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ABSTRACT

This report is a continuation of an-edriier report*, giving results of:
the analysis of all available stress data from full-scale measurements on
the following dry cargo ships:

S.S. WOLVERINE STATE
~.S.S, HOOSIER STATE

©'§.S. ‘MORMACSCAN -~

- S.S, CALIFORNIA BEAR-

The results for the first two, which are sister ships of the C4-S-B5 type,
cover a total of about 10 ship-years in the North Atlantic, and results are
felt to be consistent and reliable. Results for the MORMACSCAN, covering
brief périods in the runs from New York to Europe and New York to South
America; appear to provide inadequate statistical samples. CALIFORNIA BEAR
results for the North Pacific appear to be reasonabfe for that service.

Further details.are given. -on two techniques for the analysis and ex-
trapolation of full-scale. data to-longer periods of time, in order to pre-
dict extreme bending stresses (or bending moments) in service. One of the
techniques employs the integration of rms stress data from individual
stress records; the other makes use- -of the highest stresses obtained in
each record (extreme values). Both techniques involve the classification
of data by severity of weather in order to obtain greater generality of re-
sults. It is shown that extrapolated trends from the two methods are con-
sistent. B

Comparisons are made of non-dimensional ~bending moment coefficients
for all of the ships on the basis of the same “standard" weather distri-
bution. : -

*"Anaiysis and Interpéétation of Full-Scale Data on Midship Bending
Stresses of Dry Cargo Ships", Report SSC-196, June 1969.
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‘ INTRODUCTION

‘The purpose*of the Ship Structure Committee project SR-171 has been
stated to be (1) '"to andlyze the data on bending moment versus sea state
obtained on both full-scale ships in service and on ship models, with the
objective of predicting the type and level of bending-moment history that
a ship will undergo throughout its life. This can then serve as an import-
ant guide for ship design." ' .

As indicated in an earlier report (2), there has been a remarkable
trend in recent years toward larger -tankers and bulk cargo carriers, as
well as a steady increase in the speed of general cargo ships. Questions
have arisen as to the applicability of the o6l1d empirical standards of longi-
tudinal strength to these new sh1ps and a need has arisen for a more
fundamental approach to the design of ships for adequate longitudinal
strength. }

As before; we shall consider ofily one of the many factors irvolved in
longitudinal strength -- wave-induced bending moment == with the recogni=
tion that other factors, such as still water loads, slamming stresses,
temperature effects, and combined loads must not be neglected. The wave
bending moment is not a static quantity, and it depends on the response of
the ship to particular seas. Since the seaway -1s constantly changing in a
completely random and unpredictable way, and since it has been shown by
previous. investigators that response is affected by ship speed, heading,
weight distribution, etc., it is obvious that a simple deterministic solu-
tion is not possible.

In the previous report, results of the analysis of stress data from
full-scale measurements on two C4-S-B5 type cargo vessels, the S.S. Wolver-
ine State and S.S5. Hoosier State, were presented in the form of histograms
and cumulative distributions, which together with previously analyzed full-
scale data covered a total of five years of nofmal ship operation in the
North Atlantic. 1In addition; results of analysis of full-scale data were
given for: two additional ships, the Mormacscan and the California Bear:

The latter two 8ships represent higher speed types ‘than the first two, and
results covered. several different trade routes, .

A11 of the above-mentioned data are not of equal quality, -and in some
cases certain corrections or adjustments were found to be necessary in the
analysis. -Accordingly,. one object of the present report is to put all data
onto the same basis and to draw general conclusions from all the data. In
all cases high=£frequency. slamming aiid whipping stresses were filtered out by
Teledyne ‘in the data reduction phase.

The earlier report (2) gave two rational techniques for the extra-
polation of full-scale data to longer periods of time;.in order to predict
extreme bending stresses (or bending moments) in service. One of the tech-

PR

Numbers in parentheses refer to References listed at ‘the ‘end of this
report. .
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niques employed the integration of rms stress data from individual stress
records; the other made use of the highest stresses obtained in each record
(extreme values). Both techniques involved the classification of data by
severity of weather in order to obtain greater generality of results. It
was shown that extrapolated trends from the two methods were similar but re-
vealed differences that warranted further investigation. ’

1t is_the two-fold purpose of the present report to present the re-
sults of further study of the two .techniques of data amalysis mentioned
above and to provide a complete summary of the results of analyses of all
statistical data obtained in the project for the ‘Wolverine Statée, Hoosier
State, Mormacscan, and California Bear, including data previously published
(2). S - ' ' '

Accordingly, a more rigorous descriptién and comparison will first be
given of the two mathematical models suitable for ship stress data analy- .
sis and extrapolation, as applied to a representative sample of Wolverine
State data within -one weather group. Complete results will next be given
for all four ships by the rms method and results from different ships com-
pared. The method of extremes will then be applied to data from 10 voy-
ages of the Wolverine State and results coitpared with the rms method. Fin-

ally, conclusions and recommendatioﬁs will be given for the entire project.

A companion report (3). . deals with the use of modei test .

results and ocean wave data to predict long-term distributions fbf'aﬁy sﬂip'
design and'hence.co_op;ain more general results than those presented here.

A ‘tabulation of particulars of the ships (2) and-a list of stress
records taken on each ship'are given in the.Appendix. . s

PROBABILITY MODELS -

Introduction

A previous report (4) has shown that a reasonable -extrapolation of
ship stress (or bending mément) statistics can be made by a method origin-
ally preserted by Bennet (5); From time to time it has been proposed to
apply extreme value theory to the problem (6); and recent results have ap-
peared promising (7). However, -preliminary Wolverine State results pre—’
sented in (2) did not appear to be consistent with those obtained by the
earlier rms method. . - s L : . " :

R

_ As stated in (2), page 39, "Figure 17 -also shows a tendency for the
extreme value extrapolation to level off -at very large values of n, while
the rms extrapolation continues to rise.  Further investigation is re-
quired to determine whether this difference in trends is real, and if -so,
which method is a more valid basis of extrapoiating the observed data."
The relative merits of the two approaches are discussSed -and finally

(p. 41), " "It is expected that the results obtained from this further study
will shed more light on the problem of extrapolating statistical data."

Accordingly, it appeared desirable to carry out a more rigorous theoret-
icdl development of the two methods, using the same basic. assumptions in .
each case. The two probability models could then be tested by application
to 4 limited sample of Wolverine State data within one weathet group. These
two steps have been carried out and are reported in this section. o




Assumptioné

The purpose of setting up a probability modei_is two-fold. If it fits
the available data obtained over a reasonable period of time (8ay two to
three years), then first it can be used with sdme-confidenqé»to extrapo-
late statistical trends to much longer periods —-- as to the 1lifetime of a
ship or of many ships. Second, it can be used as a basis for predicting
long-term trends from model tests and ocean wave data (8).

In attempting to construct a reasonable mathematical probability model
for describing full-scale stress statistics, .the most suitable basis secems
to be first to divide and classify.all data by severity of weather. The
following basic assumptions have been made, -as in previous work:

1. -All.peak-to=trough‘stressés within individual 20-minute records
are Rayleigh-~distributed.

2. All rms stress values Wwithin any one weather group are normally
digtributed. '
The first basic assumption regarding the applicability of the Rayleigh

distribution to individual samples has been frequently made and justified (4)

(8)(9). It is the direct consequence of considering the bending stress over

a short period of time to be a stationary random process described by a rela-

tively narrow spectrum (10).

The second assumption has been found by previous work (2) to be reason-
able on an empirical basis. From a theoretical point of view, Dr. M. K.
Ochi points out that the Central Limit Theorem has a direct bearing on our
problem. - This' theorem says (in part) that if a large number of independent
random samples are drawn from the same population, the distribution of the
means of the constituent samples approaches a normal distribution, no mat-
ter what the distribution within the samples may be.

- "We are concerned with the question of how rms values of stress samples
are:distributed within one weather group. -The Central Limit Theorem tells
us only that the means (m) of all records should be normally distributed,
'provided- that a large enough number .6f samples is -taken. However, if the
second of the above assumptions is valid, the relationship between the means
and rms values of the samples is known. When the peak-to-trough stress data

'are-Rayleigh—distributed,.the-ratio of mean to rms is:

=X ‘/—;_= 0.886, or JE _ 1.13

This means, as shown on the sketch,

2. W]

f\\)remeaﬁ values
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that the dbscissa of each point on the normal curve of mean values must be
multiplied by 1.13, and the ordinate divided by 1.13 (to maintain unit area),
to obtain the distribution of rms values. It is evident that the latter
curve 1s another normal curve.’ Therefore, it seems reasonable to assume

that when a sufficiently large number of samples (in a particular weather
group) is available, the rms values should be normally distributed. Herce,
our two basic assumptions appear to be consistent. A f

It is important. to note, however, that in practice we are always deal-
ing with finite samples of data. As will be shown later, histograms of rms
values never exactly fit a normal curve, and peak-to-trough stresses. in any
record never exactly fit a Rayleigh curve. Nevertheless, there 1s theoret-
ical justification for applying the above relationships to finite samples.
In particular, it has been demonstrated by Dr. M. K. Ochi that the Central
Limit Theorem is also applicable to this practical case. He shows that if
the sample stresses are drawg from Rayleigh distributions, the relation

m/V/E = 0.886

will hold exactly when E/n' approaches zero, where n' is the average number
of peak-to-trough stresses per record. In the present case, where E<10 and

n'=300, the ratio E/n' is smdll enough so that the above relation should

" hold true. Hence, theoretically -- by virtue of the Central Limit Theorem—-
. the rms stress values should follow a normal distribution. ' v

Nevertheless, it is obviously impossible to prove that our two basic
.assumptions apply exactly to all ship stress data collected. In the end
the best test of applicability of these assumptions is how the theoretical .
long-term predictions compare with actual data. The following sections will
provide definite evidence .along these lines, within a single weather group.

_Cumulative Distributions

Cumulative distributions are of interest because, as explained in (2),
they predict the level of bénding moment (or stress) that 1is expected to
be exceeded once during a definite period of.time. To know by how much the
value will be exceeded, however, one must apply extreme value theory, as
-discussed later on. : o : o .

