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The development of a rational procedure for determining the
loads which a ship’s 1~iu1l must withstand is a primary goal of the Ship
Structure Committee. The long—term goal ía to bring about a stage of
ship design in which load criteria can be established directly from
analysis of the expected seaway , the strength and flexibility
characteristics of the hull, and the interaction between the ship
struc tures and the sea.

Considerable research activity has been devoted to
theoretical studies on the prediction of hull loads and to measurements
of response, both on models and on ships at sea. A first effort into
the B~nthe~j s of the results of these se forte into a rational
load. criteria was published in 1973 a SSC—240, AD CRITERIA FOR SHIP
STRUCTURAL DESIGN

Subsequently, the Ship Structure Committee undertook the
present project to apply the statistically based load predictions to
those ships for which actual stress records and service repair histories
were available. This report describes the resultc of that project.

Rear Admiral, U.S. Coast Guard
Chairman , Ship Structure Committee
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Still-water due to weight and buoyancy ;
c~ ihip s own wave tralnj
q ~uesi-static wave-induced , vertical and lateral conibln.tj
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~
$

~~7herma l ef fe~~s~)
t~~iere the service and full—scale Stress  data of three larger and/or faster shi ps

(Containership SL—7 . Bulk Carrier FOT 1N 1—L and ve ry large Crude Carrier UNIVERSE
IRELAND) are examined for the purpose of the eventua l development of hull-girder
criter id . The examinatIon is limited to extreme midship bend i ng moment loads which
are related to the ultimate strength.

An assessment is made of the compatibility be tween the serv i ce and stress data of the
distinctly different Study Ships and the analysis methods of SSC-2~O and the r assump-
tions for cargo Ship type.

Considerable insi ght is obtained Into the probable correct mathematical approximations
of the loads and their Interre lationsh ips .

It appears that stil l-water bending moments can ~e approached pro bab ili stica lly , how-
ever , considerable additional informatIon en experienced loading conditions must be
gathered to determine the statistic al distributions.

Add itional effort is re~ulred to determine the suitable probabilistic expression and a
synthesis method for the Contribution of vibration to the extreme load .
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1. INTRODUCTION

1 .1 Background and Objectives of Project

The Ship Structure Committee is committed to the development of rational
procedures for the design of the main hull girder of ships. Rationa l procedures
Imply the capability of predicting the loads and structura l response based on
theory and statistica l data with minimum reliance on experiments and experience
factors or factors of ignorance . This goal is be i ng pursued by improving analytica l
methods , conduct ing model experiments , ga ther i ng full—scale data , correlatinç,
their results and comparing them with existing design procedure.

This project is devoted to extreme midshi p bending moment loads which are
related to the ultimate strength of the main hull girder of ships . Its purpose
was to perform calculations using recently developed statistically based l oad-pre-
d ict ion techniques and to compare the results with actual values and with service
experience.

Essen ti a l l y , the study is a follow—up to the Ship Structure Comittee
Project SR-b98 published as SSC -240 report , “Load Criteria for Ship Structura l
Design ”, (l)*. The heart of SSC-21.0 was the set up of the ult imate load criterion
for the main hull girder involving the following bending moments:

o Still-water due to weight and buoyancy
o Ship ’s own wave train
o Quasi-static wave-induced , ver ti cal and la tera l comb in ed
o Dynamic loads , Including slamming , whipp i ng and springing
o The rma l effects

Determinat ion of each of the loads was revIewed and the methods of coinbln-
ing loads , all expressed in probability terms , were considered in the SSC-240 pro-
ject. Fina lly, calculations of loads were carried out for a typical cargo ship,
the 5.5. WOLVERINE STATE , by application of the methods developed. The results
were compared with the standard s under which the ship was designed .

• This meant that the procedures for analytical predictions and load super-
position presented were validated for one particular ship type. For un i versal
a pp l i c a t i o n  of these procedures , it was necessary to determine their applicability
to markedly different ship types.

Consequently, the broad objective of this project was to perform similar
calculations and comparisons of results for three ships , namely a modern container-
ship, a bulk carrIer and a very large crude carrier. Since this project was limited
to ultimate strength , it was necessary to focus attention on maximum loads , their
superposition and their probability of occurrence.

Throughout the study the philosophy maintained was that the first priority
sho u ld be g iven to ob ta i n ing  maxi mum ins i gh t in to the correc t ma thema t ical

t 

-‘5
*Numbers in parenthesis refer to references listed in Section 8.
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approximation of the loads and their relationships and the second priority should
be g i ven to the accomplishment of the actual numerical ca culatlons. The reason
for this attitude was that there would always remain an element of doubt in the
results of the calculations and consequently, thei r  val ue wou ld be lessened if
they involved unproven hypotheses. In all the tasks a point was made to I den t if y
the gaps in the rationa l design procedure which should be filled in with follow—on
projects. The philosophy also intended to shed light on the probable limitations ,
if  there be any , of the pract i cality of a completely rationa l procedure and to
what extent it must be comb i ned with empirIcism .

One of the intrinsic and Important responsibilities of this study was to
examine the validity of the available full-scale data and to determ i ne If the
analys i s methods of SSC—240 and their assumptions for conventiona l dry cargo
shi ps were compatible with service and stress data of the three larger or faster
shi ps.

1.2 Sel ection of Study Ships

I t was desi rable that the project select three different ship types wh i ch
represented the latest trends in ship design. The sh ip types should be:

a. A large, high—s peed conta i nership
b. An ocean-going dry bulk carrier , and
c. A very large crude carrier (VLCC)

From a practical viewpoint it was necessary that specific ships be selected for
wh ich service data and full-scale stress data existed and would be available.

The choice of the 51-7, the SEA-LAND McLEAN , was an obv ious choice for the
containersh ip. It is certainly a ship of today and at least the near future . The
full—scale stress data for its first and second seasons of operation were avai lable
at the Initiation of the study (2, 3). Further , published reports were available
on theoretica l and experimental estimates of the SL-7 waveloads (4, 5, 6).

