatter. While the model results are based on
the assumption of equal probability of each heading, the actual results
are biased to certain headings due Lo the navigational characteristics of
a typical North Atlantic crossing. Logbook data for the 42 records show
that the headings during eastbound crossing showed wide variations, while
headings were consistently quartering seas westbound. This appears to
be the reason for greater scatter of he/L in the castbound vovage.

Fig. 10C illustrates a similar relationship between h /L values ob-
tained from (b) the probability amalyzer and from (c) model test predic-
tions. The model results are reproduced from Fig. 18 of the tewt., Both
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mean lines and their standard deviations are plotted, as well as the indi-
vidual data points. The general agreement between model and full-scale is
not as good as in the previous illustration (Fig. 9C). However, only 13
out of 93 data points (14%) fall outside the + standard deviation as ob-
tained from model predictions.

It should be noted that Fig. 9C is moxre consistent thap Fig. 10C for
comparison purposes, since both mode] predictions and full-scale analysis
yield spectra and the game factor is applied to both to convert to rms
h_ /L. But in Fig. 10C the full-scale rms values were determined directly by
probability analyzer, as explained previously.
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Conclusions

The sample voyage of the Wolverine State for which Tucker wave records,
as well as stress records, were available for spectral amalysis was found
to have weather and stress data representative of North Atlantic weather.

Sample wave spectra obtained under the same conditions (Beaufort No.)
show wide variations in shape.

The trend of significant wave height against Beaufort No. obtained
from spectral analysis of Tucker meter data is in reascnable agreement
with Roll as modified by NPL correctiom factor (9).

The bending moment coefficients obtained by spectral analysis are con-
sistently higher than those obtained by the Sierra probability analyzer.
This result may be explained in part by inaccuracy in the probability anai-
vzer. This result may be explained in part by inaccuracy in the probabil-
ity analyzer and in part by departure of peak-to-trough stresses from a
Rayleigh distribution.

Conparison of bending moment coefficients predicted from model tests
with the above full-scale alternatives shows better agreement with results
obtained by spegctrum analysis.
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APPENDIX D
COMPUTER PROGRAM
by

D. Hoffman

Description

Program WTS-110 calculates the probability of exceeding a certain
stress given the mean and standard deviation of the stresses occurring
in each of several weather groups and the probabilities of occurrence
of those weather groups.

Theory

The peak-to~trough stresses due to a certain weather condition are
assumed to follow a Rayleigh distribution with the RMS values normally
distributed within each weather group.

The program finds the probabilities for a series of stresses accord-
ing to the mean and standard deviation given. Using these stresses as
RMS values, it then sums the probability of exceeding a stress level.
This is repeated for incremented stresses levels to obtain the general
probabilities associated with a series of stress levels in one weather
group. For each weather group a weighted addition is made to get the
total probability of exceeding each stress.

Usage of the program requires care since the trapezoidal integra-
tion can produce large errors under certain conditions.

If the mean value is very low the range of integration will be too
low since the integration starts at -1.

Flow Chart for Program WTS110 - Stress Probability for Weather Groups
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Program Listing Description of Input File Centents

WLSLID D9:58  RDS2  Juyh 05 70 MO Line Contents

00 REAL MEAN . })g K N "

110 DIMEMSIEN F4DE(40), PRIBC403,XJ(203,5L0 (201,503 (203 2 NC, M, WO, WU, PINT, C

; 30 HEAD

1208 5GP (20):5X(20) e P D

130 INTEGER HEAD (5D} :EC MEAR, DEV, PV, PB

140 GALL BPENF (1,7H0S11:07) . )

150 READCT 5 3K (1 line For each Weather Group)
V60 READCL, I TNC ¥, N, NU,PINTSCAL

ee aEy Lo TG, Ao NG R ? KEX  (NENT HEADING)

180 200 DO 20 J=1.M . A

190 SLYCII=0.0 Data is repeated Fiom Line 30 for each d
230 20 SLB(J}=0.0

210 M+l

220 M=l Dekinitions

2330 READ (1,2) (HIADCIY»J=1230) . L
240 2 FORMAT(SO41Y S - OUTPUT SWIICH - #IL for Complete Output
=1

250 PRINT 2, (REAICI)-J=t-503 for Total Frobabilities only.
260 330 ATAUC(1,} MEAN,DEV PP

2779 MEA&N=MESN ATl IHEC - MWe. of Intervals for normal Disc. {Max. 40)
250 DEV=DEY /0AL M - HNo. of Stresses {Max. = 20}