It should be noted that on the basis.of the above .two assumptions ‘there
are at least two ways to proceed, each ylelding a different type of cumula-
tive distribution. After describing these two approaches, it will be shown
that the two methods lead to consistent resiilts in principle. It remains
to be seen, however, whethef the actual data follow one pattern better than
the other. _— -

The two approaches will now be described in relation to the situation
within a single weather group. The combinéd effect of different weather
conditions can readily be determined, no matter which method is used. The"
rms method developed by Bennet and Band leads to a cumulative distribution
of all peak-to-trough stress reversals. This distribution 1is obtained
simply by integrating all the Rayleigh distributions defined by s normal
distribution of rms values (which are the Rayleigh;parameters), as pre-
viously described (2). ’ S _
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The other approach makes use of extreme values data, i.e., the highest
value in each record, instead of the rms value. A simple assumption pre=.
viously used (2)(7) is that the extremes are normally distributed, but this
may be shown to be inconsistent with the two assumptions stated at the‘be—
ginning. For although the Rayleigh distribution gives us a prediction of
the highest stress in each sample, depending on the number of stresses n'
in the sample, the extreme values from many records -- even with the same
n' and the same Rayleigh distribution -- will show some scatter. For n' = 300,
the ratio of the highest -expected stress in n' = 300, x300’ to the rms value,
/E, is given by

where vy is the Euler constant (y = 0.5772). But since there will be more
than one record having the same rms value, and hence the same Rayleigh dis-
tribution, we must determine the scatter of these extreme values. This

can be done, as described below, assuming a constant number of stress re-
versals per record, n'.

Once the distribution of extremes for a given rms value is determined,
one can compute the overall distribution of extremes. This distribution
can be compared with that obtainéd by the rms method, although the meanings
are different and they have a different probability scale.

The accompanying graph, Fig. 1, shows the results of comparing the
following ideal curves (probability models):

1. Cumulative distribution of all peakfto—trough'stresses, X,
' obtained by Bennet and Band approach, assuming all data
within one weather group have normally distributed rms values
(mean = 1.297 KPSI and standard deviation = 0,485 KPSI), and
individual records have Ravleigh—distributed stress reversals.
Q 1is the probability ‘per stress cycle; number of cycles, n= 1/Q.
"~ 2.~ Cumulative distribution of the predicted values of highest ’
stresses in -300; X 0’ assuming -that there are 300 stress re-
" versals: in each’ inggvidual record. As before, it 'is assumed -
‘that all data within one weather group have rormally distrib-
uted rms values (medn = 1.297 KPST and Standard - -devidtion =
"0.485 KPSI), and individual records have Rayleigh-=distributed
stress reversals. Q is the probability per record; number of
records; N = 1/q.

The graph, Fig. l, shows that at very low probability~levels Curves l
and 2 are separated by approximately log 300** It can be proved that in
the limit, as P approaches 0, the separation would be exactly 300. But
at high probability levels, which are of minor interest here, there is no
simple relationship in terms' of record length or number of cycles.

Thus the two mathematical models are consistent at the low values of
P (high values of N) which are of prinsipal interest. For example, we can

*1' =1 -
n = log,

.~ B
log ='loglo
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say from Fig. 1 that one can expect a stress of 7.1 KPSI to be exceéeded
ofice in 105 cycles or once in 105/300 = 3.3 %x-102 records. The highest
stress in the entire population of stresses is the same as the highest ex=
treme stress in all the records. Either curve ¢an be constructed from a
stated average rms value and gtandard deviation, using the two assumptions
given at the beginning 6f this section. ' C :

B \
; I-———LDGn'-LOGhQ A - ) |
. g == — . —= - - \ 2 EXTREMES, Xgo9 |
< 4 = = : = — — A v N
g' t.ALLSTHESSES, X R _
€ —~
\ \

2 —= - ———NUMBER OF CYCLES. n - ——

e o A
L. . ___ | NumBER OF N N P v

‘Y‘ 0t u{‘-‘ .o 10! ) .

ol el o v de e 4 AN BT B

1078 1o 10-3 10-2 ’ 10! . 109

PROBABILITY. Q(X> X))

Fig. 1. Theoretical Cumulative Distributions of Peak-to-
Trough Stress, and Actual Data Points from 270
~ Records. Weather Group 1I o . ‘

Calculating the Cumulative Distribution of Extremes.

PO

The method of obtdining Curve 1 has. been -discussed in-detail in earl-
ier reports (2)(4). The method of obtaining Curve- 2 has been developed by
van Hooff on the basis of work by Longuet=-Higgins -(10) and will now be des-
cribed. Within any weather group, instead of integrating the many Rayleigh
distributions (as in the work of Bemnet and Band), attention is focused on
the predicted highest valués in. the individual records. If there are many
records having the same rms value (i.e. the same Rayleigh distribution),
there will be a scatter of predicted highest values. The cumulative dis-
tribution of such "highest values" is given approximately by this function
from Longuet-Higgins (10): . .

’ ij‘é-E In n'

where E is the mean square value of peak-to-trough stress, and n' is the
number of stress reversals in a record, here assumed to be 300. In this
case we are more interested in the probability X300 > Xj which is simply




7

1- P(X300 < Xj). For computational purposes it 1is necessary to know the
corresponding probability density function, which is ' ‘

E '=-'x - 2_Eilnn' \ . | o Xz—ﬁl '
B e e e il e s

In general, there will also be many fecbrds‘having other rms values
and hence other Rayleigh distributions. For each Rayleigh distribution
the corresponding distribution of predicted "highest values” is given
above. The weighted summation of all these distributions yields a single
cumulative distribution of probability per record of exceeding differén;
levels of stress, i.e., Curve 2§: The dbove ‘summations were carried out by
numerical integration (Gauss-<Laguerre quadrature), using an electronic
compiiter. ) ' ' : o

Comparison of'Theo:y and Data

Actual data from the Wolverine State for voyages 219-241, weather .
group II, were available, having the stated mean rms-value and -standard
deviation. Accordingly, the highest values from all of the 270 records
were plotted in the figure (Fig. 1), where they may be seen to fall be-
low the theoretical Curve 2 (on the safe side) and to show approximately.
the same trend. (The highest value is plotted at P = 1/N, the next high-
est at P = 2/N, etc.). " - _ '

Similarly, from the histograms of all stress reversals in the game 270
records, data points have been plotted in comparison with Curve 1. Again
results are generally lower and similar in trend. -Hehce it can be conclu-
ded that the ideal curves show conservative trends in comparison with a
limited sample of data.

. Meanwhile, it is of interest to consider the possible reasons for the
differences between the probability models and the data sample. First is
the pogsibility that the rms values depart appreciably ‘from the assumed
normal distribution. ,The situation is shown graphically in Fig. 2, and the
X-square test shows x = 40 for 9 degrees of freedom. This indicates a
poor fit:. Since the actual distribution is somewhat skewed toward low
values of stress, the data should tend to be lower than the model —-
as it is in Fig. 1. ‘

A second source of discrepancy is the possible significant departure
of stresses in individual records from the assumed Rayleigh distribution.
This possibility is tested indirectly by plotting data in cumulative form
. on Weibull paper from four records selected at random (Fig. 3). It may be
seen that the data follow the Rayleigh slope quite well in the region of
interest. N -

Further indication of the applicability of the Rayleigh distribution
for determining extremes is given by Fig. 4. Here the extreme-values ob-
-tained by applying the Rayleigh factor for ‘the highést value in 300 to the
rms Values are plotted against the corresponding actual highest values for
each of the 270 records available. It may be seen that there is a.fair
amount of scatter, but on the average the correlation is good -- if a few
questionable points for which n' is much less than 300 are ignored. The
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scatter may be described by- means of an extremal distribution that will be
discussed later on.

The departure of rms values from a normal distribution is surprising
in view of the previous discussion of the Central Limit Theorem, coupled
with the gocd agreemént of the sample Rayleigh distributioms. It may be
that this particular sample 1is too small, since previous work (2)(4) has
shown considerably better fit. If this is generally true, the ideal curves
would in genmeral fit the data even better than shown in Fig. 1, which 1s
felt to be excellent agreement for engineering purposes. -

A third source of discrepancy in case (2) is the variation in number
of stress reversals from the assumed value of 300. Fig. 5 shows the re-’
sult of calculating Cufve 2 of Fig. 1 on thé basis of n' = 500 in compari-
son with n' = 300. The difference between the curves is séerd to be small,
Actual values of n' varied in the range of 100 to 600, with an average of
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Finally, a fourth source of discrepancy lies in the method of calcu-
lating the ideal curves. In both cases 1 and 2 a numerical integration is
required, and the accuracy of the result is therefore dependent on the ‘de-
tail used in the calculation. In particular, the width of the stress incre-
ments into which the assumed data are divided is vital For both cases the
increment of 0.15 KPSI corresponded to 100 intervals in a total range of
15 KPSI, the upper limit of integration. For case 2 the truncation error
of the computer was particularly troublesome, due to the double exponential
form of the Longuet-Higgins distribution. It is believed that a satisfactory
accuracy has been obtained between 0 KPSI and 11 KPSI.

Alternative Assumptions
: lﬁo other calculations have been made for compefisoﬁ with Curve 2 of
Fig. 1. In the two cases different assumptions were ‘made regarding the dis-
tribution of highest stresses within the individual records:

3. The mode of the distribution of highest values in each record is

the Rayleigh value of 2.385 x f.m.s.-value. Then the distribution of
extremes is assumed to be normal, with a mean of 2.385 x 1.297 and a

standard deviation of 2.385 x 0.485. :

4. A normal distribution is again assumed for the actual highest val-
ues (extremes) in individual records, but the mean and standard devia=
tion are obtained directly from the actual observed highest values,
This is one of the methods used in (2).

The suitability of these alternate ‘assumptions can be judged from
Fig 6; where it may be seen that the histogram of actual extremes differs
from the theoretical. The normal curves appear at first glance to be
reasonably good fits to the actual data, but closer inspection shows unsatis-
factory fit at the high stress tail. In other words, the histograms are
skewed rather than symmetrical. Nevertheless, it is of interest to see the
consequence of making assumptions 3 and 4 on the calculation of the cumula-
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tive distfibution of extremes. Fig. 7 shows, along with Curves 1 and 2 of
Fig. 1, Curves 3 and 4 drawn on the basis of assumptions 3 and 4, respect-
ively.

