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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 differen-
along with relationships
wind speeds.

b. Model response amplitude
of ship loading condit”

levels of sea :
between wave he”

operators as a
on, speed and

Available wave data in different ocean areas

everity,
ghts and

function
heading.

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 long-term trends with extrapolated full-
scale results shows good agreement for the WOLVERiNE STATE in the North
Atlantic and fair results for the CALIFORNIA BEAR in the PJorthPacific.
The inferiority 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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INTRODUCTION—- —.

A previous report under the current project (l)* dealt with the
analysis ‘ofship 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 predicting loads on similar future
ships can be derived. Another report now in preparation (2) attempts to

compare and evaluate these extrapolationtechniquesand 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 (l), 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 fair 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.
Anotl~erpart of tileprediction 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 we ~re 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

~he ~asfc ~rlformation requi~ed for Lhe prediction of sta~i.stical trends

of wave bending moment ?s :

1. Wave data for difiierentlevels of sea severity, along wi&

relationships be~een wave an-d b-tn-dda~a.

7-. Kesponse Amplirude Operato~s for wave-induced bending moment,

as a f~nction 01 ship loading condition, ship speed and ship

Iheading.
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WAVE DATA— —.

I)escripLionof the Sea—

F,xperienc? gained in analyzing shor~-term records (20 min.) ifidica~cs
that the statistical behavior of the surface of the sea can be rcgardecl
as a Gauss<sn stationary random process. The sca c,anbe described as a

fi[lhl of a large numbar of lillear]ySuperj.mposed elementary $jinewaves of dii-
ferent frequencies, amplitudes and directions, with random phase an~l~s (5).
A typical spectrum is a plot of wave energy S .(u) against wave frequency,

(0b hIt gives an indication of the relative im ortance (or squaceclamplitude)
of all of the many wzve components present in the seaway. ThIJs one spectrum

is sufficient to describe the statistical characteristics of the sea at any
~11< point and time. Since actual sea spectra have a variety of shapes, it

IS difficult to describe them “by simple formulas. Ilowever, the use of a
~nzctra~ family in equation fomo will be discussed later on.

Ancther important property of a sea spectruin is that it defines impcr-

~an~ visible characteristics of the seaway, “Significant wav~. height” means

the average of the one-third hi~hest crest-to-trough wave heights in a record.

The average apparent wave period T1 is defined as the average of Php ~ime
be[wee~~ successive wave crests, and the average zero-crossing period T as Lhe

average of the time between successive zero up-crossfngs. AsstmrinS a suffi-

ciently Qsrrow spectrum, it can be shown (5) that a Raylejgh distrlbutian
applies co wzwe heigh’cs, and the significant hetght 3-~1/3Y the average app~.]--
ent pericd ‘Il, and the average zero–crossing period T are all functions of
the area and moments

Where m is the area

deflned”generally in

of the spectrum. Thus ;

% =
45

Tl = 2n+

under the spectrum. The r.oments,ml and m2, can bs

terms of the nth moment m of the spectrum as follow-s:
n

J
w

m . u‘s ~ (W) du
n

o

IC should be noted that? regardless of the appl~.cability of a Rayleigh

clistributiol~to peak-to-trough wave heights, the variance ~j2of the wave
surface. (sum of the squares of equally spaceclpoints on a record) is :31s0
equal to the area m under the spectrum. Hence, in tl~eRaylei~h case,

o

‘1/3 =
4ga” . 4~

fi][here(J is the standard deviation (square root of variance) Of the record.
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The assumed Rayleigh distribution for the crest-to-trough heights, 1+,
cf a short-term wave record can be conveniently expressed in terms of signif–

‘Cant wave heisht’ %3 “ “’us’

P(H) = 1 - Exp

[-2 [+]

As previously nc~ed, “short term” means a period of time which is short enouxh
so chat the S.ZZcan be described as a stationary, random process, i .~., i~s
statistical.properties remain unchanged.

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

H
‘HV3 4

(IIIN)/8
max

where In N is the natural logarithm of N (or I.ogeN).

After considerable investigation at Webb Instit,~,tesome time a~o, it WaS

decided that for certain types of calculations the “log-slope” spectrum form
should be applied, particularly for the response calculations of geometrica-
lly similar ships. Ths log-slope form of spectrum can be obtained as fol-

lows :

s (log Lo)
s’

“U4

~(logeu)=~= —
s< (loge m) _ 2 U5 SC (O) [1]

(LW /2 7T) g’ g2

where S’~ (loge M) i.sthe log-slope spectrum ordinate (non-dimensional),

S<(loge w) is an energy spectrum ordinate when plotted against loge w,

2
SC(M) is an energy spectrum ordinate when plotted aSairistw, ft. -sect,

m is the circular frequency expressed in radians,

Lw is wave length, ft.

Further explanation is given in standard refermces (8).

In order to convert published spectra given in (9) to this form the
following relationships apply:

S’c(log (J; ~5
e ——— x + CORR. FT.2

(Lw/21T)2 g~

2T1’d
where (CORR. FT.2) = Spectral ordinate of (9) = ~, where H is the “lag

number” i.e., spectral abscissa.
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Table I Eives the values of U$ T and L
w

correspondin,~ ta different val-

ues of loge u.

Table 1. Wave Length Lti,for Given Values of Loge u

log u!
~

0.2

0.1

0

-.1

—.2

—.3

–.4

—.5

—.G

-,7

—.6

..9

-1.0

-1.1

-1.2

-1.3

-1.4

-1.5

-1.6

LU=211f

[t!

&cz

1.2215

1.1052

1.0000

.9041

S189

.7AGE

.6703

.6U65

,fl),qs

.4966

,11~,93

.4066

.3679

.3329

<3012

.2725

.2/,fi6

.2231

.2019

&
T

T
.*.C—

5.lh4

5.685

6.283

6.950

7.673

8.482

9%374

10.360

11..449

12,652

13.9s4

15./)53

17.078

18.874

20.8fio

23.058

25.479

2!3.163

31.1,20

A’
26.461

32.319

39.476

48.302

58.175

71,944

87.872

1.07..33

131.08

160.07

195.55

2:38.80

lYl, .6b

356.23

4-35.14

531.67

L49 .18

793.1s

986.45

%
f.p,~

H5.b

165.6

202.2

247.4

301.6

36S.G

450.1

549.9

670.2

820.0

1001.8

1223.4

1494.2

1625.0

2229.2

2?23.7

3325.7

4063.3

49’51.4

d,.

InfQrmatioK rcgardir.~ccean waves and winds at vari~us localities
arntindthe TV’C.T16is rzth~r spGtty. Ihe Nfil:thAtlantic Ocear.,due EG its
impcrtarcc hs a trade rc~te znd its reputation fer severe stor-ros,has
be~lnthe subject.of nmr.eex.t~nsiveinvestigation than sr,yother region.
It was the~efore possible to make use of spectza cbtained frGm actual
xa\7e reccrds ia the North Atlanti,c Or.wl-~icb.tfi~u~eri~L~Cse ~’AOd&~data i=

the case of the Mol~Te~j.neState (3) .—— ——

klo\7Eve7,wave information reg~rcin.g the IVGrt.’nPacific is limited to
visual observations d wave ~eig~ts avd periods. In ortierto predict the

perfor~ianc~’of a ship in t’r,ePacific it is the~efore necessary to make
use Of spectral fo~mulations se.lectei Zo rtatchLbkeobserwd data. Both
al)prcachksWele trie? lrithis stuc,yfor the Wolverine State in the North
Atlantic, since it was assumed tb.s’c,if correlation between the two methods
was satisfactory ther-e,the c,bacrvedwake dstz f~r the North PacifTc coda

therlbe used fo~ predicting trends j.rlthat ~cean.
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[2]

WAVE HE IGklT. METENS

Fig. 5. Histograms of Wave Heights for All Year, All
Directions, All Periods on North Atlantic
Compared to IS5C Data

Table 11. Typical North Pacific Wave Data (12) in Terms
of Frequency of Occurrence, %



The llth ITTC recommended aS an interim standard a formulation basecl
~n equation [2] in which A = 8.1 x 10j g7 and B = 33.56/!-121/39:he single
pa]:amcter l>e~ng sigr,ificantwave height? H113.