290 22 0J 25 I=l,INC HO - Wo, of Data Bets

302 RANZICEI=D. 5% {1-13-2.73 i - Me. of Westher Groups per Data Set

314 235 PREZEIISCEID45/DEVIFEXP (- 54 ({RADE LI ) -NEAMI/DEVIZ+2) PINT ~ Interval between Stresses

aza 195 DA 120 J=1,¢ CAL  ~ Calibration cousstant

330 SRCIY=0. HBEAD - Heading for Data Set {Max. 50 CITAR.)

343 DG 110 I=L1>INC MEAN - Mean Stress (@

230 KILJI=PINT*J DEV¥ - Deviation (I)

360 110 SXLJISSKCII+PRABCEIREXP (-1 .04 (XIC I /RADECT I 2452 ) PU - Obserwved Probabiliky for Weather Group

] GP(JI=3K0]Y ®B - Theoretical Probability for Weather Group
382 SLUCII=SLWCII+GA (I HPY

390 SLACJI=SLECY+GR (JI*PB Total ¥o. of lines egqual ({%o. of weather groups per data set
430 120 CamT INUGZ ona) Limes Ho. of data sets) Plus 3.

410 IF {(K«.E2.12s GO TG 250 OR

429 PRINT 7. Total = HDLU + 1) + 3

4234 T FHRAAT(FE " KIS 5 15X, "CF™ Y
440 PRINT 82 (RJCIIsGP I d=1,82

Sample Input File
450 6 FE3AAT(SX>F S22 BRASEL] 43

4603 2530 N=N+1

470 IF (N=nUI3300,3005140 [ -

450 147 PRINTI, fuEa 99236 Rusz  JJL 38 Ty wEd

4593 GFORMAT (FHL"WP SIS I TR "Wl 175 L TH "D 2] L.

507 PRINTE, (XJCJ¥.SLUCII,SL3003, J=1,M) 3 L . BE8S

510 BFAUWAT (S5XoFBa2,15%,E11 445 15XSE11.4) z >t -BRae N .

520 IFCHI-M03207:200,569 o G R TN E R e
4 14705+ 5155240

S30 69 CALL EXIT

547 EMD Ml ils 236453

B3P s TH21E. 05T WY
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Sample Gutput

wWrs119 14138 ROS2 JUL 94 T3 mMow 1853
X1 7.291
15.94 . 5943
CALIFIANTIA AEAR EAST - ALlUAL J8AFHER 19.949 Ba1180-18
KJ 6o 20,23 B.24560~11
1,03 Fe 46425 +90 Ge
2.99 LE5215-a - Q. T63RE+65
{Stress a.29 2_9421 ! (Probability of A 462 TE+4D
Lewvel, 4,97 AeBa7s }?):r.eedlng Stress B. 24336410
KPSI) 5.0 B AU in Weather Giomp) a1l 6IFUD
54203 0.3893 5.8 A.5265
Terad A LT SR 5.5 A4 225R
A.3a HaBERAL-7 TeRs 0. 9289~
.99 Av 3832 =10 F.3 793k
19.99 A 1347E=-11 He143
Lha3a B 5392 B 5447
12.0@ AaP23e-13
L1394
14.9a
15004 - (Above outpot is displayed only
15.9% Au22/80-19 A3 ldn-0s if & #1. Below oubput always
L7034 T THBIE-21 16948 @.113la-15 displayed) .
1397 B.255TE-22 L 7.9 A.3867E-94
1922 HeTT1GE- (Firse Weather Group) 1Re39 3. 1389E-05
2%.053 e 2u39e- 19,8 EEEKEK
xJ P 2. A% . lande=-w ¢
Le3a B ATEALF PR {Second YWesther Group)
2.92 TR
3.68 A.4577E-5
420 A.8753L-02
5.90 :
8.03 e | Welda 2
F.ra 495930468 B S4RAEama
RS E Yelgam ket ]
9. Total
1. 20 Probabiliries
11.no 3 for Given
t2.09 A 653k Wearher
13.99 A. 62214 Dstributions

A.6140E
a,5253
BebEE6E-1]
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