It is clear from Fig. 7 that assumptions 3 and 4 lead to simllar re-
sults, but that both give values of stress lower than the actual data in the
range of interest. .This is to be expected on the basis of the poor fit
shown in Fig. 6. On the other hand, the ideal Curve 2 somewhat overesti-
mates the stresses. In order to account for this, Fig: 8 has been prepared
comparing the sum of Longuet-Higgins distributions of extremes with the

- histogram. Although the fit may be seen to be much bettetr than the normal
distributions in Fig. 6, especially in the tall, it is generally somewhat
higher than the histogram. - ’ '
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The suggestion has been made that a so-called Weibull distribution is
well suited to the treatment of long-term statistical data. Plotting of
the stress data treated in this memorandum showed excellent agreement
"~ throughout the range of stresses. Likewise, the extremes (highest stresses
in individual records) were found to fit a Weibull distribution very well,
except at the very low stress rangé. However, this curve-fitting .approach
did not appear fruitful and was not pursued further because no functional
relationship could be found between the parameters of the Weibull distribu-
tion and the mathematical model or the data itself. :

The possible:application of Gumbel's work on extreme values was also
-investigated. Even better agreement of the present sample of extremes was
found with the limited fofm of Gumbel's third asymptotic distribution —-
throughout the entire range of stresses -- than with Weibull. But again
no way of determining the parameters could be found other than a curve-
fitting technique.

Extremal Distributions -

We may now consider the extension of the previous two methods .to the
prediction of highest values. Although the concept of extremes was used in
the first stage of the second method above, the final answer was still ex-
pressed in terms of a cumulative distribution, i.e., néither method yielded
an extremal distribution. -

The reason for the extension into the realm of highest- values is that:
although a cumulative distribution gives the probability of exceeding a
certain stress level -- or the value that we would. expect to be exceeded
once =— it does not tell us by how much the stress will be exceeded. A
distribution of highest values —- or extremal distribution -- has the valu-
able property of giving an estimate of the highest value in a sample, no
matter how large it may be. It also provides a measure of the reliability
of this estimate, or a form of confidence limit.

The determination of extremal distributions bripgsgus to modern develop-
- ments in mathematical statistics, particularly the principles of order sta-
tistics and the asymptotic expansions developed by Gumbel (11). The general
relationships can be developed as follows, first for the case of .a short
period of time while conditions remain stationary.

Let .
X= a value of peak-to-trough stress
£(X) = probability-density fudction of X ~ - - .- "

[l -

cumulative diétribupiqn function of X (as Curve 1 of Fig. 1)

F(X)

TF®) = PrX < X)) =f R L. L
. . j~ L L “'T‘ :j. . o D e, ) . - - 0 T N
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Then we have, ° HEEE. . e e

Pr(X 2X
Now@_in order to solve the extreme value problem, we have td,ﬁse order
statistics. IIhgt is, let ' '

Y, <Yy <¥3 . .. < ‘ ' ‘
1 2 S ¥3 . . . <Y - . }
be ordered random selection from a sample of n stresses having the proba-

bility density function f(X). Note that X; Xp Xz . « .+ aren ran—

dom samples from the population f(X). . On the other hand, Y; Y; Yj ..a¥N o

are randbm’samples-from £(X) but .are .arranged in sequential order.

If we now assume that many samples (each having n stress values) are
obtained, i.e., the whole process of 2 or 3 years' data collection were
wepeated several times, under the same stationary conditions, i.e., having
the same probability density £(X), then the Y's from all records have their
individual probability density functions. For example, Y (largest stress
in n stresses) has a probability density funictionm, N.

1 .0 - . |

n-1 - L
£Y)

¢ () = alF (1]
which can be evaluateaiih?our'casea' S e LT s

Then, the cumulative distribution-function of Yy is

N . . n
- e = FEY)
Thus, the probability thét the largest stress exceeds Xj over a long period
of timé (n stress values) is fe o T

©Pr (Y > X)) -

3
=1-0 (X)) .
=1-1[F (X)]

It may be noted here that Curve 2 of Fig. 1 was obtalned by using the
above theory for the case n = n' =.300, with a simplifying approximation
given by Longuet-Higgins. :

Referring again to Fig. 4 comparing calculated and actual extreme val- ,
ues, this theory enables one to predict the distribution of actual values ‘
corresponding to any particular theoretical value. When this is done lines
can be drawn on the figure representing the 0.10, 0.50, and 0.90 probability
levels, as shown. Roughly 80% (0.90 - 0:10) ‘of the points should fall'within
the 0.10 and 0.90 lines, and this is found to be approximately true -= ex-

" cept for a few questionable points. This result is very satisfactory; con-

sidering the possible errors involved in the numerical calculations.
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Extremal Distribution of All Stresses

It is of interest to apply the above extreme value theory now to
determine the mathematical model for the distribution of all the stresses
in the sample under study, which are given in ideal form by Curve 1 of :
Fig. 1. In order to obtain the ideal extremal distribution of stresses,
the cumulative distribution F(X) is obtained numerically from the assumed
normal distribution of VE values combined with the corresponding Rayleigh
distributions. It is easier then to solve for the cumulative distribu-
tion of highest values of ¢(Y ) than the density function $(Y ). Specific
values of the latter can be obtdined by differentiation. n

Of particular interest are the 0.50 and 0.90 probability values. See
Fig. 9. As would be expected, the 0.50 values -- which represent the ex-
pected highest value in an experiment having n cycles -- are slightly higher
than Curve 1 (which gives the value expected_ to be exceeded once). The sig-
nificance of the 0.90 probability valués, which are also plotted in Fig. 9,
can be grasped by assuming that the collection of data (n' stresses in each)
is repeated many times, say N. For any specific value of N the 0.90 proba-
bility value tells us the Stress that we do not expect to be exceedéd in 90%
of the N samples. Of, alterhatively, it tells us the Stress fhat we expect
to be exceeded in not over 10% of the N samples. Hence, it is a form of
confidence Iimit. Again it is not surprising to find thdt a point on the
0.90 cur&éf@t n corresponds exactly with ‘a point on CirVve 1 at 10n. In other
words, the predicted value to be exceédéd once in 10 samples of n" stresses
is the same as the value that is predicted to be exceeded once in 10n stresses,

B
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The Extremdl Distribution for the Second Curve

As was already mentioned, order statistics have been applied in arriv-
ing at Curve 2 of Fig. 1 but this was applied only to each of the Rayleigh
samples. As the probabilitiés of.these extremes are first weighted accord-
ing to the normal distribution, and then summed, the ultimate result 1is
still a cumulative probability, F(X') that the stress X' or XBOO) exXceeds
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a_given stress level Xj —- but by an unknown amount. The»appliéation of
order statistics in this case'yields‘the highest of the extremes Y'N, as

follows. Thus, the probability that the largest ‘stress exceeds X. over a

k|

period of ‘time (N' records) is, o
. o o
=] — ! 1 =
j) ‘1 F(Y N') at Y N’ lxj

- -:,f:"=, 1 - F(X‘:],);N'

where: 1 - F(Xj)'= éﬁmﬁiatiﬁé pfbgaﬁili;y_és given by Curve 2

Pr(¥' 2%

v

N =,numbe? of records in the sample.

Sirice F(Y'N,)‘Cannot be*ggprgéaéd exactly, it is impossible to gibe an

asymptotic expression, and even the numerical computation must be specially .

suited to the formula. The result 1§ plotted in Fig. 10.

-Again"i: may be seen that the 0,90 probability curve isvdiéplaéed'bf_ :

log 10 from the basic curve (2). Hence, for design purposes we can read
the extremal curve .at. any desired number of ship-years. ‘It may be con=

"cluded that the two dpproaches are consistent, and that the difference be~

tween the cumulative curves and the extremal curves is rélatively small. -

No atteisipt will be made at this time to recommend any one particular
mathematical model among the four that have been discussed:

(1) Cumuldative distribution of stresses

(2) Cumulative distribution of extreme stresses
(3) Extremal distribution of stresses

(4) Extremal distribution of extreme stresses
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Effect of Weather

All of the development so far has assumed roughly constant weather con-
ditions, i.e., a fixed Beaufort No. -- or group of Beaufort Numbers. Vari-
ations of wave height within a weather group are in part responsible for the
assumed normal distribution of rms values.

However, it {is a comparatively simple matter to extend our mathematical
models to include the effect of the entire. range of Beaufort Numbers or
weather groups. : It is necessary first to know, or to assume, the percentage
of time that each Beaufort No. or weather group is expected to occur. We
can then make ‘a simmation of the curves for all weather conditions (each of
which is like Curves 1 or 2) weighted in accordance with their percentages
of occurrence. The result will be overall cumulative distribution curves
showing probability of exceeding different stress levels in all weathers,
either per cycle or per record. This ‘work has been done for a sample of
Wolverine - State data in a later section.

Similarly, the extremal distributions can be summed un>numerically to
give the highest expected stresses for all weather conditions and the 0.50
and 0.90 probability curves determined.

Summary
.The work described in this section has shown:

1. Two consistent mathematical probability models can be devel=

. oped; one covering all observed stresses and the other the high-
est stresses in individual records, on the basis of two assump-
tions: .

- (a) All rms stress values within any one weather group;
are normally distributed.

(b) All peak-to;trough stresses within individual 20-
minute records are Rayleigh-distributed.

2.. Actual data in a limited sample for Weather Group II (270
records and 81,000 stress reversals) folléw similar trends, but
slightly lower in stress — indicating that the predictions are
on the safe side. Neither model shows a significantly better fit
than the. other. ' ’ )

3. Application of extreme value theory leads to the prediction
of highest expected values per cycle or per record, which are
slightly higher than the values to be exceeded once.

. 4. A form of confidence limit derived for the above is shown
. to be equivalent to a corresponding shift of the probability
scale (i.e. 0.90 probability is obgained by reading the stress
value at 10n or 10N).

5. The mathematical models can be extended to cover all
weather conditions experienced over a period of time. This ex-
tension will be discussed in a later section.
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EXTRAPOLAIION BASED_QN RMS'VALUES
General

The principal method of analysis and extrapolation of ship stress data
adopted here was that previously documented in (2). 'The purpose of this
presentation is to summarize the total data accumulated over: the eight-year
period of data collection on board the four ships. During the above period
several reports were published covering data available at the time. Band
(4) summarized the first 20 voyages of the Wolverine State, désignated -
170-217, covering the period December 19, 1961 to January 10, 1964. He also
published all the data accumulated on board the Hoosier State in 14 voyages
(123-177) collected over the period of November 18, 1960 to Juné 16, 1963.
The above results have since been superseded by (2), whare ten additional
voyages (219-241) ‘were added to the Wolverine State data, and a correction
factor was applied to account for the effect of irregularities in the plat-
ing which resulted in different results from the port and starboard gages
(2). The previous report also includes the combined data“for thé -two above
sister ships as summarized for 44 voyages, representing 8.04 x 10° stress
reversals. Since the publication of (2), additional data were collected
on board the Wolverine State between May 12, 1965 and May 9, 1969, covering
a total of 22 additional voyages, eight of which were between the U.S. and
Viet Nam.