It can be shown that for the above values of A and 13,the ave~age per-
iod (from zero crossings) is,

Thus not only is the shape of any spectrum fixed but also th.czelai:ionship
between the significant wave height and the average period. Hence, this

simple one-parameter formulation is not satis.~ac~oryhere? altho7@ it can
he used for other purpsses.

A Iorm of the Pi~rson-Moskowitz spectrum iuvolving the two-parameters
ill ~ s.ndaverage period is no~e suitabie for our purpo$ep and several

/
such Formulations have been proposed by various writers? usually expressed
-.
,knnon--dimensional form. The formulation adopted here is tha~ derived by
the ISSC (11) from Equation [2]. It was assumed that }J17= lJl,~and I)TV_is

equated to dle first moment Of the SpeCtrum,

where Sr(Lo)is the energy spectrum ordinate in fc.y-sec.

IL may be seen that a single spectrum can be selected to correspond.
to any given values o? HV and TV. <Some studies suggest that the rela-

Liomhip.e >.~enot really so simple) . A typical family of six curves f%

loge w.
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It may be noted that some aspects of ship performance at sea -- such as
motion amplitudes, ad&d power, or probability of shipping wa~er -– can be
predicted more simply than a long-term distribution of bending moment.’ IC
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–
Iated in each spectrum, a weighting function can be applied ~iving the
assumed percentage of time that each condition will occur in service. Hence,
average performance can be predicted for typical service conditions. !+oweve~,
since such a procedure floesnot consider the scatter of response in each sea
condition (i.e. standard deviation) it does nor permit the prediction of
the probability of exceeding high values of quantities such as bending moment.



Short-creskedness—. .—

The sea spectra given in publications such as (8) are point spectra and
represent irregular seas as observed at a Cixed point with no indication of
the spread in direction of the component waves. However, for reliable predict-

ions of bending moments from model data, it has been found (14) that the

shorr-crestedness of actual ocean wave patterns resulting from the different
directions of the various components must be ~aken fnto accounr. 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 o: the cosine of the angle between the component wave and the dorninar.t
wave direction is a good approximation. Hence, the short-crest~d spectrum
can be

~ COS2
‘IT
direct:
should

quency
of the

obtained by multiplying the point spectrum by a spreading functfon

pw, where Pw is the dlrectfon of a wave component relat$ve to the

on of the wind. It has been suggested that the exponent of the cosine
have some other value than 2, and that the value should vary with IKe-
A general formulation was most recently recommended by the 12th ITTC

spectrum with spreading function:

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

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

Wave Heiqht VS. Wind Spec+d!lelationship--.—-— —.—._—— —.-.

bending moment from model testsAs previously noted, predictions of
can best be based on wave height as the sea state parameter, wheress full-

sca.ledata are usuallv classified by Eeaufort number. Hence , a relationship
between wind speed and wave height must be determined.

Several,rr]ationships between wave.hei$ht and wind speed axe.commonly

given for opea ocean conditions. However, care must be taken to distinguish
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A.simpler wind-wavt rel.a~ionshi.padopted b:rth~ British Towing Tank Panel
has also been shown in PiE. 8. It ~S ~ str~i~llt line defined bv the fo~mul~:

where Hlf3 is the sizilificantWaVe ]leiZht, u is the win[l speed in knots and

a and b are constants. ‘~h~.srelationship can he re.pardedas a rou~h approxi-
mation of the Moskowit.z random line, but i.tis somewhat lower in both the.low
and hi~h wind ran;es.

Another rel.ation$hip is that ~iven LIV FOII (IS) on the basis of observed

wave hci~hts. There is some doubt, however, whether the “obsprved wave height”
corresponds to r“hc~~si~nificantwave hei~htf! as usbd in the pr~vjously clis-
cusscd cases . Furthermore, Poll’s curve.has to be extrapolated beyond Reaufort
10 dut co lack of high sea data. A modified curve has the.refer:bcrn sugFested
bY ~logbenbased on his relationship between observed height H and signifi-

OBS
cant hei~ht as follows:

H 1
/3

= 4.1+ .89 HOBS
[7]

However, the modifi~d R.011cume still seems low compared LO other suggssteci
lfnes . The standard devia~<on as g<ven by Roll is also shown in Fig. 8.

A recent addition to the family of curves is that piven by Scott (19)
which close~y fits the formula:

3/2
H] = .Osu + 5

/3
[8]

He found that this formula fits the Pierson-Moskowi.tz obs~rvations of wave

r
heigh~ for winds f~om 15 to 55 knots with sca,ndarderror~,”~of 6 ft.
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WIND SPEED, KNOTS

Fig. 8. Relationship between Significant Wave Height
and Wind Speed from Various Sources, and
Standard Deviation of Wave Height Relative
to Wind

Results obtained from the Tucker wave meter on board the Wolverine State
for two typical North Atlantic voyages (west and eastbound) are presented in

——. —

Fig. 4C, Appendix C. The wave height recorded (sijmificanc) is plotted against
wind speed for a ‘totalof 93 twen?y-rninute records, and the av~xaRe curve
representing this relationship is shown. Also illustrated are values ob~ained

by Roll from observed wave height, corrected to significant wave height usins
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 a~d corrected Roll resulrs.

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 Lhe saint. The

only available source of such information reRardin~ the Pacific is Yamanouchi
(12). Thedata are based on 100,000 observations coil.ect~dfrom various un-
trained observers over a ~eriod of four years. Fig. ? illustrates the

Yamanouchi wind vs. wave height relationship for the North Pacific and Poll for

the North Atlantic redrawn from Fig. 8. The standard deviations are also given

for both curves in FiR. 10. The Yamanouchi curve (Fi~. 9) was corrected to give
significant wave height rather than observed height msin~ Equation [7]. It is
reaclilyobserved that the Yamanouchi curve is rather low in comparison to
Xoskowirz and is even lower than Roll’s curve which, however, was derived in a
similar manner from visual observations.
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Alt170ugh the Plosknwitz random line was selected fo~ use in the previous

analysis (3) ‘there is now reason to believe that ~h~ Roll relationship may be
more suitable. Detailed comparison between the Yamznouchi ?.ndthe Roll curves

and the standard deviations is gfven in Table III.

Table 111, W~nd Speed vs. Wave Height Relationships
Derived from Roll (18) and Yarnanouchi (12)

Av,ru, SiEnifidafiI lJavc llci~hc Standa,d nevlatlon
W,nd H,,, . Fe-t Fc?r

Be,lufort Speed , Roll Ymnzn.uchl Roll Yamanouchi
Numbers Knots N. Atlanric x. ?clc~fic N Atlantic K, Fc)cll I<

1 /,2 3,5 7.4 6.4 2.62 2.00

3b4 11.0 8.5 8.1 ?,78 2.70

5L6 21.0 11,2 10.7 3.67 3.65

76.? 33.5 16,6 lib,<, 5,53 5.65

9L1O 48.0 23.9 L9.n 7,46 7.65

> 10 ;3,5
3:.0 24.3 8.79 S.20

All wave heights are Significant values (ilV@HIEC of highest onc-third), .S
derfwd from the ob~erved values given in Refs. (18) and [12) according to
[kgben (10) as follows:

Hl, j = 471+ 0,89 HOB5

RESPONSE .AMFLITUILZOPEP&TORS (Ri’iO’s)

Experimentally determined R,P>.0.’s for the Wolverine State and the.— —-
Califomia fiearat seven different headinss Of 0°, 30°, 60”, 90°, 120°9——.. —O+,.
150° and 180 w~w obtained from model tests in regular waves at the
Davidson Laboratory (20) (21).