The bu lk car r ier  selec ted for the study was the FOTINI-L . Full-scale stress
data was collected for the ship In October 1 967 to December 1969 and considerable
ana lys i s  of this data had alread y been performed (7, 8). ThIs ship reportedly
experiences spring i ng type vibrations. Subsequent to full-scale measurements , the
vessel h ad, been converted to a self unloader and the old operations information
was not ava ilable. However , the logbooks of the sis ter shi p , MARKA-L , wh i ch
continues to operate as a bulk carr ier , were obta i ned .

Amongst the VLCC ’s the SS UN I VERSE IRELAND had the most to offer as a
study s hip. Full-scale data were available similar to the FOTi tlI-L (7). In
add ition , both theoretica l and experimental information on bend i ng moment was
available including response amplitude operators (9, 10).

1.3 Tasks and Overview

Once the study sh ip s were selec ted , pa r a l l e l  effo r t was devoted to three
main areas, viz.,

a. Compilation and analysis of Still—water Bending Moment (SWBM)

‘L~ I 
- 



- -~~~~~~ -

-~~~~_ -

b. Ca lculations of Wave-Induced Bending Moment (WIBM)
c. Analysis of dynamic loads

In the SWBM task , it was intended to calculate the moments at midship for
actua l l oad i ng conditions experienced at sea ; further , to deduce the variation &
the SWBM during voyages and to determine the distribution (magn i tude vs. number
of occurrences ). Last ly,  it was necessary to est ima te for each ship the SWBM
for supe rposition of loads in probabilis tic or deterministic terms, as indicated
by the data . To the surprise of the investiga tors , in the case of a l l  th ree sh i ps ,
it was found that the logbook data was i nadequate and/or the data on the actua l
load ing conditions unretrieva ble to establ ish the wei ght d istribution along the
length of the ship necessary to calculate the SWBM . In view of this pred i cament ,
efforts were made to combine the information in the loadIng booklets with the
measured stress data to generate the probable experienced tota l SWBM . This
effort was not fruitful. However, most va l uable insight was obtained from the
full-scale data in the variation of the SWBM during voyages.

The tasks of WIBM was divided into two parts , namely short-term and
long-term predictions . The former was rather straight-fo rward . Response RAO ’s
were compiled from exist ing sources and calculated as necessary . Inputs -for the
wave spectra were derived from published observed wave data on the trad e rou tes
for each ship. The pre-requisite of the long-term predictions of the WIBM was
the validation of the compatibility of its assumptions with the method for super-
position of loads as they apply to the ships in question. This task was comb i ned
wi th the task on dynamic bending moment.

The p r i m a r y objecti ve of the task on dynamic moments was to examine the full-
scale stress data with the view of develop i ng empirical or ana l ytica l representa-
tion of the contribution of vibration (slamm i ng , whipping , springing) upon the
uitlmate loads of the study ships . A great portion of the effort was devoted to
the establishmen t of the rel iability of the data and the i nvesti gation of the
probability distributions of the stress components.

The project did not reach the point of performing all the numerical
ca lcula ti ons of each of the bend i ng moment s ’ loads and their superposition .

The hull girder design criteria of I. classifica tion societies were examined
and applied to the study ships as a rev iew of the current design practices.

The owners of each of the study ships were questioned with regard to
any hu l l  gir der damage of wha tever na tu re - major , minor or incipient , that mig ht
be attr ibuted to high bending moment. It was hoped tha t damage can be correlated

— with specific full-scale stress data . The owners reported no pertinen t damage.
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2.0 STI LL-WATER BENDING MOMENTS AND THERMAL EFFECTS

2.1 Introduction

Still-water bending momen t (SWBM) loads and therma l effects on the hull
gIrder have distinct IdentIties and normally they have to be handled separately;
however, in this report it was found convenient to present them in one section
m a i n l y  beca use in case of both I tems extensive reference Is made to the same

— full—scale stress data, as will be seen later.

Initially, the investigations of the still-water loading Were to involve
the fol lowing:

i. Calculations of the SWBM at midship for all the different loading
condi t ions experienced by each shi p over a period of 6-9 mon ths ,
preferably durin g the instrumented voyages.

ii. Reconstruction of the time history of the SWBM at midship and the
determination of the distribution (magnitude verses number of
occurrences).

iii. Comparison of the calculated moments for the experienced loadings
with the design momen ts and moments for the sample loading condi-
tions In the loading booklets.

iv. Estima tion of SWBM for superposition of loads in probabilisti c or
deterministic terms, as ind i cated by the data.

In case of the SL—7 containership and UNIVERSE I RELAND, the owners wou ld
only supply the loading booklets. Subsequent to the instrumented voyages, the
bulk carrier FOTINI-L was converted to a self-unloader. The new owner did not
save the old files . As an alternative , the ac tual loading condi tions and the
logbook data were obtained for the sister ship MV OREMA R (ex-MA RKA-L). Unfortu-
na tely ,  the information provided only the total cargo, ballast and consumables on
board at the beginning and end of the voyages, and did not include the distribu-
tion along the l ength of the ship to develop the weight curves.

In brief , the invest i gators d id  not have the da ta required to calc u la te
the SWBM based on actua l experience for any of the three ships. The next hope was
to examine the full-scale stress data and determine if they could be correlated
with typical loading cond i tions in the load i ng booklets. Putting It another way,
the question was whether the total variatIon of the mean for each instrumented
voyage was comparable to that for sample voyages in the loading booklet. The
results of this examination were negative , if the results had been positive,
then some picture could have been formed of the distribution of total SWBM by
combinIng the sample loading conditions and the stress data.

It is , of course, a disappointment that no determination could be made of
the experienced tota l SWBM . However, in retrospect it is believed that most
val uable insight has been obtained In the variation of SWBM during voyages by
exam ination of the full-scale stress data. This is a significant component of the
SWBM regarding which very li ttle is known.