The S.S. Mormacscan was instrumented during the period of April 17, 1964
to February 25, 1967. Over this period 17 voyages were made, five in the
North Atlantic and 12 from the U.S. east coast to South America. The over-
all long-term trend of stress obtained is-presented in Fig. 3 of (2). How-
ever, allowance should be made for the fact that data from two different
routes, as indicated above, are grouped- together. The S.S. California
Bear was instrumented throughout February 3, 1966 to October 14, 1968 while
in service in the North Pacific between the U.S. west cgast and Japan. A
total of 13 instrumented voyages represéenting 2.38 x 10~ stress reversals’
were analyzed. Preliminary results based on the first five instrumented
voyages of the California Bear were previously published in (2).

The list of all voyages for all ships designated by dates and the
number of tape reels recorded is given in the Appendix. All of the above
information was gathered by Teledyne Materials Research Company through the
eight-year program. i ‘ ’ :

Because of the length of time associated with the collection of the
above data, various improvements in reduction and analysis were introduced
through the years. Care should therefore be taken when referring to pre-
vious publications such as (12)(13)(14) and (15). The data in Ref. (12)
were hand analyzed while in (13)(14) and (15) the probability analyzer was
available. Though the two methods of data reduction were cross checked, it
was later revealed that the probability analyzer terminates the analysis of
the record béfore twenty minutes have elapsed if one of its sixteen stress
level counters has exceeded 255 reversals. This phenomehon is common in
records of low stress level when analyzZed at high sensitivity where stress
levels of 0-0.5 and 0.5-1.0 KPSI constitute the majority of the stress re-
versals. In order not to bias the sample by excluding low rms stress records,
all the records subjected to tlie above were later analyzed séparately along
with the so-called "zero" stress records reported previously.
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References (4)(12)(13)(14) and (15) include a series of "dot plots" of
rms stress vs Beaufort number which illustrate the distribution of the rms
value within_each Beaufort Number: Also shown are the mean values of stress
at each Beaufort No. As originally calculated; these mean values included
all of the zero stresses recorded, However, the majority of the zeroes
should have been excluded because they were recorded in port or in protected
waters. As a result, the mean curves were somewhat underestimated in the
lower Beaufort range. Efforts were made to correct for the above in thg
present study by including only the approptiate zero and low stress records.

This section deals successively with the different ships studied, begin=
ning in each case with the analysis of new data —- such as the last 22 voy-~
ages of the Wolverine State and last 12 voyages of the Cglifornia,Bea;. All
results for each ship type are then summarized and long-term trends of bend-
ing moment for each are presented. Finally, a comparison is given of‘results
obtained from all four ships operating in various ocean areas. ’

WOLVERINE STATE

Newly Acquiredvbgta

The data collection on board the Wolverine State constitutes the major
port of the total data accumulated. Due to the long period over which it
was recorded, some inconsistencies in the method of recording and reduc=
tion occurred. The first twenty voyages (170-217) (4) were recorded as an
averaged single signal combined from the port and starboard gages. This was
done in order to eliminate the effect of lateral bending, which would cause
a difference between the two gages. The ten voyages (219-241) reported in
- (2) and seven additional (245-265) reported below were recorded on two Ssepa-
rate channels -- port and starboard -= and were later electrically combined
in the laboratory in correct phase to give the equivaient of the averaged
signal. Thus the data available for these voyages consists of single channel
output for port and starboard as well as a combined signal. The two methods
were proved to yield identical results (2), with the latter facilitating further
reduction of data by providing separate records for the port and starboard trans-
ducers. As discussed in (2), the electrical combined values are expected to
represent the stress due to vertical bending only, while the mathematical ave-
rage of separate port and starboard records would probably contain some addi-
tional stress due to lateral bending, since it does not account for the phase
relationship between vertical and lateral bending. -

Reference to 'a calibnétipn correction factor that should be applied to all
the above stresses was previously made in (2). This correction can be applied
either to the combined signal or to the Separate port and starboard signals

before the averaging process.

The last fifteen voyages cannot be represented in such a consistent
manner as the- previous data. In eleven of the voyages data were recorded
on one side only; in five of the Voyages new gages were.utilized whose -
calibration was not exactly known. Hence, there are certain doubts re-

. garding data for the last 15 voyages, and they will be dealt with sepa-
‘rately. '
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Considering first the voyages for which reliable data are available in

the North Atlantic, Fig. 11 illustrates the variation of stress with Beau- 1

fort No. for the recent voyages 245<265. Due to the fact that records were !

obtained from more summer than winter voyages, two Separate curves were pre- |

pared for the two seasons, and an averaged curve is givén for the whole year,

based on equal probability of winter and summer. This was necessary in order

to combine these results with previously obtained data that were collected

over equal periods of summer and winter. Also shown in Fig. 11 is a compar- l

ison between mathematically averaged and electrically combined results, indi-

cating the apparent effect of lateral bending. It should be noted that a

mean curve drdwn between winter and summer curves approximately adjusts for

the difference in the number. of winter and summer records. However, a com=

plete average of all year-round data would be expected to lie somewhat lower

at the low Beaufort No. end of the curve because of the large number of low

stress values in summer, wWhich would weight the low end of the average curve
heavily. :

01d and New Data Compared ' S » |

Fig. 12 presents a comparison of mean rms stresses between the new val- _
id data (P & S electrically combined) and the new data combined with the - .
old data presented in (2). The comparison is quite satisfactory, and the
consistency of tlie trends of stress with Beaufort No. for the same ship.in
the same route is.encouraging. '

A comparison of the long-term predictions for the old and new data is
given in Fig. 13. Good agreement is fllustrated, with the new data being.
slightly on the low side. '

The total fesults”for.all voyages of the Wolverine State and Hoosier
State in the North Atlantic are given in Fig. 14. It is evident that the
variation of mean rms stress in this plot can be regarded as linear, and a
simple expression for the stress as a function of the Beaufort number can
be derived. However, care should be taken in using such an expressionm,
as the Beaufort scale itself is non-linear in terms of wind velocity.

The long-term prediction based on the total data for the C4-S-B5 ships
_in the North Atlantic is given in Fig. 15 for the actual and "standard"
North Atlantic weather distributions. The. difference between the two

PORT & STRO GAUGES COMBINED
. VOYAGES 246—265 .

KEY: @,0:P&S, MATHEmﬂFALLY AVERAGED .
®,0 : P &5, ELECTRICALLY COMBINED .
{XXX): NUMBER OF RECOROS ON WHICH PQINT IS BASED.

i ,”““‘“”“-N%_.'——""“‘(3’7;‘ Fig. 11. Trends of Average RMS Peak-to-
« — T A~ /(w/ 3 Trough Stress and Standard Devia-
g i Reeysriaan Vg s oo=en LI b - tion vs. Beaufort Wind Scale, :
E D A 2 RO .- Showing Difference between Mathe-- -
L S I e P'-/r"_ ‘ ' matically Averaged and Electri-
b b K : — cally Combined Data, S.S.
e I = S N ‘ WOLVERINE STATE, Voyages 245-
o W - ‘ 265 : : Co

BEAUFORT. NUMBER
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curves is negligibly small, which indicates the reliability of the proposed
standard North Atlantic weather distribution given in (4). Also shown is
‘the. maximum stress value recorded over the total period of data collection,
which is sldightly beélow the predicted line. The trends shown in Fig. 15
are based on a sample of roughly 1 x 10° stress reversals, which is consid=
ered to be an adequate sample for this purpose.

Last 15 Voyages

Considering the last 15 voyages (267- -289), eleven voyages recorded data
on the one side only, either port or starboard. This type of data is con-
sidered only partially valid and can only be utilized under certain assump-
tions, such as an allowance for the lateral bending component which is in-
cluded in the raw data. o

An additional inconsistency emerged as a result of the installation

_ during 1965 of three more gages designated as New Port, New Temporary Port
and New Starboatrd. Five of the above eleven voyages report data collected
through the latter three gages, and correction factors were established by
Teledyne for these gages -(15). However, not enough data were accumulated
to verify the accuracy of the proposed corrections. The records analyzed
from the doubtful last 15 voyages are summarized in the following Tables I
and II.

The information received from Teledyne for the above voyages was in
the form 6f computer printouts listing data from all records for each voy-
age. The information given for each "interval," or record, included the
Beaufort No. and the rm§ stress as obtained from the probability analyzer.
The data were then rearranged into histograms for each voyages, or for each
group of voyages recorded under identical conditions, giving for each Beau-
fort the number of occurrences of rms bending stress of magnitude within
each stress range. The stress ranges started at 0 and went up in increments
of 0.5 KPSI. - : :

This information was processed at Webb through a computer program to
give for each histogram the mean value and the standard deviation of the
stress exPerienced at each Beaufort Number. The above output was corrected
by applying a calibration factor depending on the: particular gage used for
recording. The voyages were then divided into two groups representing
winter (November to April) and summer (May to October); for those voyages
for which only records for one side (port or starboard) were available, the
port or starboard data from the various voyages were combined and then aver-
aged together. The average of the mean and standard deviation was ‘obtained
by somewhat different formulas than were:used in preVious reports, because
of the necessity of comb1n1ng record samples of different size.

Given a set of vélues m,, S, and Ni’ where m is the mean, s, the
standard deviation and N .the num%er of occurrences, the two following basic
formulas were used. They are derived in Appendix B of (3)

,mlN1+m2N2+. e e .mﬁNn
L\ A T P R
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Table I. Summary of North Atlantic Table II. Summary of U.S. - Viet Nam
Recent Voyages Analyzed - Voyages Analyzed - S. S.
S.S. WOLVERINE STATE R ~ WOLVERINE STATE
TABLE 1 -SUMMARY OF NORTH ATLANTIC RECENT VOYAGES ANALYZED i ’ TABLE. 11 SUMMARY OF U,S. - VIET NAM VOYAGES ANALYZED
- S.S. Wolverine State . . S.S. Holvetiné‘_St_atg

Voy. No. Gage Recorded Season No.‘ of Reco_nis v‘ EERS [ 7 Voy. No. Gag:e hcotqedr No; of Records

267 | New Starboard only | Summer 28 |—779, 280, 281 | Porc, Stamboara —

271 Port only Winter R }

273 P " } 266 285, 286 P & S Combinetion 576

282 - 283 & 284 Port only 471

277 New Starboard only | Winter 94 287 oL Starboard only 8

288 Starboard only Winter

289 " " " } 133 ER—

- _ 4 TOTAL 1085
TOTAL 521 - - - . 5 .