These data were presented in plots of “M/c,Vertical Bending Moment

(M) over Wave Amplitude (c), against ship speed for a ranse of LM/L
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ratios, Wave Length (~l,;)over Snip Le.n~th (L), of ().2to 2.0 and speeds
of 8–22 knots.

The results for the Wolverine State are given for a me?.n draft of 19.3
ft., simulatin~ an avera~e load condition of the ship on the North Atlantic
route, as well as for the 30 ft. even keel fully loaded condition (not

actually attained in service) ,

The California Bear too w~s tesied at two loadin~ conditions, at mean——. . .
drafts of 24.625 ft. and 20.9 ft., representing average loadin~ conditions
on the westbound and eastbound voya~es, respectively, across the North
Pacific. Cross plots of M/C against ~ (eff)/L ve~e made for ship speeds
of 8 and 16 knots for the Wolverine State and 14 and 21 knots for the
California Bear, where ~1 (eff) = LW/COSPW, HW being the heading an~le reia---- ,.,,,....—.
tive to wave direction. This form of cross Plot was adovted because the
R.A.O. curves Ior the various headings should all peak at approximately

Lw (eff)/T.= 1, and this enables fairin~ to be more easily accomplished.

The R.A.O.’S were then transposed from If/<to a non-dimensional form (7):

where H /L Ts the non-dimensional. bending moment coefficient, 2n <a/~,
e w

is.

maximum wave slope, and (c p g L2 B CW) is the conventional quasi-statfc

binding moment per unit wave height, with CW the wzterplane coefficient and

c a coefficient obtafned from Swaan (22),

Iqeis the effective wave heigh~, defined as the height of a ~ro-

choidal wave whose length is equal to that of the ship, which by con-
ventional static bending moment calculations (Smith effect excluded)
gives a bending moment <hog or sag) equal to thar experienced by the
ship in an irregular sea. Hence, by the above definition,

IQL = —
EM

2PgL3EccW

In t’nfscase, the irregular sea B.M, is the rms peak-to-trough value.

It is possible to convert Hej’Lto bending moment, or co a non-dimensional
coefficient, bl,where
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The values of c and Cw-for Lhe Wolverine State and the California.— —., ..—

Bear are given below:
—. ——.—.——..—

I
1 j ~w

2 cc’
w,

— ——. .-.—

Wolverine State .01955 .752 .o1470-..—

1 California Bear .01899 .724 .01375
——— —“- .-.—. --

The R.A.O. ‘s were pl.otred against log m as SIIOWn in FiFs. lZ-17 for all
e

co]ndizions and two speeds each, where

J

-...—#
IoFe 0!= log 211 gfL

e ~,ff/L

= log
.61872

.-.. .,.. , . —
e

4

L
Wef!iL

Since model test results did not cover the verv lonR wave Ien,cths
encou~tered in severe storms at sea, the R.A.O. curves were extrapolated
by fairing to Lhe quasi-static values obtained from Swaan (22). The static
bending moment F!!as given by Swaan is:

where ~ is wave amplitude and

7

is Swaan’s static bending moment coefficient
(2c Cw in the previous notation , In the case of the California ~,.—

~. = .02716 (22), and hence for ‘Lid/L= 1.0 and 2~ = L/20,

The corresponding f<gure obtained from the Davidson I.aboratorvmodel
tests (21) was 152,000 ft.-tons. The latter result includes effects associ-
ated with model motions and forward speed, ancltherefore, it is I.ower,as
expecteclh However, the static values obtained from Swsan were very helpful
in showing trends for fai~ing the RAO curves, especially in’extrapolating
EO the longer wave Ie.ngthsfor which no experimental dsta were avai.1.ab].e.
Fig. 11 shows curves obtained by first calculating static bending moments
for the California Bear on the basis 01 (22) and then applyin~ a dynamic—.
factor. ~his factor was simply the ratio of model/static bendins moment at

‘~/L = 1.5.

CornparinS the R,A.O. ‘s of the Wolverine State and California Rear it_.— — .—— —.. .—
will be noted that the former are much smoother and more re~ular than the
latter. This is partly due to the fact that the Wolverine State data wert
faired, whereas the.California Bear data were nor. Since,the calculation.— -—
of ship reSpOnEe is a summin~ up process, it should make Iit’cledifference
whether input da~a 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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Fig. 12. Bending Moment Response Amplitude.Operators, S,S.
WOLVERINE STATE, 8 Knots Speed, from Model Tests
(20)
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Fig. 13. Bending I!omentResponse Amplitude Operators, S,S.
WOLVERIliESTATE, 16 Ihots Speed from Model Tests
(20)
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square of nov-dimensional response <nstead of the ffrst power, as in Figs.

12 and 13 for the Wolverfne State Eowever,.. ..... — - a more important difference is
that the California Bear model resu3.’csshowed a distinctly two-peakrd char-. ..... ....——
acteristic not found in the other ship. This may renresenc simply a

difference between Ime 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) ).

l’he.11.A.O.’sfor both ships were then read off the plotted curves
(FiSs. 12--17)at 19 values of IOS u between the values of +.2 to -1.6 at
increments of 0.1 for the seven h~adings investigated. The 19 values read for

each headinS constitute the entire model information which was used as input
to a computer program, alon~ witl~wave spectmm data, to give the.mean respo~se

and its standard deviation at different levels of wave hei@t.

LOLO1.

Fig. 14. Bending Moment Response Amplitude Operators, S.S.
CALIFORNIA BEAR, 14 Knots Speed, Light Draft from
Model Tests (20)

ITILE.n-.m

d ..2 0 ., .4 .6 -c .,,, -,2 .,4 -1!>

l.,,q1.)

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.
CALIFORNIA BEAR, 21 Knots Speed, Deep Draft from
Model Tests (21)

WAVE BENDING lfOllENTRESPONSES - MODEL—— — .— .—

The prediction of wave-induced bending moments on ships operating in

realistic short-crested irregular seas can now be accomplished by &he priIl–

ciple of superposition (26) in which 11.A.0.‘s from model test results and

t.lheshort-crested sea spect~~ discussed above are combined. In each case
the products of points oa a wave spectrum component cL~rveand the corres-
ponding R.A.O. curve at the same log m and the same heading an~l.e~ive

points on the bending moment respons~ spcctr~m component curve,

Calculations of the response spectrum component curves and the inte-
gration of these curves over a spread of t 90” from the dominant wave direc-

tion, to give the integrated respo~.se spectrum curve, were carried out by

eleccro~ic computer. The response spectrum c~rves are useful mainly in terms

of the areas which they enclose, becacse these can be intzqrr~ed s~a~~s~ic-

ally.
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P P

where R = mean square sh$p response

= 2 x variznce = 2 x 0’2

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

;(~=fi~

.,zx(rn~ .1.. of record)

Therefore, i.fa record correspondiil~ LO the spectrm were available, the
r.m.s. value (root-mean-square of equal Lime-spaced ile L 17alues)would be,

The “r.m.s . 91 record” is a fundamental statistical q~an~ity associztecl

with the physical phenomenon and from it “r.m.s. peak-to–trouSh~” generally

referred to as )~, Cail be estima~ed. If the i~arrow-spect~~m a.ssurnptioi~ Ci+TI

be assumed to apply, E = 2& c;.

SiJlde ship bencl~,np moments are usua,.lly qcote.d as hO:E~Tl: or saF+8iTlR,

tIhcn “r.m.s, peak–to–mean” is one--half as grea~j or r.m.s. “He/L (hog or
sa,g=~ 0.