2-1 Li 
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This is illus trated in Figures 2-1 , 2—2 and 2-3, Typi cal Voyage Var iati ons
of the Relative Still—water Bending Stresses (SWBS), for the SL—7, FOTINI-L ,
and the UNIVERSE IRELAND , respectively. The data are from the actual full—scale
stress measurements (2), (3), (7). It should be clarifie d that the variations
do not reflect stress changes due to weight and buoyancy only wh i ch account
for SWBM. There was no way to separate the variou s components of the mean
stress and consequently the plots are for total stress variation whatever the
cause may be such as bal!ast changes, reduc t ion of consumables , thermal effects
and sjii,p & s own wave train. The ins trumentation was adjusted to zero at the
beginning of each voyage and the plots are va l ues of the mean stress relative to
this zero during each watch or interval represented in the TMR (Teledyne
Mater ial Research) tapes. It can be seen that the variation of the mean and the
diurna l changes is signif icant , at least for the FOTINI—L and the UNIVERSE
IRELAND , a tanker and a bu lk  car r ier , respectively.

Until qu i te recen t l y ,  des ign prac ti ces ca l l ed  for ca lcula ti ng the SWBM
for probable loading conditions at the beginning and end of voyages, and indicat-
ing in the load i ng booklet the extremes (generally in terms of stress numerals)
wi thin wh i ch the master must load his vessel. Now it can be seen from Figures 2-1 ,
2-2 and 2-3 that even though the master may follow the loading booklet in keeping
the stress at departure with in the allowable limits , the variation during the
voyages may result in exceeding these limits .

Another interesting observation that can be made from the samp le p lo ts
i s tha t the va r ia ti on of the mea n and d i u r nal changes appea r to have a rando m
nature ; based on this , one may conjecture that the estimation of the SWBM could
be approached statistically to a certain extent.

The recent work of I vanov and MadJoarov (11) states that the SWBM can and
should be approached probabi listica lly. It claims that: (a) the maximum SWBM ’s
have normal distribution , and the probability of exceeding some gi ven va lue  of
SWBM may be est ima ted, (b) for shi ps which have on-board means of controlling
the SWBM , the norma l d i s tr ibu t ion can be trunca ted , mplyl ng that the extreme
va l ues can be controlled .

Mano et. al. (12) examined logbooks of 10 containerships and 13 tankers
in their work related to the statistica l character of the demand on the l origitu-
dina l strength and long-term dis tribution of still-water bending moments. They
found that the SWBM can be described approximatel y by a norma l distribution .
Further , that the contalnerships travel in nearl y full—load conditions and that
the coefficient of variation of SWBM is about 30%. For tankers in ballast the
coefficient of variation was found to be about 100% and in full load about 35%.
It is significant to note that Figures 2-1 , 2-2 and 2-3 tend to substantiate
these findings in a gross way.

In this project i t  was desired to obtain a rationa l method for the
estimation of SWBM in order to perfrom the superposition of loads. It was
important that the proposed method reflect the actual experience of the study ships

• and their full-scale stress data . Basic to the data examination was to determine
i f  the SWBM ’s lend themselves to a complete or partial probabilistic description ,

: -t or if they should be approached determin istlcally.
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2.2 Anal ysis of Data

Table A-I , A-2 and A-3, in Append ix A give the loading conditions from
the loading booklets and the correspond i ng SWBM stresses for the SL-7, FOTIN I—L
and the UNIVERSE I RELAND , respectively. The table for the FOTINI-L also includes
info rmation on the load i ng conditions for the MA RKA-L , reconstr ucted app rox i ma tely
from the logbooks.

The maximum , m i ni mum and d i fference of the rela t ive SWBM fo r various
voyages are provided in Tables A-le (SL-7), A-5 (FOTINI-L) and A-6 (UNI VERSE
IRELAND) . The tables also include the resu l ts of the normality tests conducted
on the max i ma , minima and the max imum differences .

The max i mum d iu rna l var ia t ions of the mean stress for one or more
voyages are plotted In Figure 2-4 (SL—7), 2-5 (FOTINI—L) and 2—6 (UNIVERSE
IRELAND). I t should be emphasized , as stated previously, tha t these are total
var iation whatever the cause may be. I n other words , the plots reflect the
combined effect of all loads that change very slowly. The discontinu ities in
the plots occur at the beginning or at the end of the voyage legs.

Var iation of therma l stresses are seen in Figures 2—7 (SL-7), 2-8
(FOTINI-L) and 2—9 (UNI VERSE IRELAND) . I n case of the SL-7 and UNIVERSE
IRELAND , the figures show the correlation between relative stress and air-sea
tempera ture d i f fe rence, whereas in the case of the FOTINI-L the correlation is
with air temperature . The reason for this is that the FOTINI-L logbook data in
Teledyne ’s report has minima l information on sea temperature . The magnitude
of the thermal stress Is estimated by measuring the peaks from the daily average
mean stress line (not plotted).

It should be emphasized that Figures 1 through 9 are small samples of all
the data examined .

SL-7

The still—water bending stress (SWBS) for eight typica l loading conditions ,
(Table A—l) as given in the load i ng booklet , ranges from 7 kpsi to 11 kps i ,
where plus va l ues are hogging and minus va l ues are sagg i ng .

The examination of the full-scale measurements of the still-water stress
variations for one six-month winter season reveals the following:

• f I. The largest variations of the SWBS is between 1 to 6 kps i (Table A—4).

ii . The maximum diurna l stress variation is approximately 1 to 3 kpsI.

iii. No correlat ion can be seen between therma l stress (1 to 2 kpsi) and
a ir-sea temperature difference.

iv . The shielding of the deck from the sun by the containers may be the
reason for the low therma l stresses.

v. There is no remarkable change in SWBS during any voyages in question .