- =n ( . ) - i—n 2
z 24+5s,2 N z m, N
L 1 i /71 L i1
Sav T (i —_| A=
A i=n . »J. ‘ i=n . .
] N ()
I = S

The above two expressions were programmed and were used for averaging the
results obtained under different conditions, i.e., separate gages or sea-
sons. The output was given for each Beaufort No. in terms of the average
rms, standard deviation and the number of occurrences.

When combining port and starboard data the average curve of stress vs:
Beaufort No. i8 known ‘to be about 8-12% higher than the one obtained diréctly
by one averaged -signal (2). Such a correction coiild be applied to these
curves in order to combine the total data. Since, in the casé of the
Wolverine State in the North Atlantic, 3142 records were previously analyzed’

" and proved to be rather consistent, it was logical to treat the additional:
521 separate port and starboard records discussed above with more caution.
With regard to the Viet Nam-U.S. data, however, the sample is much smadller
and omission of data collected on one side only leads to an insufficient
statistical sample; which may have a more uhfavorable effect on reliability
of results than the use of a correction factor. (See next section.)

Once the curve of stress vs. Beaufort Nunber has been‘es;ablisheq and
defined in terms of mi; S:» and'Ni for each Bedufort, or for a group of

Beauforts, as indicated in'(Z), the above information is dsed as direct in-
Put to thé long=term calculations in a similar ‘fashion to that described in

Appendix D of (3).

For the remainder of the North Atlantic voyages, as given in Table I,
it was decided to examine the effect on the long~term curve of including
the data after making appropriate corrections as describéd above. Thus all
winter voyages were combined to give one single curvé of stress vs. Beaufort.
number. In 6fder to increase the sample size, Voyage 259 from the previous
245-265 group, for which individual gage data Were also available, was in-
cluded in addition to the winter voyages listed in Table I. The results
were calculated from port and starboard separately and averaged to give the
mean line, as shown in Fig. 16.
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Fig. 16. Trends of Peak-to-Trough RMS Stress and its
 Standard Deviation vs. Béaufort Wind Scale for

the Last Voyages of the WOLVERINE STATE in the
North Atlant1c

It is interesting to note that, although each sample'(port and .star-
board) was taken from different voyage groups, the results, after correc-
tions for gage calibration factors, are reasonably close. The mean line
representing a mathematical average of separate Port and Starboard data
for the winter season (Voyage 259 and 271-289; from Fig. 16) is -- as ex-
pected -- substantially higher than the total data line for .all seasons
electrically combined (Voyages 170-265), as shown by Curve 1 in Fig. 17.
Also shown in Fig. 17 are the electrically combined data for the recéat sum-
mer voyages, Curve 2, as well as the mathematically averaged Port and Star-
board line, Curve 3. Fig. 17 thus gives an indication of the magnitude of
Jifference iu stress due to season by comparison of Curves 1 and 2, while.
Curves 2 and 3 indicate the difference in stress due to the 1atera1 bending
moment component which is in the .order.of 0.25 KPSI, independently of sea
severity.

‘Fig. 17 also shows the mathematical mean stress curve for all the new
data from separate port and starboard gages (Voyages 245-289), for equal
probability of winter and summer. In general, this curve is seen to be
consistent but somewhat lower than the total data curve (Voyages 170~265),
even thoigh the former includes thé effect of lateral bending. It seems
likely that the reason for this result is the small size of the statistical
sample. .

The above: results illustraté that data from one gage or ‘from one sea-
son can be used 1f necessary.' However, when enough data are available,‘as
in the case of the Wolverine State:and Hoosier State in the North Atlantic,
it is felt that such doubtful data should be eXCluded.
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Yiet Nam Vovyages

As indicated, previously, the data available from the Viet Nam voyages
are rather limited. The 'ship was diverted to this service ‘after Voyage 277,
. i.e., in the Spring of 1967. Eight voyages across the Pacific wefre re-
corded, each round voyage extending for about three months.

Five of the above voyages were properly documented by port and star-
‘board simultaneous recording, thus ylelding an electric average. The re-
sults are illustrated in Fig. 18, Curves 1 and 1A for the mean and stand-
ard deviation of the electrically’ combined results. Curve 2 ‘and 2A indi-.
cate the mean and stdandard deviation from all eight voyages for port and

starboard separately. R

The relation between the mathematically averaged and electrically com-
bined curves is consistent with previously obtained data in the North At- -
lantic, and this indicates the relative reliability of Curve 1 for which
only a limited number of records was available (576). No separation into
winter and summer seasons was deemed necessary, because of the. different.
character of the ocean zones covered under these Voyages.

- . . -

. . ol R T . -
WOLVERINE STATE

§ ,'//C\’ NE, o
Fig. 18. Trend of Average RMS Stress .’ — , 5
and Standard Deviation vs. ; [resmmumensr| 7 ,»"ie/*“ “4«,/
Beaufort Wind Scale for the £.0 | | N1 ~] 2
WOLVERINE STATE on-the Viet . 2 AR R s
Nam Route . -1 : \/4/ COMBINED
' l. — | = TN irean .+ sTanpan oevra

BEAUFDRT NUMBER
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It should be noted. that for Beauforts 8 and 9 the available number of
records was limited to 10 only, and therefore the reliability of the stand-
ard deviation is questionable.

The information given in Fig. 18, Curves 1 and 1A, was used for long-
' term predictions and the results are summarized in Fig. 19. As no weather
distribution other than the actual was available for this route, the long-
term predictions were .calculated on the basis of the actual distribution as
well as for "tanker' and ''genéral routes (4). The actual tecorded maxi-
mum stress is shown to be slightly below the predicted value.

L §\ -srmnnn N. A, WEATHER
0 \: h [ NA DATA (FIG. 18)
~L~o >
_ T \‘_‘ -~ 3
g upr L “STANDARD™ N.A: WEATHER
] o \,, x VIET NAM — US. DATA (PACIFIC)
X 12 b
: N
4 r o
49 —
E 10f ~TANKER™ ROUTES La
n >~
r ACTUAL MAXIMUM RECORDED SRS
g, o™ -
E — VIET.NAM| ™Y
s I I NI, AN
g of _ACTUAL WEATHER WL
. 'VAET NAM = US. DATA Q
B PACIFIC) ~GENERAL” ROUTES X \ ,
4 AL o, — -
L ~ ~§
2+ | NS
| N X A - : TR
10-8 we w7 - g8 8t 34 T TS “f0-2 Tl

* PROBABILITY QUX>X)

Fig. 19. Comparative Long-Term Trends of Peak-to-
- Trough Stress for the WOLVERINE STATE on
North Atlantic and Viet Nam, Routes

In ordér to compare the results with those previously obtained in the
North Atlantic, long-term curves were also drawn in Fig. 19 for the .stand--
ard North Atlantic weather distribution given in (&), one cutve predicted
from the Viet Nam data and the other from the north Atlantic¢ data. The pre-
dictions based on the limited Pacific data are somewhat higher than those
based on the extensive North Atlantic data, probably because of a- single
stofm on the Viet Nam route for which high stress values were recorded

Table III 8ummar1zes the records obtained and analyzed for the U.S.-
Viet Nam voyages.
Finally Table IV gives a summary of stress data for all voyages of
" the S.S. Wolverine State in the North Atlantic and Viet Nam voyages, as
plotted in Figs. 12 and 18, respectively.

Table III. Summary of Records for Viet Nam Voyages -
S.S. WOLVERINE STATE

TABLE III SUMMARY OF RECORDS FOR VI.ET NAM VOYAGES ; o
§.5. Wolverine S:ar.e ST Pa

T Recordlng “To. of Fo. of . Norot
|Voy. No.. Gage - | P..& S. Recotds Port Records Starboard Recotrds
279 _ | F.&s.- " 88 88 130
| 280 B.&s. b~ . 136 136 160
{281 S.P. & K.5. . _180 180 180
;283 P. . 258 -
| 284 . B Co- R 1T -
- 285 : P.&S. 144 258 144
28 © P.&s. 183 183 183
287 - s. - - 7
Total Records : 731 .. 1252 804 |
TOTAL RECORDS USED 673 v 1165 | 772 x
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Table IV. Summary of RMS Stress.Data for S.S.
. WOLVERINE STATE - AH Voyages (170-265)

TABLE Iv SU‘MMARY OF RMS STRESS DATA FOR S.S. HDLVERIN'E STATE
. ALl Vcrya.ges (170= 265)

- North Atlantic WEAZ§§£ E_R_Q_EE_E,. -
L I pees pas 3 .+ ZIotal .o
m - mean, KPSI .98 1.40 2.15 2.75. 3.28
8 - Stand. Dev., KPSI .704 724 12 -.737 .720
“i- No. of Records 1237 1143 468 129 33 3010
Pi =K /Z Ni L4113 L3799 .1557 L0427 .0104

i=1

U.S. - Viet: Nam

m .76 1.18 - 217 ~ 3.5 -

.356 450 .764 .650 -
N, 351 - 270 2 Tt 673
P, .5218 L4012 (0623 . .0147
BI\'.
*Veather Growp I - 1, 2, 3
L "I .- 4,8,
" "L - 6, 7 7
o oww - 8,9 N N
“ ey o o2p

CALTFORNIA BEAR

Data Analysis

Provisional results obtained from the California Bear were presented in
(2). At that time no still water calibration was yet available and only
five voyages were completed. By the end of 1968, when the instruments were
removed from the ship, a total of 1224 records were accumilated from 13 voy-
ages. across the Pacific between the U.S. west coast and Japan. The data
present a consistent sample with roughly an equal number of voyages in each
season. The same two gages at port and starboard were used throughout the
13 voyages and only a small calibration correction was required, as determ-
ined from a still water calibration performed by Teledyne and reported in
(15).  As previously discussed in (3), it was found necessary to separate
the data collected on the east- and westbound legs of the voyage because of
substantially lower stress levels on the eastbound runs, perhaps in part
because the draft was cons1derab1y 1ighter

The rediiced data’were obtained from- Teledyne in the form of histograms
previously described in‘(2) 'and the r.m.s. stress values, both obtained
from the probability analyzer. Extreme values per record as well as posi-
tion, speed, wind data, etc., from logbooks.were specified also.

e

The tms values vere grouped by Beaufort No. to give the mean, m,, and.

i
' the standard dev1ation, s., for each of the. fOur sub =totals, i.e. eastbound -
summar and winter <= and- westbound =- :Summer and: winter.- The. individual

m, and Sy for each Beaufort were  then averaged into weather groups as de-

fined in (4): Fig. 20 indicates the results for equal weighting of the sea-

A E [ 1
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sons for both east and westbound Voyages. "It is clear that the difference
between the west and eastbound voyages is- increased as the Beaufort No. and
stress level increase, but not necessarily in a linear fashion. Fig. 21
shows the total data fof both ‘éast and west voyages, as well as the data

" combined on equal probability of east and westbound time at sea. Very little
difference in stress is shown for the ‘tWo cases, indicating again the ade-
quacy of the sample collected.