IIIthis ~eport, bendi7~~ moment ciaza for irrc.gul.arsea conditions

arc usLially plot~cd in temns of r.m.s. ped-~o-mear H /1~(hos or saz) .
However, in some cases the r.m.s. of record, o is uses and he.ncc -- in

order to avoid confusin[l -– the lower case he/~ symbo~. is then used.

the record o and the

as noted> for uarrow-

above relationship

rJ.2]
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It is evtdent that in reality some intermediate relationship will usually
be appropriate, given by:

[13]

where E represents the type of spectrum,with r = (’)for the naxrow and
E = 1 for the wide type, An estimate of E can be obtained from the ratio
of zero crossings ~o 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,” ~e/ll, for

each of seven headings -- 0°, 30”, 6f)0, 90°, 3.20°, 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 out-

put of the program would consist of 10 r,m..s.values for the 180” headfng,
10 foT 150° heading, etc., giving a total of 70 r.m.s. values.

The mean r.m.s. of record and standard devia~ion of h /T.values were
then calculated for each heading, (The larger the number ~f spectra avail-
able in each group, of course, the better the estimate of standard clevia-
tion) . Initially the standard devfatioq s,vas calculated as follows;

,— ......A . . ..—

However, it is statistically preferable to use

4

——..

} (>[i- ‘)2 ‘“”’”
s=

n-1

[14]

[151

where s is the estimator of the standard deviation, IC should be noted

that if we wish to investigate the confidence interval for standard
~ (~;-~p

deviation we use S~ =
. The fact that n is used h~re, rather

n
than n-l as above, becomes academic because in the investigation the
denominator cancels out.

After study of the Wolverine State log data, it was concluded vhat“—
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 resulrs for all headinps, i.e. ,

Averaflemean r.m,s. of record is the arithmetic average of u for all
headi<gs.

Average standard deviation, s, is obtained from

1!S22 ~ (Si2- -1-mi2) 1——
n i=l m

see Appendix B):

[16]
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where

S7 = average standard deviation of bending moment

in relation to wave

s .
i

m. =
1

n .

s~andard deviation

mem of r.in,s.for

number of headings

These c~lculattons were also computerized

height,

of r.m.s. for one heading

one heading ,

, and rhe average means and
average s~andard deviations of r.m.s.”of record were obtained for each of
the wave gxoups.

Fig. 18 illustrates the results obtained for the Walverine State in
the North Atlantic usfng the H-family of spec~ra of Fig. 4. The resul~s
are given for the S- and 16-knot ship speeds in terms of the r.m.s. of
record, he/L, and stancla.rddeviations.

A similar relationship ‘co that given in Fi~. 1S for model tests was

obtained from full-scale analysis of stress and wave height data based
on a tvpical voyage across the Atlantic (east and westbound), Fig. 8C in

Appendix C illustrates the relationship between significant wave heigh~

and the r.m.s. of record, h /L, for both model and full-scale. Mean and
standard deviation are give: for both cases. Although the range covered
by the full-scale results is limited in terms of the maximum wave height en-
countered on this particular voyage, the agreement in th~ 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 ava.il.-
able for the North Pacific ocean. Hence, spectral formulations based on
different values of HV and TV had to be used. Generally for each of six
values of HV there are s~x values of TV and hence six spectxa havin~ a

known probability of occurrence (instead of random spectra of equal proba-

bility) . The calculation of mean r.m.s. response and stan?,arddeviation
then involves the followins relationship, applicable withfn any one band
of Hv values :

Percentage occurrence of each TV
where P (T17)=

~ Perce*!cage occurrence,of all.Tv values

As wfll be discussed later, the California Bear operated over a much———. —
wider range of drafts than the Wolverine State, afidmodel basin results—— —.
showed co~siderable variation in bending moment with draft. Hence, Fig. 19
gives the ~alifornia Bear results in terms of h /L (r.m.s. of record) for—“
both drafts at which model tests were run, as w~ll as for both speeds.

Results for the California Bear are also given i~ Fig. 20 in terns of—— -.
he/L, the r.m.s. of record, for one average draft. The results shown here
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to represent the average full–scale loading condition,
(It should be noted that the resu].tsare not for the aver-
condition) . The curves for the ‘rwospeeds were blinded
the assumption that c1..eship speed will h~: I-tducedas the

wave hei~ht inr.rease.s.

Sine.?it was dc.sired to compare the Wolverin~ State in the. North.,—...—— ——
Atlantic wi’ch thr California Rear in the North Pacific, it WaS nc+ces-—..—
sary to obtain a comparison of the th-omethods previously discussed.
This could he. done for the North Atlantic, since fiV~n~ TV da.t.aare.
available ~~-om I.S.SC.(11) and N.P.L.(10) that are sl.m~lar to ‘chose bV

Yamanouchi (12) in the Pacific. Accordingly, the responses of ‘chc

Wolverine State were calculated from these data nnclcompared with previous. .......... ..— —
results, as sho<m in Fig. 1S.

l?i~. 21 illustrates the results obtainecl for the Wol.verins Stats in

Lhe Nortl~ Atlantic usiny, the alternative WaVe data.
——,—. ——.
The H-fami.l.vresults

shovn in Fi~. 18 were redxawn along with results of calculations usin~
data published by the I.S.S.C. giving the frequency of occurrence of T

v

‘n eacl’ J+7”
The I.S.S.C. spectral formulation was also us?d. The a~ree.-

ment between the two mean curves is excellent up to a 30-ft. wave height,
but there is considerable difference in standa~d d~viation i.nthe hisher
waves (20-30 ft.). This suggests that using Hv and TV data exap,gerates

the standard deviation of bending moment. A further comparison will be
yiven in the next section where I>redictedvalues are compared with full-
scale results on a Beaufort No. basis.

IrIthe case of the I.S.S.C. data, all values greater than 8 met~rs or

26.00 ft. wave hei@~t (and greater than 15 sec. wave period) are classed in
one open-ended band. Although data for the highest “bandhave been plotted
at 30 ft., se.p~ratecalculations prepared from Fiz. 5 indicate 32.48 ft.
as the m~d-point of this band. However, it is clearly an estimate, aridthe

exact value cannot be de~ermined accurately. In order to estimate th~ erro
involv~d with a wrong choice of upper limit of wave he.i~ht, a series Of cal

culations was run using th~ Wolverine State and the California Bear data ix—— — .—-
the North At].antic and North Pacific varying the mean wave height and perio

-—

values for ‘theupper-most band. The results showed that the open-ended nat
ure of the wave data information can only affect the ben.din~moment curve
at the highest wave hei~ht and has no effect on the curve up co that point.
It will be shown later, under discussion of the long-~erm curve, rhat 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.

EX1’ANS1ONOF MODEL DATA TO FULL-SCALE——.—

The predicted trends of bending moment vs. wave height are not
dir~ctly comparable with full-scale data. In order to test model pre-
dictions against full-scale data, the trends pr~dicted on the b=sis of
si~nificant wave height must be converted to trends with i3eaufortNo.
The relationships between wind and wave height (Fi,gs.8 and 9) were dis-
cussed in a previous section and can be applied here. The wind-wave
relatj.onshipo~iginally used for the Wolverine State in the North—. —
Atlantic (3) was the Voskowitz-ITTC curve shown in Fig. a. However, the
Yamanouck,i curve fo~ tha North Pacific is seen to be much lower. It
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hasdl~ seems reasonable to expect such a large difference to exist be-
~ween the two oceans. A more reasonable explana~ion would be that the
differences result from differences in the way the da~a were obts.inecl.
Accordingly, Roll’s data obtained from yisual observations on weather
ships (rather than from actual spectra) would appear to be more directly
comparable co Yamanouchi’s resulPs, obtained by untra<n.edobservers .