4
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The probable explanation for the low variation in stress during the
voyages is the extensive shore-side control , and deta i l ed  ins tructions provided
to the master. Th i s  pract ice appears to be consis tent w it h the opera tors of
modern conta i nerships. If it can be confirmed that containerships are loaded
within the stress range allowed by the load i ng booklets and the variation during
voyages is as low as observed for -the SL-7, then it would appea r that an est i-
mate of the SWBM fo r desi gn coul d be made f rom a trunca ted stat is ti cal d i strib u ti on ,
or even determin istically. A word of caution should be added that the instrument-
a t ion which recorded stress at spec i f i c  t ime i n tervals on ly may not have pi cked
up abrupt stress changes in course of ballast adjustments which could be signi-
ficant.

FOTINI-L
— 

Table A-2a and A-2b show the surmia ry of the loading conditions and their
correspond ing SWBS taken from the loading booklet. In addition , it includes
sumary of loading conditions reconstructed from the logbook for the sister
shi p MARKA-L. This was accomplished by d i s tr i bu t in g the total cargo , b a l l a s t,
fuel o i l and cons umables alon g the len gth of the shi p to su it the fo re and af t
drafts. In the loaded conditions (with cargo) the stress range is 5.2 (sagging)
to 2.5 (hogging) kps i , wherea s, in the ballas t condition the range is -2.5 to
3.8 kpsi.

As for typica l bulk carriers , the bending moment cu rves for the FOT 1NI- L
supplied in the loading manual have several peaks. When loaded with coa l or
bauxite , the maximum sagging stress occurs approximately 10% aft of midship.
In  the b a l l a s t con d i t ions , peaks of the hogging stress appear at the quarter
points and those for the sagging occur in the neighborhood of amidships.

Exam i nation of the full—scale records for midship stress show that the
d iurnal stress varies from about 1 to 6 kps i with an average variation of 3 kpsi
over a one-year period . The diurna l stress variation from the dail y avera ge
could be considered as therma l effects. It can be seen in Figure 2—8 that the
stress l evels are related to the air temperature variation.

T he maximum stress variation during the instrumented voyages r’ange from 2
to 17 kpsi (Table A-5). This , of cour se , is a sizable var iation . The maxima
of the rela t ive SWBS du r i ng these voyages passed the norma l it y tes ts whe reas the
minima and the diffe rences failed the normality tests. No coment can be made

— • on the statistical distribution of the SWBM since the bending moment at beginning
and end of the voyages are not known.

UNIVERSE IRELAND

Accord ing to the owners of the UNIVERSE IRELAN D , the vessel i s loaded
very much in accordance with the loading manual. The loaded conditions (with
cargo) and heavy ballast condition s, always have sagging stress that ranges

- 

- - f rom -3 to -9 .3 kps i , (Table A-6). In the normal ballas t condition , there is
a hogg ing stress of approxima tely 6.5 to 7.3  kpsl. The maximum stress occurs

- 

- - within approximately 10% of midshi p.

The variation of the relative SWBS for the instrumented voyages was
found to be quite high , i.e. 4 to 19 kpsi . The data show abrupt changes of 5 to
13 kpsi in the mean of the SWBS. This can only be caused during the period when

2-13

~~~~~~~~ L - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —~~~  ~~~~~~~~~~



-- ‘ 5-’

~~~~~~~~ 
~•-5_.5’_-5~ _’- 5•__•__ -5____ -, —

the tanks were be ing cleaned or it could be due to malfunction of the measuring
instruments. (It should be noted that in the case of the UNIVERSE IRELAN D and
the FOT IN I—L , the instrumentation was unattended.) The results of the normality
tests and the relative maxima , minima and differences are not consistent; how-
eve r, they tend to favor a norma l distribution .

The ful l-scale stress records show maximum diurna l variation of 2 to
6 kps i and there is strong correlation between relat ive SWBS and air-sea tempera-
ture differences as seen in Figure 2-9. It will be noted that when the thermal
effects result in a sagg ing stress they w i l l  generally add to the SWBS which
is also sagging. In case of UNIVERS E IRELAND and the FOTIN I—L the stress data
were examined to determine If the l evel of the mean in any way correlates with
the geographical area or the ambient temperature. No particular correlation was
recogn ized.

It should be reiterated tha t both the UNIVERSE IRELAND and the FOTINI—L
show large variation of the mean stress and much of it can be attributed to
ballast shifts and consumption of fuel .

$
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3. WAVE-INDUCED BENDING MOMENTS

3.1 In troduction

The estimation of wave-induced bend ing moment (W IBM) is generally approached
in two parts , the first part being short—term prediction and the second part being
the applicat ion of the short-term prediction results to make long-term predictions.
The long-term predictions are required for the superposition of loads. The scope
of each part can be summarized as follows:

Short-Term Prediction :

i. Derivation of the Response Amplitude Operators (RAO ’s) for a
range of headings and frequencies (from existing calculations
and model test data or new calculations) .

ii. Compilation of observed wave data on the trade routes for each
ship. Selection of range of combinations of significant wave
heigh ts and mean per iods for genera t ion of wave spectra for i rreg u l ar
short-crested seas.

ii i. Combination of C i )  and ( i i)  to obtain short-term response in irreg-
ular short-crested seas. (Bending moment response for each wave
spectrum.)

Long-Term Prediction :

i. Calcu la t ion of the probab i l i ty dens ity f unc ti on of WIBM for ra nge of
weather conditions (or wave height groups) using the short-term pre-
dictions .

ii. Estimate of the distribution of sea conditions or the probability
of occurrence of each wave height group.

iii. Combina t ion of Ci ) and (i i )  to obtain long-term prediction for the
life time of ships.

The procedure for the calculation of long-term prediction and its comb i na-
t ion wi th other loads , particularly dynamic or vibration—induced loads (I) require
valida tion of certain key assumptions. The method of approach followed by the in-
vestigators for this validation was linked closely wi~ h the assessment of the
dynam ic loads. Consequently, the presentation of the work accomp l i s hed in the

- • - a rea of long—term prediction is presented in the section on Dynamic Bending Moments.