CALIEORMIA PEAR
- {1 REPRESENTS NUMBER OF RECORDS | .=
. ; )
-
~
_ P
i s o
2, Ed
b 2
g . . rean // (50 / an L.
£ MEaN ¢ STAND. DEV. IX
— -
S A -/g‘ps‘// ‘
e o et T e - 74 -
L e e
270 i _L R el e

BEAUFORT NUMBER

Fig. 20. Trends of RMS Stress Values and Standard
Deviation vs. Beaufort Wind Scale for the
S.S. CALIFORNIA BEAR, East and Westbound,
in the Pacific

cAngmlvu gg. AR

A

‘ B //' ~
.. N ' § : ’ ) AcToA ‘.V‘ST .im‘/ EQUAL PROBAB!
.- o2 . . R “WEST & EAST
o [ S : i
i — N\ |
. 3 . 7
‘- 13 - ... MEANS ;
: v EBab— ‘Aaéfﬁﬂ - —3r =2
" L . o) = | . -
I i e I :
L]

Fig. 21. Trends of RMS Stiess Values and Standard
- Deviations: vs. Beaufort Wind Scale for-the.
S.S. CALIFORNIA BEAR in the Pacific. )

Three long-term predictions were performed for the above conditionms,
i.e., west, eastbound and average.condition: . The weather distributions
were determined for the above .conditions and are illustrated in Fig. 22. The
- results .are given on normal- probability paper. The probability of occurr-.
ence of .a high Beaufort No. seems .to.be slightly lower-for eastbound voy= -
ages. " 1 R e T e . B

The long-term trends of stress’ are givgnlig Fig. 23 fo;_equal.probaf,:

bility of summer and winter. As expected, the highest stress not to be ex-
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ceeded over a certain return period is greater for the westbound voyages.
Similar curves to those shown in Figs. 20 and 23 were given in (3) in con-
Junction with the compar1son between model and full—scale results.

The second type of analysis performed on the California Bear data was
the summation of all the individual histograms supplied by Teledyne for each
individual record. The histograms yere given in terms of the number of zero
crossings. per stress bandwidth. A certain probiem arigeg.due to the differ-
ent width -of stress bands used by Teledyne for different records) which vary
between 0.5, 0.75 and 1.0 KPSI. Certain assumptions Had to be made when re-
grouping all recofds into standard bandwidths. Additional probleins were en-
countered due to the fact that the probability analyzer can only handle up
to 255 zero crossings in one bandwidth. This situation occurs primarily at
low stress levels (i e., low Beaufort No ) when most of thé stress varia-
tions are within 0 to 1.5 KPSI and thé’ first or second bandwidth ‘0 - 0.5 or
0.5 - 1.0 KPSI may be overloaded.‘ Such, records were rejected by the computer
and listed separately. It was decided not to use these records due to the
uncertainty’ involved in determining the length of the record analyzed. On '
the other hand, some records may also be reJected due “to exceptionally h1gh
stress in the last counter i.e., 7.5 - 8.0 KPSI. Such rejected records were
later rerun with wider bandwidths to avoid stress counts in’ the 1ast band—'
width, e

[ 111,
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in sSumming up the individual histograms it was noticed that for one
particular westbound voyage an exceptionally high stress (13 KPS1) was re-
corded. Such a single value may have-a pronounced éffect on the higher
end of the stress distribution as a function of cycles encountered. It was
therefore decided to_show the distribution with and without the particular
group of nine records, containing the high value, in order to illustrate
the effect of such high values on the total disttibution. While for the
eastbound voyages the above extreme value was 62% above the next highest,
for the westbound voyage where the samé extreme stress occurred, it was
orily 15% above the next highest.  The extreme value distribution for the
westbound voyages' is thus more consistent  than eastbound. -

' Figs. 24vaﬁd 25 illuétfaté the cumulative distributions from the histo=
grams and their comparison to the long-term predictions ‘based on the rms’ ’

values for east- and westbound voyages, respéectively.

The eastbound re-

sults are ghown with and without the above discussed data, It is evident
that neither. of the two seem.to agree absolutely with the ‘predicted curve. -
It is felt that if the sample had been of more adequate size, the proba-
bility of encountering another severe storm on the éastbound leg would have
been. greater and the inclusion of all data would have yielded a more reli-
able answer. The agreement between the westbound cutve and histogram’points
is acceptable and indicates somewhat higher predicted stresses, as expected

from previous work.

Finally, Fig. 26 shows the comparison between the total average results- -
from the California Bear, irrespective of voyage direction for both the rms’
predictions and the histogram distribution.
good and Zurther indicatés that a large sample is required in order to get

.a meaningful result.
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Fig. 26. Compar1son of Long-Term Distribution
w1th Histogram Data, S.S. CALIFQRNIA BEAR

Table V gives a- Summary of" California Bear tésults. for equal probability
of west- andaeastbound voyages, as plotted in Fig. 21.

-'-Tab1e V. Summary of RMS.Stress Data for
S.S. CALIFORNIA BEAR in North

1=1

Pacific
TABLE. V  SUMMARY OF EMS SIEES’S DATA POR S.S. CALIFORNIA BEAR IN
NORTE PACIFIC :
WEATHER, GROUP
1 hed I Iy 9 JOTAL

© - meen, EPSI .96 1,32 1:85 2.4
s - .Stand. Dev:, 471 .607 .789 .800

RPSI
§, - No. of Records 963 394 124 41 1224
Po= N 7 I N, 5433 - 73219 L1013 »0335:

Saa note on Table IV.

MQRMACSCAN'
Data Analysis

The results given in (2) for the Mormacscan were considered provisional
because of the lack of a still water calibration at that time. TFurthermore,
it was noted that there was a limited amoiunt of data available for both the
North Atlantic and South American runs. Fig. 27, which is Fig. 13 of (2),
shows. the trend of rms stress with weather and indicates some uncertainty
regarding the trends of stress for Weather Groups IV and V. TFurthermore,
long-term: trends were obtained from .the data. and plotted in Fig. 3 of (2)

ror both routes. It was concluded “that results anpéar to be unexpectedly ‘
low. (2) : . .

- : It was hoped that additional data- would be obtained later for the
Mormacscan ‘which would "lead to a plausible explanation of the differenqeés"
shown:" Hoéwever, for this ship no further data were obtained. A.still
water bending calibration was carried out (15), but it indicated that no-
correction factor was required for the raw stress data. Hence, the Mor—
macscan results still appear questionable. o
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Further study of the data suggested that thé important factor was the
. relatively small number of North Atlantic voyages -- five =- for which data
were available. Furthermore, although these were all wintér voyages
(October - April) in two different years ('64-65 and '65-66), there were
only 30 records in which the Beaufort No. was eight or above.

Our conclusion is that inadequate statistical samples were obtained
for this ship. Nevertheless, a long-term prediction for the Mormacscan
in standard North Atlantic weather has been made from Fig. 27 and plotted
in Fig. 28 for comparison with the other ships.

\ . ,
—t .—7«1'
) ‘i///ﬂ/ ANDA!::-‘I.))E/VI'ATI qu{__v_
2 . : ’ /’7 L =7 oo . i
§ /’h;wr:::rnwmc 5 }L—’—:‘ B M/E ) :
-E k"1 _ > lw | Fig. 27. Trends of Average Peak-to-
£t | il [ A e B I Trough Stress and Standard
8 [ w ij*’(;mfﬁﬂmai IS i R © . Deviation vs. Beaufort
N i T . Wind Scale for the
s e P MORMACSCAN on South Ameri-
= S L LS s - ‘ / can and North Atlantic
o mzn's IN PARENTHESES - ot - Routes
X: | e | - \

[ 2 3 ‘. .6 ® 7 ] ° 0"
BEAUFDRT NUMBER .

. » - } _m—m‘ggj-us._-yunmw \1// il
Fig. 28. Comparison of Bending Moment Coeffi- ”
cients vs. Beaufort No. for Several

Ships in Actual Weather .= . - I %//’%/ | NoRTa ATeAnTIC

- —

MEAN RMS Hy/L

E -

L

»
a
Ly

o v r S o . - BEAUFDRT NUMBER _ -

Comparison of Results for the” CA—S-BSl,Mormacscan ‘and’ California Bear
B T

In order to compare results obtained for the three ship types in vari-
ous ocean zones, a common basis should be estdblished in terms of the bend-
. ing moment coefficient, h /L, as defined-in (2), and all-three ships should
be assumed subjected to i§entical weather conditions. A simple relationship
‘between stress and bending momént is: given in (2) for each of the three
ships, i.,e:: : S a
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‘Wolverine. State he/L = .0028X
& Hoosier State :

Mormacscan he/L = ,0026X
' California Bear  h /L = .0022X

' wheré X is the peak-to-trough behding stress. By applying the above to the
stress trends previously derived for each ship the long=-term bending moment
distributions can be compared.

~ Fig. 28 illustrates the trends of bending moment coefficient vs. Beau-
fort number for all three ships. The data for the Mormacscan are given as
separate curves for the two ocean zones, while separate curves are given
‘for the Wolverine State in the North Atlantic and on.the Viet Nam route.

In order to study the effect of weather severity of the various routes,
the actual weather distributions are given for all four routes in question,
i.e., North Atlantic, Pacific, U.S. - South America and Viet Nam. Fig. 29
illustrates the @bove using a logarithmic scale for the probability of ex-
ceeding a certain weather group severity. It should be noted that the
‘actual weathers plotted are based on different sample size, as indicated.
Nevertheless, it is clear that substantial differences in weather were
encountered by these ships on different roites;, and it would be expected
that these differences would have a significant effect on long-term trends
of bending moment.