Rowever, in additton to a general trend of wind vs. wave height it
is Llecessary to know the variability associated wfth this trend. Rence,
standard deviations of wave hetght were computed from Fierson-Moskowl~z
wave spectra (9) and the Roll data (18). In the case of Yamanouchi’s
da~a, the standard deviation of observed data had already been calculated
and plotted (12). See Fig. Lo.

Though a rather simple graphical relationship between wave heigh~ and
wind speed can be used for converting the r.m.s. values from one scale ro
another, ~ more sophisticated approach is required to chang~ tha standard
deviations predicted from model-tests cm the basis of wave height to the
corresponding values on the basis of wind speed, ~,hfch is essential for the

long-term predictions. No marter whether data are classified on the basis
of wind velocity or significant wave hetght~ considerable variations from

the average wave bending moment or stress can be expected for individual
cases in any one weather group, When classified by wind speed, thd sza
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 Che other
hand, classifying by ,waveheight lim?ts the variatton to spectrum shape
only . It is therefore expected that there will be a largsr standard devTa-
tion of both wave height and bending moment when classifying on.a wind
scale basis. This was shown by Compton (25],

The relationship between variance of bending moment on a ~~.nd speed
bas?s to that on a wave height basfs has been dealt with by 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 dara is uniform along one
axis a~d normal alon~,the other axis in referezce to a mean line, A di.f-
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ferent approach was also considered whereby it was assumed that the data
were normally distributed along borh the vertical and horizontal axis
about a single mean data poinr. 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 llei@t (significant) and wave bending moment. The fO~-
lowing expression permits
conditions ,

–2
S12 = s~ + tan2

the model predictions to be related to wind

,2[ s: _~ [17]

wh em

S12 = variance of ship response relative to wind as a
COJ7’CinUOUS function (non-dimensional) .

222 = variance of shiv response relative to wave height

v7ithin a weather group (non-dimensional) .

S32 = variance of wave height relative to wind (sq. ft.)

tan 9 = slope of average curve of ship response (r.m.s. values)
vs. significant wave height (l/ft.)

AE = increment of width of weather group .

~L is obtained from model data analysis and is plotted in Figs. 1S
and 19: S3 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 co specific ocean areas and seasons.

The standard deviation of bending moment wi~hin a weather group is
obviously dependent on the range assigned to che group, and the wider the
range the greater the standard deviation will be because of changes in ‘ihe
mean value within the range. In the Iimitinz case of infinitesimal widths. .
a continuous function will result.
variance ~2 within a weather g~oup

function is given in Appendix A.

This
tion

–2
S2 - S22 = tan2 E12AH2/12

The following re.l,ationshipbe~ween the
and the variance S2 if it is a continuous

relationship permits one to correct rhe variance
obtained by grouping the data CO the value which

ttnuous fuflction,or vice versa.

or standard devia-

applies Co a con-

lJsing the above relationships the standard deviat~ons of r.m.s. bend-

ing moments were calculated for the Eeaufort No. basis, and then were COr-
rec’ced to apply tc a continuous function instead of a series of groups.
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The predic~ed values of c.m. s. bendi.ilgmmnent ccjefficlent and s~andarti
deviation for both ~olverine Sta~c sfidCalifornia Bear are plotted vs.

speed i.n I?igs. 22, 23 and ~4, —., wind
Some exrrapolat<.onwas necessary above Beau-

fort 10, i~dica~ing the possible need for more SPS.spectral.data for very
severe weather conditions. HOwever, it will he shown later that the effect
of differen~ assumptions regarding trends above Eeaufort 10 is negl.i~ible,

since such Weather occurs r2rely.
T’able TV illustrates the step by step

ca~cu~ation for the California Bear average draft conditioI1.

The increasein the magnitcde of standa~d deviation on the basis of w~nd speed zs com-

pared to that with wave height is substantial.

A summary of the mean and standarcl deviatir]n of the r.m.s. bending
moment coeffici.entlH /L, for ‘thetwo snips at the approp?-ia~r speeds is

e

giVEn In T~b~e V. ThE means are those obtainecl for e~ch wav-e hei#lt proup
assum<.ng eaual probability of all heatiinss,

whi].e the standard devi.atic>~7is
Ehc corrected value as obtained af~er conversiorl to the basis of wind speed
rather than wave heisht. ~he wind speed is ~ivcn in the tal>le also.
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Fig. 24. Predicted and Full-Scale Bending Moment
Trends, S.S. CALIFORNIA BEAR ~n North
Pacific

Ihe mean lie/~ and t[he standard deviat,iollshown iIlTable V anclin Figs.

Eiven in terms of 6, the rOOt-mean-Square slhip be.nclinp22, 23, and 24 are

moment res onse, and can be converted to peak-to-trou~h root-mean-sqtlare

stxess , /E,.bY mul’ciplving by the appropria~e factors for each ship as derived
in (1) .

Exwminin~ the curves of Fig. 22 for the Wolverine State in more detail,——.-. ——
it will be observed that there are three.different mOdel-based pl-e-dic~~ons
using different wind and wave data. Fig. 18 was used as a basis for the

calculation in all cases, with speed taken to be 8 or 16 knots, depending

on wzve hei~ht. The different assumptions may be summarized Z+Sfollows:

Table IV. Sample Conversion OF Standard Deviation of
He/L from Nave Height to Mind Speed Basis

12.30 2(i.9 .001(163 ;.cly .onn314 4, f,l .IJol?h

17. ?2 /,2,4 .nn162n 5.17 .00(1,?:$7 7.15 ,001s5
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Table V. Summary of Mean H /L and Standard
Deviations from M6del Tests

~m.... Sig, wind ~,an

Shi ,> v. v, Sp, <,d H IL
!JXed, },, ., (from e
Kn.z9 Xcek 1{011 ) ,

l<n,,ts
—., — ._— ._. ._ _

16

1.h

1?

8

21

20

lE

15

1),

7.38 3 ,00310

1?.30 24 ,no478

17,7,? 35 nnm

72.Yh 46 .oo73q

‘JO.uo (601 .(>0890

7.3X B ,Q0321

lz.?n 27 .00485

17.22 j,2 ,[1n694

~?.gf bn .nn79u

30.00 (791 .00971

,,, ., r,m, s. x /7,

kt,].1),,,
of

P IL ,,n
,

W1,,J bpcct

orJ241,

.002(,0

,00316

.00?82

.00054

.0017.4

.00183

.00219

Wfnd-wave Eelationshfp

Case Spectral Family gnd Standard Deviatio17.—

1 Selected from NToskowitz random (17)
Pierson-?!oskowitz (9) (17)

2 Sel~ctcd frc)m Roll, modified (18)
Pierson-Moskowitz <9) (17)

3 ISSC formula (11) 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 Atlantic. It will be noted that the agreement of
both means and standard deviations (Figs, 22 h 23) with full-scale results for
Case 1 is excellent.

Case 2 shows that usin~ the RO1l wave-wind relationship results in a
definite under–eskj.mate of both mean bendinx moment and standard deviation.

However, using rhe ISSC spectra]. famj.ly (Case s) –- as would be n~cessary

in the Facific -- reduces the error of the mean at high wind speecls and

increases the standarcl deviation. It will br shown in the l~ext sectiol~ how

the lon,c-termdistributions compare for all of thesr cases.