The task on short-term WIBM prediction was performed in parallel to the
tas ks on st i l l -water bending moments and dynamic bend ing moments. When , in due
course, It was recognized that the superposition of loads could not be accomplished
in the projec t in view of the problems encountered in the other tasks, this parti-
cu lar task was terminated essential ly after completing the sub-tasks related to
wave data and Response Amplit ude Operators. Limited effort was devoted to

- 
- . obtaining the short-term prediction . The procedure for the short-tern prediction

is well established m d  straight forward. Therefore it was deemed more worthwhile
to divert the effort to other problem areas particularly since the results of the
short-term prediction would remain unused in this project.

-‘a
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3.2 Short—T e rm Pred i cti on

3.2. 1 Wave Da ta

The statistics of the ocean waves for each one of the individua l trade
routes of the study ships was compiled us i ng References 13 and 14. The wave da ta
are av at l able  in a tabula ted f orm and it gives the fr equency of occurrence of
diffe rent combinations of significant wave height and mean wave period in
different parts of the world.

Nogben and Lumb (13) provide data for 50 areas of the Atlantic Ocean .
They refer to different seasons and different wave directions and cover wave
periods ranging from 0.0 to 20.0 seconds in 1 second increments and wave heights
from 1.0 to 62.0 f t. in 30 different increments. These data are based on almos t
2 million sets of observations recorded from ships over a period of 8 years. Wave
data for 54 sub—zones of the North Pacific Ocean are given by Yama nouch i and Ogawa
(14). They also refer to different seasons and different wave directions. They
cover periods ranging from 0.0 to 17.0 seconds and wave heights ranging from 0.0
to 10.0 meters , both in 7 increments each.

For the pu rpose of limited short-term W IBM cal culations , 10 mean—wave periods
and corresponding 10 significant wave heights were selected from the table of
pertinent wave data to generate 10 two—parameter spectra each for the SL-7 and the
FOTIN i-L. Extremes of wave period brøcketed some 99 percent of the occurrences
for each of the 10 mean—wave periods. The significant wave height selected was
the one which had the highest occurrence for the wave period in question .

Table B-I thru B-5 of Appendix B sumarize the wave-data compilation .

3.2 .2 Response Calculat ions

SL -7

Theoretica l calculations for the short-tern WIBM of the SL-7 were
available from References 4 and 5 arid the experimental va lues were available
from Reference 6. The only pertinent information missing from these refere nces
was for zero speed .

Severa l accepted computer programs are available for WIBM calculations.
The project employed the program SCORES (15), developed for the Ship Structu re
Comm i ttee. Calculations were performed for the heavy—l oad condition at zero
speed and seven head i ngs with respect to the waves. The input for the two—
parame ter spectr um used in the SCORES prog ram was based on the comp i led  wave
data. The results are shown in Table B-6 and B—i.

A decis ion has to be made as to which of the exist ing information
on short-term WIBM for all other conditions should be used In the follow—on calcu-
la tions for long-term prediction. Theoretical calculations of wave loads have
been made by Kaplan et. al (4) and Kim (5). Experimenta l wave loads have been
obtained by Da l zell and Chlocco (6). It is known that the particular version of

- . SCORES used by Kaplan gave questionable results in the case of SL-7 at high speed ,
4 and correlation with the experimental results was unsatisfactory . On the other

t 
hand , calc ulations at all speeds based on Kim ’s program showed good correlation with
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the experimen ta l results. For this reason , it seems appropriate to use Kim ’ s
work for the short-term prediction for high speeds , or to use the mean between
Kim ’s resul ts and the experimental value.

FOT INI-L

The short—term WIBM prediction for the FOTINI-L , a medium—speed bulk
car r ie r , was accomplished by employing the SCORES program (15) . Calculations
were made for three loading conditions (bal last , full load wi th coal , and ful l
load with Iron ore) , 2 speeds and 7 headings. The drafts were selected by
reference to the logbooks of the s is ter sh ip, OREMAR (ex-MA RKA-L). Speeds were
selected by reference to Teledyne ’s logbook information. As in the case of
the SL-7, inpu t for the wave spectra was based on the compiled data . Table B-8
thru B— 18 summarizes the ca lculations.

U N I V ERSE I R ELAND

All  the necessary response amplitude operators for the UN I VERSE I RELAND
were supplied by the Webb Ins titute of Nava l Archi tectu re and they are reproduced
in Table B—l 9 thru B-26. Additional pertinent Information related to ful’-scale
stress ana lysis , long-term prediction, and mode l tank experiments are found in
References 7, 9 and 10.
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4. DYNAMIC BENDING MOMENTS

4 .1 IntroductIon

Reference 1 summarizes and extends the work of the last two decades
toward “rat ional” structural design. The fundamental attitude in this work has
been tha t a l l  the major componen ts of the demand on the structure as wel l as
those of its capability are random to a greater or lesser extent. The ultimate
objective in rationa l design is thu s to be able to balance the statistics of
demand and capa b i l it y wi th i n the constra i n t of an acceptable r i sk  of stru ctu r al
failure . W ithin this framework the ultimate objective of work on the demand or
load side of the problem is to enable the synthesis of a “long-term” probability
dens i ty function of demand . (By “long term” is meant time spans of the order
of ship lives.)