Furthermore, previous experience has indicated that small samples
taken over short periods may yleld substantially different distributions, as
shown in Fig. 30 for four different samples in the North Atlantic. From the
375 samples collected on board the Mormacscan, the 941 records sample col-
lected on board the Wolverine State . (Voyages 219-241), the 1026 records col-
lected on board the Hoosier State and the total data collected on board the
Wolverine State. (Voyages 170-265), it is clearly demonstrated that the sub-
stantial scatter exists.’ However,- the standard North Atlantic weather dis-
tribution as proposed by Bennet and giyen in, (4) repreSent a good approxi-
mation for three of the curves, while the fourth from the Hoosier State seems
to represent an unusual weather experience.

It is concluded that for comparison purposes it is important to stand-
ardize the weather distribution and eliminate such differences as illustrated
in Figs. 29 and 30. The most meaningful comparison of the total data col-
lected is achieved, therefore, through the long=term trends of the bending
moment coefficients in standard weather. Figs. 31 and 32 illustrate the
above, with data plotted on the basis of non-diménsional bending moment coef-
ficient, h /L, first for actual weather in Fig. 31 and then for standard
weather in Fig. 32. .

Fig. 31 shows the trends-for the Wolverine State in the North Atlantic
and Viet Nam routes, for the California Bear in the Pacific and for the
Mormacscan on the North Atlantic and South American routes. A large amount
of scatter is shown, some of which must be due to the differences in weather
encountered by the five ships.

Fig. 32, based on "standard" Nofth Atlantic weather, shows much less
scatter. However, considerable differences remain that are not readily
accounted for. Although the ships are not very different in size, one would
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expect the largest —- the California Bear -= to have somewhat smaller bend=-
ing moment coefficients than the Wolverine State. The actual difference is
somewhat larger than would be expected. On the other hand, it would be
expected that the smallest ship -- the Mormacscan == would have the high-
est bending moments instead of the lowest.

A factor that may influence the comparison is the relationship between
wind and wave height in the areas in which the ships operated. Since the
Pacific waves may generally be less severe than those in the Atlantic,
this may have been partly the reason for the fact that the California Bear
is so much lower than the Wolverine State. However, the low relative posi-
tion of the Mormacscan, even in the North Atlantic, is not easy to explain.

The only explanation that can be offered is that an inadequate statistical sam-

Ple was obtained for this ship (375 records compared with 1224 for the Cali-
fornia Bear and 3010 for the Wolverine State).

EXTRAPOLATION ‘BASED ON HIGHEST VALUES

In an earlier seéction @ comparison has been made between two mathemati-
cal models for extrapolation of ship stresses (or bending moments) within
one particular weather group. The second method, based on extreme values,
was shown to be consistent with the more commonly used rms form of extrapo-
lation. Accordingly, it appeared desirable to apply the second model to a
larger sample of data, including many weather groups. This has been done
for 10 of the 1964-65 voyages of .the Wolverine State (219- -241) that were
previously analyzed by the rms method. These particular Vvoyages were felt
'to be particularly suitable because they inéluded stress data for Beaufort
Nos: 1 to 10 inclusive.,

The means and standard deviations of the rms stress values for Voyages
219-241 vere previously calculated for each Beaufort No. and are plotted in
Fig. 33. Data were also combined into weather groups, on a different basis
than before, with results presented in Table VI.

Tab]e VI, .Stress Data for Voyages 219-291
. " -7 . With calibration Correction
S.S. WOLVERINE STATE . "

TABLE VI STRESS DATA FOR VOYAGES 219~ 291 WITH cALIBRATION comcnou
S.5. Holverine S:a:e .

Hodj.figd e -
“Weather | Béaufort| RMS STRESS KPSI No. of . .o -
Group N_umbera Mean  Std. Dev., Recozds, -
1’ 162 .952 541 2i6
11’ 364 1.274 741 319
i’ 566 2,054 .770 172
S ) 7a8 | 2.662. 7 L7921 S .97
v 9610 | 3.348 . .572 _41
. 845

The cumulative probabil1ty curves for each weather group were calcu-
lated using the Bennet-Band method (4) based on rms values. Results are
plotted in Fig. 34 for individual weathér "gfoups. '
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Fig. 34. Long-Term Distributions of Stress for Different
Weather Groups, S.S. WOLVERINE STATE, by RMS
Method (Voyages 219-241)

Fig. 35 shows the histograms of rms stress values for each weather
group and compares them with the corresponding normal curves. The normal
distributions were obtained by determining the mean and standard devia-
tions for each group of data. At the lower Beaufort Nos. (Groups I’ and IIS,
a correction was made for truncation at 0 KPSI. It may seem that the ideal
curves fit the histograms quite well, in particular for the higher Beauforts.

It may be noted in Fig. 35 that the probability scales are adjusted so
that the areas under the curves are proportional to the number of points
(records) included in the calculations.

The method of extreme values, described in an earlier section, was then
applied to the same data. Another family of curves was obtained, as plotted
in Fig. 36. In this figure data from the histograms of extremes are compared
with the curves for each weather group. It can be seen that the fit is
satisfactory, considering the relatively small number of extremes available.
The trend of the histogram is genmerally below the theoretically derived
curve, except for a few points.
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Fig. 36. Cumulative Distributions of Extreme
Stress for Different Weather Groups,
Compared with Data from Histograms,
S.S. WOLVERINE STATE, Voyages 219-241

If each curve of Fig., 36 is compared with the corresponding curve in

34 it is found that each pair is separated horizontally by log n', ex-

at large values of P, just as in the detailed study in the earlier sec-
The average value of n' for this larger sample is 310.

Finally, an integration was carried out of the curves in Figs. 34 and

36, on the basis of the actual distribution of weather groups experienced
on the 10 voyages studied. The result is shown in Fig, 37. It can be

seen

that the combined points from the histograms of extremes again fall

below the idealized curve, but the agreement is quite good.

As shown on the figure, the separation of the curves is exactly log n'

log 310 at small probability values. This gives further confirmation to the
finding that the two methods of extrapolation are equivalent,

It is of interest to consider the possible reasons for the differences

between the probability models and the data samples from the histograms.
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First is the possibility that the rms values depart appreciably from the
assumed normal distribution. This is shown graphically in Fig. 35, where
the fit can be considered excellent, except perhaps in the lowest weather
groups, as previously noted.

Second is the discrepancy due to the possibly significant departure
of stresses in individual records from the assumed Rayleigh distribution.
This possibility was tested by plotting data from four randomly selected
records on probability paper. TFig. 3 shows in general a good agreement
with the required slope of the Rayleigh distributinn.

Further insight -into the discrepancies may- be obtained from Fig. 38,
which shows the histograms of extreme stresses for each weather group,
along with the theoretical curves calculated from the data plotted in Fig.
35, The fit can be seen to be éxcellent, particularly at the important
high-stress tails. However, a slight overestimate by the curves may be
clearly seen in Weather Groups 11’ and IIIﬂ and even more in IV'and v!
These slight différences caii account for the fact that the data points in
Figs. 36 and 37 fall a 1ittle below the cumulative curve. )
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It may be concludéd that ship stress data can be analyzed and extrapo-
lated to obtain long-term trends by either of two mathematical models, one
using rms values and the other extreme values of regularly recorded stress
records. In neither case is it necessary -to assume any arbitrary form -
(Weibull, Gumbel, etc.) for the final long-term distributions. The advan-
tage of the extreme value method was discussed in (2). It can be con-
sidered as a possible simplified data collection technique requiring only
one extreme value per record rather than the distribution in the time domain
of the actual sttess variations as required for the other method. Of course,
if one is concerned with fatigue problems, complete records are needed rather

than just extreme values.
~ CONCLUSIONS

1. .It has been:shown.that two differefit probability models give con-
sistent results when used to analyze full-scale ship hull.stress data
for one ship and resulting long-term cumulative stress distributions
agree very well with histogram data. - :

2. Both of the above models can be used to extrapolate stresses to
much longer periods of time (lower probability), 'thus-providing a sound
basis for design of similar sh1ps, provided that sufficient statistical
data are available.

3. Accordingly, the conflicting trends obtained by the rms and extreme
value methods in an earlier report (3) (Fig. 17) have been explained
by the fact that the extreme value approach previously ‘used vas too
crude for this purpose.

4. Only one of the above methods was used to- compare the four dry car-
-go ships studied == after converting from stress to non-dimensional
wave bending moment coefficient and applying the same "standard" weather

distribution.

(a) Results for the Wolverine State and Hoosier State, covering
many years of data collection, appear consistent and reasonable
except for recent results .in which only port or starboard gages
were operational.

(b)  Results for the California Béar, a larger ship in North
Pacific service, showed significant differences between west and -
eastbound voyages. Combined results showed somewhat lower bending
moment coefficients than the above ships, probably because of more
moderate sea conditions (for the same Beaufort Nos.) and a some- -
what larger ship. : :

(c) Results for the Mormacscan in service from New York to Eur-
ope and to South America appeared quite low in comparisom with the
other ships, and it is felt that the .statistical data sample ==
particularly for the North Atlantic -— was inadequate for this
ship. .

5. The scope of the .analytical techniques described in.this report can
bé greatly increased by applying them to the predictiom of long=term -
trends for new designs by model tests and calculations, as discussed in
a companion report (3).




10.

11.

12.

13.

14.

15.

38

'REFERENCES

"Review & Recommendations for Ship Structure Committee Research Program"
1966-1968, National Academy of Sciences == National Research Council,
April 1957,

HOFFMAN, D.,'and Lewis, E. V., "Analysis and Interpretation of Full-
Scale Data on Midship Bending Stresses of Dry Cargo Ships," Ship Struc-

tire Committee, Report SSC 196, June 1969.

HOFFMAN, D., Williamson, J., and Lewis, E. V., "Correlation of Model and

Full—Scale Results in Predicting Wave Bending Moment Trends," Ship Structure

Committee, Report No. §5C-233, 1972_

BAND, E. G. U., "Analysis of Ship Data to Predict long—Term Trends of
Hull Bending Moments,' American Bureau of Shipping Report, November 1966.

"Stresses and Motion Measurements of Ships at .Sea," Parts 1, 2, 3, Swedish
Shipbuilding Research Foundation Reports, Nos. 13 and 15, 1958 and 1959.

YUILLE, I. M., "Longitudinal Strenmgth of Ships," Trams. RINA, 1963.

LUNDGREN, J., and Hoffman, D., "Analysis of Extreme Value Data to Pre-
dict Long-Term Ship Stress Probability," Proceedings Third International
Ship Structures Congress, Vol., III, Det Norske Veritas, September 1967.