T’urninp to Fi8. 24, the procedure used fo~ the California Bear in the
Pacific is analo~ous CO CaS~ 3 fo~ the Wolverine State (ISSC formula and

.—. —
—“—--- —

Yamanouchi wind-,~ave relation) , Average data for two model drafts were
used , and speed w-asassumed in accordance with wave heisht. It is stirpris-
ing to find that mean and standard deviations of bending mome~t are esti-

mated with better accuj:acyhere by this method than for the Wolverine
State.-.—.,



Fig. 25. Predicted Bending Moment Trends at Two
Displacements, S.S, CALIFORNIA BEAR,
North Pacific

Hence, it can be concluded that the Roll wtnclvs. wave height rela-

tionship for the Wolverine State and the Yamanouchi wind-wave relationship—.- ——
for the California Bear yield reasonable agreement between model and full-—— ....” —
scale. Curves such as those in FiEs, 22 and 24 were referred to in pre-
vious publicatj.ons (1) as the “limited shor~-term cfirvesiland are che
essential soul-c.eof information for the derivation, along with the required
weather dtscribution, of the long-term curves.

As indicafed earlier, observation of full-scale md model results
ol~tainedfrom 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 ~he model results for the deep and li@c loadin~ conditions at
~wo speeds. Fwm the above four curves two curves were obtained, one for
each loading condition at an assumed speed varying in relation tO tile
severi~y 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 resul~s where the westbound conditions associ-
ated with the deep draft, or a displacement of 16,840 tons, and the east-
bound condi~io~s (A = 12,000) were found CO 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 ( L = 12,000) case could not be reproduced ~n the model

tank cluetO the model’s own weight anclthe minimum wei#lt condition
achieved was eqcfvzlent to 13,900 LORS displacement. Hence, in order to

compare the full-scale eastbound conditions with model tests, a simple

linear extrapolation was performed as follows:

The above extra7mlation was perforined ar each 13eaufortNo. and the results
are given in Table.V1.
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CONCLUSIONS

The first step toward developin~ a desi;n tool is described in Lhis
report. It is shown that lonS-tsrm t~en(lsof wa.vcbendin~ moment can be
predicted from mod~l tests and ocem wave data, usins tileresults of full--
scale statistical analysis and extrapolation as a check of predicted trends.

For this step tc be satisfactorily =compiisiled, hOWeVer, it is necessary tO

have sufficient such f~ll-scz.e1 verifica’ci.ons of prtidicted lon~-ternl dis-

tributions LO give xnqualf.fied accepzazce of the technique. Furthermore, as
pointed out in this report, adequate ocean wave data are needed for all

important trade routes.

Another step in design application will be the. determination of a I~ro~a–

bility level to adopt for desi~n wave bendin~ IiIOmPIl~. lt is necessary first

of all to consider the safety of the ship and its crew. The only sound basis

for a stren~th standard in this respect is one based on probabili~y theory.
We must be sure that the total risk of strut.cu~al. fai~Lure is never greater

than society can accept. As progress is made in clevelopin-~ techniques for

predicting long-term trends of various losds acting on a ship’s hull, along

with sophisticated techniques for determining detailed distributions of

s~resses, the time is approaching when we should decide what risk of structural

failure Ts acceptable to soclery. Here the classifica~ion societies can ‘ue
of assistance by analyzing their records to determine the number of majo~
failures occurring over the y~ars in ships of different Lypes arid sizes and

computing the corresponding probabilities that have presumably been considered

acceptable (25).

The final seep in the practical application of new Eechniqucs EO Ship

SesiSn will be the rational combining of wave bending moments with other

design loads, such a.s still water bending and dynamic springing or slamming

effects at sea.

It has been pointed out elsewhere (3) that a Ions-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 o-r this report.

The following specific conclusions czn be drawn from the present work:
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APPENDIX A

RELATIONSHIP BETNEEN STANDUD DEVIATION OF HIJL,LRESPONSE
WITH RESPUCT TO MIND AND WITH RESPECT TO WAVF WEIGHT

by

D. Hoffman

a~d

E, G. U. Band

INTODUCT.ION..———

predicEed from model tests, to the corresponding full-scale s~andard deviation
(S1) of rms bending moment a~ constant wind speed. No di~ec~ xelatiionsxists

betwzen S1 and S2. Here the wave height H depends on the wifid>-eloc%tyW, ~1-
though it shows considerable scacter (i*e. large S3).

Basic llelationshi~—.—

In this idealized case, Ehe dfstributio~ of ship respcnse *n any wind ~e~-
OCi~y band iS assumed ‘co‘~e ~.ormal with vzrying w%nd v-eloci’cy. Yhz mem of Lhe

distributions is assumed to be a linear funccioD.of wi~d speeds while the stand-
ard deviat?m is i~var~ant. Furthern.ore the number of data points within aay
wind speed band fs assumed constant, i.e. , the distribtiEiot~along the mean line
is uniform. Such a two-dimensional, uniform, linear normal clistrtbut%on is
shown in Fig. 1A for ship bending moment or stress, X, VS. wind velocity, W.

The two standard deviations, S1 and S; , ~re ee-chcons~ant.,where

S1 is the sraadard deviation of X at constant W, and

-1-

It cm be shown

-.-—.— ..—.. —.—-.— — .. .—. ..— .—. — ..—. .—.. .—_... .—._.. ___ _
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F~g, 3A. Experimental Data Showing
DistribLltionof Bending
Stress X with Respect to
Wind Speed W for 14 ft, <
Hl/ <16ft.
LI 3

Fig. 4A. Experimental Data,
Distribution of Bending
Stress X Versus Signif-
icant bJaveHeight,

Hi/3

-Ilhw I

w
w

Fig. 5A. “Target Distribution” of
Respect to W for a Small

Fig. 6A. Diagram Showing Distribution of

X with X with Respect to Idfor Discrete

AH Values of AH
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Fig. 7A. Normalized Presentation
of Fig. 6A.

squares, and B changes to O;. (Fig. 7A).
1.‘

It is Ehen possible to sum up the

data along a line such as A-A co obtain the con~.ributions of the different’

overlapping groups of data and to dete~mine the LlisCri.buLi.on01 Lhe Lotal

population along A-A. lf X and W are independent variables (with H constant),

then it can be shown that:

s ‘2~=—_-__.
COS O;

s’ s’
13.—

Sin 0’
1

[3A]

[4A]

A geometr~cal solution was obtafned by Eand. See Fig. 7A. Circles are

inscribed within rhe squares and a tangent line drawn above and below the mean

s
1.

line. Then ~ IS the vertical distance from the mean line to either tangent.
2

See l?ig.7A.

The ~ignifica~ce Of the geometrical solution is that the unit radius Of

the circle in Fig. JA represents the standard deviation for curs rhrough the
datz at any angle to the axes. Hence, for convenience, one m~Y consider the
direction normal to rhe mean line. Since the standard deviation about the mean
line ts unity for each portion of the population represen~ed by the individual
squares of Fig. 7A, ~hen the standard deviation about the mean line is uni~y
for the entire population. The standard deviation S1/S2 of the entire uniformly
distributed population, in the direction parallel to the X/S2 axis, is readily
seen to be 1 in Fig. 7A. Thus S1 = S2/Cos 81, which is equation [3A].

COS b;

.— —.—— .—.—. — ————. .——.—-— .—. ——..-—. .— ._ _ .. . _ —“— —.— .—— —.——.-—. —..— —.-— .—..—.
—. .—. ..—.... . .. . . ...
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Similarly Eq. 14A] is derived directly From FiL:.JI{,

1 Sin

s /s’ = ‘1 1
13

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

s’
Sir.c = --#

1

COS ~i = ‘2

s
1

s’ ‘1 s’
i.e. tan9’=~— =:

1 2s22
tan 0

1

One may now express S1 in terms of S2, S3, S2 and 83 in the following

mariner:

S1 = S2 (1 + t=m2o;) ‘/2 from equation [3A]

= S2 (1 + (S~2/S22) tan2 01)
~lz using equation [5A]

.

= (s22 + S~2 tan2 01)”2

(s22 + S32 ~12 using eq(tan2 62 . tan2 63) . [1A] and [2A]
.

tan2 O
?