As noted i n Sec ti on 1 , the presen t project was oriented toward “ultimate ”
longitud i na l bend i ng loads as defined in Ref. 1. Among the five load components
included in the definition there are two which i nvol ve the response of the
structure in some Sense. These components are “therma l effec ts” and “the dynam i c
loads due to slamming , springing or wh i pping ”. I n the case of thermal effects there
i s no exter nal mechan i cal load wh ich produces stress chan ges in the hu l l  gi rde r,
and this difficu lty was surmounted by defining an effective bend i ng moment (a
moment wh ich would produce the equivalent stress accord ing to simple beam theory).
in a similar way the effects of slaming or wh i pp i ng upon l ongitud i na l bend i ng
stress were converted into an effective moment. In this hatter case the structura l
dynamics of the ship come into play in a major way so that the effective slamm i ng
or wh ipp i ng moments also m ight be considered a step removed from actual mechan i cal
l oads. Thus the “ultimate l oad” definition of Ref. 1 may be alternately and
usefully thought of as a definition for the “u l t ima te stress” response of the
structure .

It was pointed out in Ref. 1 that it is possible that the relatively
short duration of stress peaks induced by slamming or wh i ppIng increases the
effective capability of the structure to withstand damage; this is , tha t there
is a poss ib le  in terac t ion between the bend in g load as defined and the capab i l it y
of the structure . The magnitude of this interaction is unkown. Thus , as a practi-
ca l matter , the stance taken in Ref . I i n the con tex t of ul t ima te loads , was to
consider an Instantaneou s peak combined stress as a meaningful demand on the
structure regard l ess of the frequency of application.

The time scale of variations of three of the stress components
noted in Section 1 (SWBM, Forward Speed , Thermal) is typically between hours
and days , that of the other two (wave Induced and vibratory) is between minutes
and seconds . Wave .induced and v ibratory stresses appea r in the short-term as
bein g superimposed upon a sensibly constant mean stress which Is thought of as

— being made up of the sum of the first three slowly varying components.
Essentially, the present state of know~edye suggests that stresses due tn weight and
buoyancy d i s tr i b ut ion , those due to therma l l oads , the stress induced by the
ship’s own wave system, and those due to waves and vibrations do not interact
d irect ly wI th one another. Thus the combined stress occurring in a relatively
short t ime in terva l i n the sh ip l i f e  i s conside red to be a s im p le sum of f i ve
random variables.
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combined stress (all components)

5
E ~ (4.1)

i—l

and :

— stress due to SWBM

0
2 

stress due to steady state waves generated by forward speed of the
vesse l

0
3 

stress due to thermal effects

04 stress d i r e c t l y  ind uced by waves
(quasi-static response)

(/
5 

stress Induced by s l ammin g, whipp i ng, etc.
(the vibratory response of the structure to a variety of loads)

Each of the stress components enumerated is considered to be a function
of other random variables which define the long—term environment and operation
of the ship. Thus the problem of the synthesis of the long—term probability
densi ty of a~ , ~~~~ 

at) say, centers about the synthesis of the joint long—term
dens ity of the five stress components and the variables of wh -ch they are functions:

f( a
~
, 
~2’ 03~ 

0
4~ 

0~~, A 1, A2 )

where A 1, A2, etc., are the (conceptual) random variables defining the long—term
environment and operation , and the marg i nal Joint dens i ty of as... 05 is found
by in tegrating out the A’ s.

As impl ied by the above expression , i n at least a minor way, a l l  the
components of stre s are influenced by all the environmental and operational para-
meters so that the ideal problem of finding the marginal density of the a’s assumes
a di mens ion beyond reason for present state of the art. This dimension is reduced
to a relatively tractable size in Ref. 1 by reasonable eng ineering arguments. The
f i r st argument is that the var iabi l i ty  of SWBM Is d ctated largely by operational
factors and human judgement. Apart from an occasiona l change in ballast to ease
the vesse l in heavy weather , the parameters controlling SWBM of commercial vessel s
operate nearly independently of the environment, and consequently SWBM is consi-
dered to be statisticall y independent. Generally similar arguments were advanced
for the sh i p ’s own wave and thermal stress components. The net effect was tha t
the overall structure of the problem was simp lified by assuming independence of
various sets of var iables , wi th the resu lt that  the joint h ong—term dens i ty
becomes a product of joint densities of smaller dimension , conceptually:

f(a1, 02 , 03, 04, 05, A 1,...~

f1 (a1, A~) f2(a2 ,A2) f 3( a3,A3) —
a 

f45(a4, a5, A4, A5 ...)
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I n  this form the marginal densities of O l a 0 and a may be obta i ned i n
separate integrations. The wave-induced (.U4~ and vibra tory stresses 

(0
5
)

are conceptua lly functions of the same Set of parameters.

The last of the four Joint densities Is the subject of the present
section of the report. Both the fourth and fifth stress components may
be considered “dynamic”, their characterIstic time durations are of the
same order , and i t is na tu ral to consider them together to the exten t
wh ich is possible.

The objective of the present task was to examine the avai lab le
“dynamic” stress data for the three study shi ps w it h the v i ew toward:

1. Gathering Information on the statistics of a,, the
slamming , whi pping or springing— induced stre~s.

2. Attempting to synthesize this information in a useful
way .

3. Verif y in g, as feasible , the basic assumption s in state
of the art or proposed prediction methods for both wave—
Induced and vibra tory stresses as applied to the study ships.

4.2 Wave -induced and Vibratory-Stress !~~ponse: General i t ies

Considering the l ong-term joint density of wave-induced and vibra-
tory stress separa tel y,  some further reduction can be effected by intro-
duc ing cond i t iona l densi t ies :

f45(a4,cj5,A4 A5...) — P45(04,a5)A4,A5...) PA
(A4,AS...) (4.3)

where

is the conditiona l jo Int density

of 04 0~~ given the env i romental

var iables  A4, A5...
PA

(A 4,AS...) is the join t density of the env i ron-

men tal var i ables

A spec ial interpretation of the above expression is fundamental
to most of the known state—of—the—art synthesis methods. The interpre-
tat ion is that the conditional joint density (P4 (...)) represen ts the

- 
- 

- short-term Joint stress response(given particulJ values of the env iron-
menta l variables , A ...). Since the overall objective is to synthesize
peak stresses , the further interpretati:: is made that P45 (a4,a5 lA 4,A

5 )
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Is the short -term conditional densIty of the maxima of the (ai,,a ) proc.ss
which is defined by the variables (A4,A . . .)  and assumed to be s~atis-
tlca lly stationa ry. The overall physiJl Justification is again based
upon time scales. Environiental and operational parameters (wave heights,
etc. ) fluctuate much more slowly than dynamic stresses , and are assumed
to be sens ibly constant In the short term. “Short term” in this constant
means t imes in the order of half an hour.