LEWIS, E. V., i"1‘:'re¢':1icting Long-Term Distributions of Wave-Induced Bending
Moment on Ship Hulls," Proceedings of Spring Meeting, SNAME, 1967. -

JASPER, NORMAN H., "Statistical Distribution Patterns of Ocean Waves and
of Wave-Induced Ship Stresses and Motions ‘with Engineering Applications,
Trans. SNAME, Vol. 64, 1956. . . -

LONGUET-HIGGINS , M S., "On the Statistical Distribution of ‘the Heights of
Sea Waves," Journal of Marine. Research Vol. XI, No. 3, 1952.

GUMBEL E. J.,. "Statist1cs of Extremes," Columbia UniverS1ty Press, New
York, 1958

FRITCH, D. J., Bailey, F. C., and Wise; N. S.; "Preliminary Analysis of
Bending Moment Data for Ships at Sea," Ship Structure .Committee Report
SSC 153, December 1963.

FRITCH, D. J:y Bailey, F. C., and Wise, N. S., "Results from. Full Scale
Measurements of Midship Bending Stresses on Two C4-5-B5 Dry Cargo Ships
Operating in North Atlantic Service," Sh1p Structure Committee Report
SSC-164, September 1964.

FRITCH, D. J., Bailey, F. C.; and Wheaton, J. W., "Results from Full
Scale Measurements of Midship-Bending Streésses on'Two Cargo .Ships,
Report No. 2, Ship .Structure Committee Report SSC-181, March 1967.

WALTERS, I. J., and Bailey, F. C., "Results from Full Scale Measure-
ments of Midship Bending Stresses on Three Cargo Ships - Report No. 3,"
Teledyne Materials Technical Report No. E-=1102 (a); January 1969.




Type

Machinery
location

Builder

Date
‘Hull Number
Length Overall

Length between
Perp.

- Beam, Molded
Depth, Molded
Load Draft, Keel

Waterplane
Ccefficient

Gross Tonnage
Net Tonnage

Midship Section
Modulus (to
' Upper Deck)

Dead Weight at
Load Draft

Shaft Horsepower, .
Normal

Shaft Horsepower,
Maximum .

N

“long toms

my-

T.T.

39

APPENDIX

* SHIP PASIICULARS..-"

SS Hoosier State &
SS Wolverine State

SS Mormacsgan

C4-5=B5 Dry Cargo

.

Aft

Sun Shipbuilding
& Dry Dock Co.

Séptember, 1945

359
520" - 0"
496" - 0"
71" - 6"
54° - Q"
32' -9 7/8"

.752 (30' draft)
.685 (18' draft)

10,747

6,657

45,631 in.2-ft.

15 ’348 L -T .

9,000

12,483 L.T.

11,000

C3-5=33A Dry
Cargo :

Amidships

Sun Shipbuild-
ing & Dry Dock,
Cq. o
.October, 1960
622 e

483' - 3"

458" = o" .
68! - Oli
41" - 6"
317 - 5
.730
19,315

5,609

30,464 in.2-ft.

12,100

SS Califoraia

Bear
C4=S~la Mariner
Dry Cargo

Amidships
Bethlehem Steel

Co., San Fran-
cisco Yard

1954
563" - 7 3/4%

528 '— - 6"

76' = Q"

44' - 6"

29" - 10 1/16"

724

9,216

5,366

43,900 in.2-ft.

. 13,418 L.T.

17,500

19,250
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SUMMARY OF AVATLABLE RECORDS FOR ALL SHIPS

Summaries are given in the following 1lists of the voyages for which
records were available for each ship. Dates are also given, along with

Teledyne Tape Reel numbers for identification. The symbols (W) and (S)
denote winter and summer voyages. :

Lol . Teledyne
. Voy. No. ) ., Date Tape Reel No.
170/1 Dec. '61 - Jan. '62 (W) 170W1,2
172/3 . Jan. - Feb. 62 (W) 17241,2,3
174/5 ‘March 62. (W) 174W1,2,3,4
176/7 Apr. ~ May 62 (S) 176W1
178/9 May = June 62 (S) 178¥W1,2,3
182/3 - - July - Aug. 62 (S) 182w1,2
'186/7 . .Sept. = Oct. 62 (s) 186W1,2,3
188/9 Oct. - Nov, 62 (W) 188W1 32,3
190/1 Nov. - Dec. 62 (W) 190W1,2,3
192/3. Dec. 62 ~ Jan. 63 (W) 192w1,2,3
196/7 . | Peb. - March 63 (W) "196WL,2
198/9 " March ~ April 63 w) ‘198W1,2
203/4 May ~ June 63 (S) 203w1,2
205/6 -0 July 63 (S) 205W1,2
207/8 - .~ " "Aug. 63 (S) 207wW1,2
_ 209/10 Aug. - Sept. 63 (S) 209W1,2
' 211/12 Sept. - Oct. 63 (S) - 211W1,2,3
' 213/14 Oct. - Nov. 63 (W) 213"1 +2,3
215/16 Dec. 63 (W) 215W1
217/18 Dec. 63 - Jan. 64 (W) 217W1 2;3,4,5 .-
219/20 © T Jan. 64 D) 219wi
221/2 Feb. 64 (W) 221W1,2
223/4 May 64 (S) 223W1
229/30 * Aug. 64 (S) 229%W1 -
231/2 Sept. - Oct. 64 (S) 231W1
233/4 Oct. - Nov. 645 (W) 233u1
235/6 Nov. - Dec. 64 (W) 235W1
237/8 Dec. 64 - Jan. 65 (W) 231
239/40 - Féb; = Mar. 65 (W) 239W1
24172 Apr:l.l 65 (S) 241w
245/6 - June - July 65 (S) 245W1
247/8 ¢ Aug. 65 (S) 247W1
249/50: Sept. 65 (S) 24991 .
259/60 - Apr. 66 (W) 2592 »3
261/2 May 66 (S) 261w1,2
263/4 ‘June < July 66 (S) 263w1,2,3
265/6 Aug. 66 (S) 265W2:
267/8 _ Sept. 66 (S) 267W1
271/2 ¢ Nov. - Dec. 66 (W) 2711
273/4 Dec. 66 = Jan. 67 (W) 273w1,2
2778 April 67 (W) 2]_m1,2
2719, June - July 67 (S) 279W1,2,4
280* Get., - Nov. 67 (W) . 280W1,2,3,4
281 Jan. = Feb. 68 (W) ~ 281¥1,3,4,5
282, Feb, - March 68 (W) 282W1,2
283, April - May 68 (S) 283W1,2,3,4
28& June = July 68 (S) 284W1,2
- 2855 . Aug. - Sept. 68 (S) 285W1,2,3,4
286, Oct. - Nov. 68 (W) 286W1,2,3
287" Dec. 68 - Jan. 69 (W) 288W1
- 288 © March 69 (W) '288W1,2,3,4 .
289 April 69 (W) 289W1,2
52 ) 112

A total of 61 instrumented voyages Nos. 170 to 289 of which 52"
provided data suitable for analysis, 44 in the North Atlantic and 8 .

-S. 4 WOLVERINE STA'E

7.S. to Viet Nam (asterisks) .
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§.S. HOOSTER.STATE

Yoy. No. Date Tape Reel No.
123/4 Nov. = Dec. 1960 (W) 1238 & 1248
137/8 Aug. - Sept. 1961 (S) 1378 & 138H
139/40 Sept. - Oct. 1961 (S) 1398 & L40H
143/4 Nov. - De¢. 1961 (W) 1438 & 1648
| ' 147/8, Jen. = Peb. 1962 () 1478 & 1488
| 148/50 Peb. ~ March 1962 (W) 1498 & 1508
| 151/2. . Mar. - Apr. 1962 (W) . 1518 & 1528
1 . 155/6 June 1962 (8) 1558 & 1568
; ) . 157/8 July 1962 (8) 1578 & 1588
. 159/60 Agg. - Sept. 1962 (S) 1598 & 1608
161/2 Sept. - Oct. 1962 (S) 1618 & 162H
163/4 Oct. - Hov. 1962 (W) 1638 & 164
175/6 dpril - Moy 1963 () 1758 & 1768
177/8 Moy - June 1963 (S) - 1778:6 1788
14 28

] A total of 34 instrumented voyages Nos. 123 to 190 of which 14 provided
data suitable for analysis, all in the North Atlantic.

=37=

$.S. CALTFORNIA BEAR

Voy. No. Date Tape .Reel No.
25 Jan. - Feb. 66 (W) 25CB1
26 Apr. - May 66 (S) 26CB1
27 July - Aug. 66 (S) 27CB1
28 Sept. 66 - (S) 28CB1
2 Jan. - Feb. 67 (W) 29¢81
30 Mar. = Apr. 67 (W) 30CB1
31 May --July 67 (S) 31CB1
32 Aug. = Sept: 67 (S) 32CB1
3 Oct. - Dec. 67 (W) © 33cBl
34 Jan. - Feb. 68 (W) 34CB1
35 Apr. - May 68 (S) 35CB1
36 Jine - July 68 (S) 36CB1
37 Aug. - Oct. 68 (s) 37CB1
13 ) i3

A total of 13 instrumented voyages Nos. 25 to 37, all in the North ‘P-'ac-ifiq.
$.S. MOEMACSCAN ~

Voy. No. Da:e'

Tupe: Reel No.

21 Jaly 64 (S) 21 MM51
22, Sept. 64 (s) . 2_2 MMS1
24, Oct. = Nove. 64 ) 24 MMS1
25. Jan. - Feb. 65 (W) 125 MMS1
26 April = May 65 (S) 26 MMS1
27 June - July 65 (S) 27 MMS1
28,  Sept. - Oct. 65 (5) 28 MeS1
29 Nov. = Dec. 65 (W) 29 MMS1
30 Jan. = Feb. 66 (W) 30 MMS1
31 Mar. - Apr. 66 (W) ‘31 MMS1
32 May 66 (S) 32 MMS1
33 June = July 66 (S) 33 MMS1
34 Aug. - Sept. 66 (S) 34 MMS1
35 Oct. = Nov. 66 (W) - 35 MMS1
36 Dec. 66 (W) 36 MMSI
37 Jan..- Feb. 67 (W) 37 MMs1
38 March 67 (W) 38 MMS1

. 17

A total of 18 instrumented Voyages Nos. 21 to 38; of which 17 provided data
suitable for analysis, 12 to South America and 5 North Atlantic (asterisks).
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