3

~/2
Hence, S1 = (S22 + S32 tan2 fJ2) [6A]

and similarly

= (S12 - S32 . tan2 01/tan2 63)
1/2

‘2

2 ~/2
Sj = (s12 . S2 ) (tan 63/tan 01)

A?21!Lication toJQ.sQ.sxsss Da~~

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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-— ,, H

.

Fig. 8A. Derivation of S2, the Standard

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 hn.data points that fall in the strip AH is at
1

(Xi, Hi), and the standard deviation of these poi~,tsabout Xi is 52. The value

of s
2
will depend on the width of tl~ewave height range AH. In 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-

in terms of AH and ~
2

sus H,
2“

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

of Ani points.

The standard deviation of each group is S , and it is assumed that LH
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 ~

2
in the range AH. These ass~mnptions are con-

sistent with the uniform linear normal distribution which has been con–
sidered above.

n. dn.

The number of data points per unit length qi = ~= &
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where qi is assumed constant over H. As the second moment of data points
about Xi will be equal for both concepts:

Hi + LH

T
H+LH

Ani 522 = ~ AH (X-Xi)2 dni+~ ‘j S22 dn
H _— H-H

i
i 2

z

Hi - AH
2

AH~S22 - S22) = tan2 132~

s2=~2
- tan2 8

A~2

2 2 25 [7A]

Finally, substituting in the previously derived relationship for

[6A], an expression is obtained for Si in terms of the experimentally
tained parameters ~

2’ ‘2’ ‘H’ ‘3:

2

‘2+ K:21’a% ‘8A]‘1=2

Si, eq.

ob-

This is equivalent to Equation [18] on page 27 of this report.
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s~n.ce the ev-enEs in Ebe suin are mutually exclusive,

;~.;~~ f ,J(Y)i.sunderstood to be zero for any X > N,,
1

lm
N1

=—

X=l

N
i :

fi (x)

X=1

fi (X) = 1 since

●

fi <X) is a density f,vnction.

n ‘z
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But y x fi(x) = Pi, the mean of the ~~ constituent popul.scion,
~= 1

Hence,

~,=~f Nilli
[2B]

i=~

Therefore we see that the desired mean P is the wei@ted average of the

constituent nleaus,which should come as no great surprise.

The variance of Lhe combined~:pylatio~m

2
By definition: s = E[(X - !)2], which by a well known procedure reduces

Now ,

This formula expresses the variance of the combined population i.nterms
the statistical parameters l~i, ~ ~<~., N. of rhe cons.tiCuent populaCionsw

to

3B]

of

. ,— .. . ..- .—— --
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APPENDIX C

CORRELATION OF MEASURED WAVE

DATA WITH WIND SPEED AND

MEASUR.ED 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), inwhich 20-minutesample records of stress have been put through
a probabilityanalyzer by Teledyne Materials Research Company to obtain
histograms and/or rms values of peak-to-troughstress. These rms stresses
were then plotted against environmentalcondition 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 inexperienceof the constantly changing crew in esti-
mating such quantitiesvisually. Thus the previous analyseswere based
on two parameters: the wind speed and the rms peak-to-troughvalue 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
Atlant~c 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. lC and further illustrated in Table IC. The dis-
tribution can be considered to be approximately normaL except for trunca-
tion at B = O. A larger weather distribution based on 1713 records on

N
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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 XC.

L* ~
o 2

1 0

2 2

3 4

4 13

5 12

6 12

7 3

8 3

9

10 -

Distribution of Weather

Probabilities

~ ~ m. Q..E?Y.

5 7 ,074

0 0 .060

7 9 ,097 ,106

14 18 .194 ,~g~

6 19 2oh .212

7 19 ,204 .184

2 11, .151 .096

1 4 .044 .069

3 .032 .042

.031

.006

11 - ,002

51 42 93 1.000 1.000

%N = L!eaufort No,

I
“0” !7D–217 ------

: ,,, “0” I

Fig. lC. 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 (1).
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.

Ana&s~s 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, 2~7

and stress, were supplied by Teledyne in terms of the ordinates of the

energy spec~rum. For each spectrum a ~otal of 128 such values were g$ven,

covering the frequency range of O to .5 HZ. in addition, computer graphs
in the form of linear 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 Lwo reels of
1“ 14-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 channel, 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 digitizat~on was carrted out at 10”0times rezl
time with the tape moving at 30 fps, From each record, approximately 30
minutes long, 1024 data points were selected equal to 17 minutes. For
each record the spectrum was compu~ed by Teledyne using a digital comp-
uter. Each computer printout indicztes 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 estimate, wh;ch is a chi-squared
variable with 32 degrees of freedom. (95% confidence interval is -38%,
+44%) . Reading in 1024 data points gives 513 raw spectral points> of
which only every fourth is sufficient and printed out, resulting fn 129

prfnted points, the first at O Hz and the last at 0.5 Hz. The sum of all
the spectral ordinattiis also give~, 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
root mean square (rms) power -- 0~ for wave or n for stress. The scale
of the linear spectral plots for most cases was Z.p’c constanC co allow

direct overlaying for comparison.

Data Reduction

Tables IIC and IIIC illustrate the results as obtained from the spec-
tral analysis in terms of rhe significant wave height and the ~ms s~ress,
Also shown zre results obtained from ~he probability analyzer for the same

west and eastbound voyage. For each record the significant wave height

~1/3
was obtained as follows:
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Shilarly, the ~tipeak–to–trough rms stress as obcain~d from the Frcha--
bility analyzer was reduced to a similar form:

Wind-Wave Height Relations— —.—
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Fig. 5C. Significant Mave Height vs. Beaufort
Number for Eastbound Voyages

Table .TIC. hlestbound - He/l. (Peak to Trough)

ll,c.~dq*/Lx 10-3 H)Lx1O -3 H~1 (Ft.)
E

3

(7A)* (s,4-.)’

15

16
17
19
29
21

31
32
33

36
{P. A.) - ?rc.b– 2?

abili Ev 38
a“zlyzer 39

40
(S. A.) – Spec– L1

t,ml all.ly– j~

3.6L
4.3~
5,45
5.20

4.bo
~.35

4,97
5.nL

J.60
L.66

:.72
s,??

8.94
13.13

b.55
7.09

7,?2

8.16

8.50

8.90

9.95
?.86
7.6?

6.56

6.98
S,OG

~.lb
10.16
10, 56

5.5:
5,47
1.84
5.14
9.38
9.10
9.05
3.85

9.10

12.40

7.55
7.63

10.50

12.46

13.14
8.39

4,14

5.50
6.74

6.5o

5.39
5.9L

6.14
5.52

5.54

5.22
8.30

7.96

7.96
?.66
7.13

7.76
8.L6

10.34

1075

1$.08
12.20

10.G$

9.92
&,20

8.6@
7.9<
9,96

12.21

9.62
O.OJ

7.2.6
7.98

7.34
7.38

9.22

9.12
12,16

12.90
7,95

10.33

9.56

6.43
S.50

1,92
1.5fl

1.34

2.95

3.GG
3.61

53
.32

Fig. 6C, Significant Nave Iieightvs. Be?ufot-t
Number for Mestbound Voyages
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Table IIIC. Eastbound - He/L (Peak to Trough) rms vs. H
l/~

Record 11 IL x II)
-3

H /L x 10–3
L , H1./3

(Ft.) ,,
%1

(P.A.) (5.,!.)

56

.57

67

68

~
7
‘?
9
10
11
1.2
13
1/(

17

18

19
20

21

24
25

26

27
28

——
3 .0(! 3.1s

j,,21

3.76

3.97
3.h7
‘J.41

3.3&
3.1,1
3.L,.5

7.23

5.08

5.04
5,41

4.30

3.19

3.26
3.82
3.34

9<28
5.20
9.L6

11,28
(13.72)
(12.31)

6,15
4.5(1
3.49
5.79
8.16
6.98
5.8G
5.35
7.65
8.31
8.43
6.12
6.75
7.26

11.02
8.05
6.53
4.67
/,.53
2.72

4,72

3.61

In.?)