With respect to a prediction of the combined wave-induced and
vibra tory stress the above treatment implies the following procedure:

Let z — 
a 

+ 
0 the combined stress.

Then :

P
~

(z) .ff ...f P45 (a4 , z-~ 4lA 4 . . . ) PA (A4...) dO•4dA4•~~dA n

(4.4)

Where the limits of the Integrals are Infinite. If 04 and a are
st a t i s t i ca l l y  independent for given choices of parameters, t~e prob lem
is only slIghtly simpli f ied because of the integrations over the (assumed
common ) enviromental parameters.

The approach to this problem in Ref. 1 appears to have involved
rat her different assumptions, If it Is considered that vibratory response
Is fil tered out over the lifetime of the ship (or that the ship is rigid)
the stress remaining is the wave -induced stress. In the notation of
the genera l treatmen t above , the long—term density of 0

4 
alo ne would be:

P (a
4
) _ f ...fP4(a4lA4...) PA (A4. ..)dA 4 .. 

~~~ 
(4.5)

This was predicted in ref. 1. I n a presumably s im i l a r  fash ion , estimates
were made of the long-term density of 0 . The va lues of 04 and q
correspond ing to low probabilit ies of o~currence (return periods �orres-
pond ing to ship l ives) were found and the results were added to form an
est imate of long-term combined wave -induced and vibratory stress. In-
tu itive ly, the approac h seems conservative.

Clearly the reason for the approach taken in Ref. 1 was that
systematic procedures for the prediction of the joint density, PL (04,0 ,A4 ...),

• In Eq. 4.4 were not available for the ships studied in that refei’~nce. ~
Rel iance had to be placed upon empirica l stress data for the vibratory
part of the problem. Consequently, the assumptions made and the pro-
cedures deve loped were a funct ion of the available Information for the
particular study ship of Ref . I. The presen t task involving ships of
d ifferent types was a direc t outgrowth.

Thus in examining the stress data for the present task it had to
be borne in mind that not only the margIna l stat is t ics of Or was of

4-4

- 
-

- 2

—-5 --~ - -~~~
-5-55- - - - --



- - - --—------rn - -r - -5- -

Importance; but also that the basic approach to the combination of wave-
induced and vibratory stresses of the present three ships might have to
be qu ite different.

4 .3  Full—Scale Stress Data Bases

Insofar as long—term statistica l generalizations are concerned ,
val ida ti on of methods are dependen t upon the amount of da ta ava i lab le  and
I ts representativeness. Appendix C-i describes the available data bases
utilized in the study. Since the majority of available data dealt with
the average of port and starboard midshi p deck-edge stresses, only this
measure of stress response was considered . This response may be thought
of as the mi dsh i pdeck stress response due only to body vertical bending
loads. The data bases for the UNIVERSE ISLAND and the FOTINI-L appear
quite representative of a realistic long—term situation . The data from
these shi ps involve a samp l i ng of l ong i tudi nal bend in g stresses in
one-half to one-third of the sea watches naturally occurring over a 2 1/2
or three year period . The data base for the SL-7 is biased toward severe
weather conditions since it corresponds to a sampling of about 2/3 of the
sea watc hes occurring in about 270 days of exposure to winter North
A tlantic weather.

With respect to an additive vibratory component of stress response
(a ) the extent to which the available data have been reduced was not
th~

ught adequate for all three ships. Accordingly, representative data
sub-sets were chosen for the FOTINI-L and the SL-7. As described In
Appendix C—i , a dig ital representation of the origina l stress—time history
for each samp le was thereby made available for detailed anal yses.

4.4 Examination of Max i mum Vibratory—Stress Double—Amplitu de Data
for the UNIVERSE IRELAND

Since the primary data reduct ion methods noted in Ref. 16 have been
car r ied out on a l l  the ava i lab le  da ta , it was reasonab le  to begin the
inquiry into vibration response with the measures of response already
available. 

-

The only s ign i f i can t  meas ure of v ibra tory  response ava i l ab le  was
the maximum Isolated double amplitude of vibration in each 20-minute
record in the data base. The vibration in each record had been isolated
by fil tering such that the wave —induced components were eliminated . The
resul ting maximum double amplitude of vibratory stress (or maximum “burst”
stress as i t is sometimes cailed ) is thus not correlated with the short—
term maxima of the wave— ind uced stresses. Since it is Just the maximum

- - in a short-term sample , it can have meaning only In a longer term sense.

It should be emphasized tha t the maximum double amplitude of vibra- j
tory stress is not the vibratory—stress increment (

~ 
) of Sections 4.1 and

5

A
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4.2. However, intuitively, half the maximu m vibratory stress as developed
cou ld be n umer i ca l l y equa l to the maximum va l ue of 0~ in a record . A
quite possibly conservative upper bound on combined sfress might be
formed by sunining half the max imum vibration double amplitude and the
maximum wave-induced stress (tension or compression ) in a record . Ac-
cording ly, the maximum “burst” data , though not exactly in the form
des i red , was of considerabl e pertinence.

The details of the examInation of the maximum vibration double-
amplitude data for the UNIVERSE IRELAND (and an initial examination for
the other two -ships) are contained In Appendix C-2, where correlations
of this data with Beaufort wind strength , ship speed and ship—wave heading
are desc ribed .

The fundamental result for the UNIVERSE IRELAND was the absence of
any firm trends. The reason was that maximum vibration double amplitudes
were reported as zero if they were below I kpsi; coupled with the fact
that In the vest majority of records the vibration double amplitudes
were below this threshhold. It is difficult to do much with zeros.

However , It was noted that all of the 1900 maximum vibration double