7.70

9.20
12./,2
(13.88)
(13.48)
5.95

8.85
6.36
7,73
5.74
6.53

7,42
?+45

5.66
5.30
L.o&
3.78

318
3)[
339
353
371
335
121
332
~~~

343
330
172
3D3
34<>
97
33H
1s7
373
3,50
298
295
357
293
253
215
~~L,
?hl
260
308
247
I05
lSL
158
153
136
136
139
L28
1),9
117
120

Spectral Analysis

The rms stresses, as obtained from ,apeak-to--trough analysis of the
stress records using the probabili~y analyzer? have so fer been the only

reduced form of stress data available for analysis, ?rmriows reports (1)

(2)(3) were based entirely on these rms stresses, anclall conclusions der-
ived were on tha~ basis. The spectral analysis, now performed on 42 rec.-
ords , 23 wes~ and ~g eas~bound. vrovide ‘valuablealternative rms data for
comparison. Fig. 7C illustrates the relationship between zhe two sets of
stress values, where the 45° line represents ~~~eideal case of equal stress

by the two methods. Considerable scatter of data IS evfdenf, part;cularl.y

in the eastbound results. Some o:f I:hescatter may simply represent com-
putational error, but the mean line (dashed) Ihrough tlaepoints shows a
significant ~re~d, the spectral values being somewhat higher. Such a ten-

dency can be explaine& theoretically on Ehe ground that the peak-to-trough
stress data do not exactly fit a Rayleigh distribution.

lt sho~~?Lbe noted ‘chatthe 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 sysfem represents a Gaussian s~ochas~$c
process. Thus a fi factor was applied ro the rms of the record. If a
deviation from the above idealized assumption occurs in ~eali.ty, the fac-

tor to be applied is less than 6 . it is therefore possible that th~
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reason for the averzge 10- ~o 15% overestimate from the spectral analysis
is due to Zhe fact that che mul~ipl.ier cannot be bigger khan 6 and can.
assume the lztte~ value only under idealized condition, AJIy deviation

from the above xill result In a smaller value Lhan C , which on.the aver-
age for the above tested sample would be & x .875 = 1..24. Examination
of the spectra plots shows in some cases that they are broad, andlOr double

peaked, which indicates a departure fzom the narrow band assumption.

.Anotherpossible reason fo~ the higher ces~lts by speccral analysis
may be that the probability analyzer may underestimate the rms peak-to-
trough stress because of a slight error in the mtan iine definition.

Another comparison of the Lwo se~s cf ms st~ess data is given in Fig.
8C, wb.ere average result-sare plot~ed agsins? significant wave height.
Results by e.pect~alanalysis are shmm to be higher over the range of wave
heights.

Stress-Wave Hei@E Rekationu.—

A de~ailed study of the t~end of stress as a function of the recorded
wave height was made possible for Lhe 42 selec~ed recorLs. Three different
sets of stress da~a were adjLwted to a common basis of LTS he/L bending
moment coefficient a.nclplotted in FiKs. 8C and 9C in relation to signiffcan~
wav~ height:

a) SLress from the spectral analysis.

b) Stress from the pxobabili’cy analyzer peak-to-trough analysfs.

c) Stress predicted from model tests in regular waves.

Fig. 9C tllus~rates the comparison between Lhe rms he/L, as obtained ~rom

a) ~he spectral analysis and from c) model test predictions, in rela~j.on

co significant wave height. In both cases the standard deviatioz is also

plotted. It mzy be observed Lhat practically all full-scale observations
fall within the limits of the t standard deviation about the mean obtained
from model tes~s. The relationship between the hTo mean lines is good
particularly In the range of 2 - 10 f~. signific.an~wave heig”ht. Abo-ue
ti~iswave height the lack of full-scale measuremcnzs is evident, and th~
reliability of the full-scale mean line is doubtful.

The good agreement in the.range 2 - 10 ft. significant wave hei@t
is incidentally a~ indication of sat.isfac~ory accuracy in the.Tucker wave
meter.

it is also evident again that tileresults from the eastbound voyage
seem to came mosl:of the scsttcr. While the model rpsults art based on
the assump~io~aof equal probability of ~ach headin~$ the actual results
are biased to certain headings due to the naviga~icmal characteristics 01
a typical.North Atlantic. crossing. Logbook data for the 4Z records sb,oxi
tha~ the headings during eastbound crossin~ showed -widevariations, while
headings were consistently quartering seas westbound. This appears to
be the reason for gre.a~ersc~~ter of he/L <n the eastbound voyage.

Fig. 10c illustrates a similar relationship between h /L values ob-
tained from (b) the probability analyzer and from (c) mode7 test predic-
tions. The model results are reproduced from Fig. 18 of the texr. Both
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Fig. 7c. Comparison of Stress Data from
Spectral Analysis and Probability
Analyzer
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Stress Data from Spectral
Analysis and Probability
Analyzer vs. Significant
Wave Height
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Fig. 9c. Trend of Bending Moment from Spectral
Analysis Model Tests

mean lines and their stzndard deviations are plotted, as We].l as the %ndi–
vidual data points. The general agreement between model and full-scale is
not as good as in the previous illustration (Fig.

‘X). However, only 13out of 93 data points (14X) fall outside Ehe t standard deviation as ob-
tained from model predictions.

It should be not~d that Fig. 9C is more
comparison purposes,

Consistent tkan F1g~ ~~c for
since both model.predictions and full.-scal~analysis

yield spectra and th.ssame factor is applied to both to convert to rms
h /L. But in Fig. IOC the full-scale rms values were determined directly by
p~obability 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 analysis was found
to have weather and stress data representa~tve of North Atlantlc weather.

show

frorn
with

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

The trend of significant wave height against 13eaufortNo. obtained
spectral analysis of Tucker meter data is in reasonable agreement
Roll as modified by NPL correction factor (9).

The bending moment coefficients obtained by spectral analysis are con-
sis~ently higher than Ehose obtained by the Sierra probability analyzer.
This result may be explained in part by inaccuracy in the probability anal-
yzer. 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.

Comparison of bending moment coefficients predicted from model tests
with the above full-scale alternatives shows better agreement with results
obtained by spectrum analysis.
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APPENDIx D

Description

Program WTS-11(1 calculates the probability of exceeding a certain
stress given the mean and sLandard deviation of the stresses occurring
in each of several weather groups and the probabilities of occurrence
of those weather groups.

Z!E2z?Y

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 che 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.

F1OW Chart for Program liTSl10- Stress Probability for Meather Groups
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im. c~iption of Input File Contents

DeEinitioms

K

me –

N -

No -

Nb -
PINT -

CAL -

READ –

mm –

DEV -

Line content s

10 K
20 114c>N, 140,NJ, PINT, CAL

30 RE.m
40 N&M , ZMv,P(U, m
etc .

(1 line For each Neather Group)

Uata is repeated E.om Line 30 for each da

OUTPUT WITCH - #L for Complete Output
=1 for Tc.tal Probzbilitie. only.

No. of Inter-$ais for normal Dist. (&x. 40)
No. of Stresses (l{~x,= 20)

No. of Dar? Sets

RO. OF Neather Groups per Data Set
Interval between Stresses

Calibr2ti0n co,wtant

Headi”z for Data Set (Nax. 50 CITAR.)
Neam S;,ess( $

Deviation (J)
Observed Probability For Neatber Group

Theoretical Probability For l!eather Group

OR
Total = NO(!,U +

sample IrI~ur Tile

:,d>, .9 39:36

!,>
2, .,:, ,2,,, :,4, ,.,

1)+3
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