amplitudes in the data base except for 4 were below 3.4 kpsi , that none
of those four were associated with exceptionally severe weather for such
a large ship and that all four were above 6.5 kpsi. Owing to the nature
of the statistic , the data—reduction method and the suspicious gap in
observed magnitudes (between 3~4 and 6.5 kpsi) it appeared permissible
to assume that the isolated highest points were spurious. On this basis
it appeared reasonable to take the position that the effect of vibratory
response from all causes in the UNIVERSE IRELAND could conservatively
be taken care of by assuming an increment to wave-induced tension or
compression of 1.0 or 1.5 kps i for all conditions.

The absolute magnitude of the maximum vibration appeared to be so
small in relation to the potential wave—induced and SWBM contributions ,
that there seemed little point in delving deeper into the U N I V E R S E  IRELAND
data and this- was not attempted .

4.5 Analyses of Maximum Vibratory—Stress Double-Amplitudes for the
FOT iN I- L and the SL-7

4.5.1 Trends

An i nitial examination of the available data on maximum vibrato ry-
stress double-amplitudes for the FOTINI-L and the SL-7 was carried out
as for the UN I VERSE IRELAND and is described in Appendix c—2. As in the
case of the UNIVERSE IRELAND there were also thresholds involved in the
ori gi na l reduc ti on of th i s da ta , but the magnitudes of vibration were
generally hi gher and some genera l trend s could be seen .

4—6

--5- - - --—--5-— - ---—- - -L~~~~~ - ~~~~~~~~ ~~~~~~~ “



— - r ’  - “.‘. ‘~~~~~~~~~ ‘ - - ~~~~~‘.‘ - _‘“.‘.‘ “ “ ‘ ~~~~ ‘~~

The data for both the FOTIN1-L and the SL-7 indicated mild upward
t rends of v ibration with Beaufort number (and by Implication , wi th wave -

sever ity) and as heading varies f rom fol lowing to head seas.
Both data bases invol ve a re lat ively low incidence of reduced speed . The
consequence was that maximum vibration double amplitudes appeared independent
of speed on the average.

As far as magn itudes of maximum vibration double amplitudes were
concerned , there were a quite significant number of double amplitudes be-
tween 3 and 10 kps i in the SL-7 data , and a few rang ing up to 15 kpsi .
The FOTINI-L data showed many points between 3 and 8 kps i and some Isolated
points ranging up to 11 kpsi.

The presence of trends with operational parameters and the relatively
h igh magnItudes of stress variation Ind icated tha t more detailed studies
of the v ibratory response of both the FOTINI-L and the SL-7 were in order.
In order to accomp lish this more detai led examination , representative
data subsets were selected from the available data bases (details of the
selec t ion are to be found in Appendix C—j). What was intended was to
re—analyze the original stress records in various ways alternate to those
which had been previously employed .

There are two wor thwhi l e  routi ne opera t ions wh i ch are common to
any analysis of random time histor ies. The f i r s t  is a qual i ta t ive visual
Inspection of the original time histories , and the second is to estimate
and ana lyze the scalar spectrum of each record . In the present case ,
dig i tal methods of separating wave—indu ced from vibratory stresses
similar to the analog methods of Ref. 16 also had to be dev i sed. The
detail of those operations and some results are summarized in Appendix
C—3.

The resu l t of most int eres t from the ana lys i s of the sca lar  spectra
was the d ifference between the FOTINI-L and the SL—7 stress spectra with
respect to the relative contributions of vibratory and wave-induced stresses
to the whole. In the SL-7 case the spec t ra l peak corresponding to vibra-
tion was rarely more than 10% of the peak in the wave—induced frequency
range. Vibration contribution to the spectra was not prominent (in fact
barely visible) in cases where overall stress response was large. In
con tras t, the spectral peak due to vibration was much more prominent in
the FONT INI-L spectra , and in fact , upon occas ion , was larger than the
peak in the wave -induced frequency range. Given the small differences
between the magn itudes of maximum v i bra t ion for the two sh ip s, and the
not enormously larger wave -induced stresses for the SL.-7, this qualitative
d i f f e r e nce was i n i t i a l l y surprising.

Detailed exam i nation of short samples of the original stress time
histories showed that the completely automatic determination of maximum vibra-
tion double amplitudes (Ref.l6) did not always produce a reliable statistic. Upon

4-7

5- —- — — -  —- -5—-  — — —



______________________________

occasion , sudden pulses withou t subsequent vibratory decay were observed.
These could not be accepted as representing someth i ng which actually
happened aboard ship.

The Incidence of those stray phenomena in the SL—7 data sub-set was
relatively low -- only six out of 198 records were rejected on this basis.

A much higher incidence of oddities was observed on the FOTINI-L
data sub— set. In the end, 78 out of 168 records were rejected. In addi-
t ion to the stray-pulse problem, occas iona l evidence of saturation of the
Ini tial magnetic-tape record was found. (This was due to large changes in
SWBM).

Examination of the remaining records Ind i cated that the superimposed
v ibration was consistently qual i tat ively different for the two ships. For
the FOT1NI-L the vibration had the appearance of spring i ng when the vibra-
tion was appreciable. On the other hand , when the vibratory response of the
SL-7 is large , It appears to be impact induced . Judging by the timing of the
in itiation of vibration relative to the wave-Induced stress, both forward—
bottom slamming and the flare-shock phenomenon ori ginally associated with
aircraf t carriers (Ref. 17) appear to be present. Qualitatively, the v i bra tory
response of neither ship appears exactly simIlar to that of the study ship of
Ref. 1.

Because the data sub-set for the FOTINI-L had been selected in part so
that it contained most of the unusually high vibratory response (Appendix C_fl ,
I t was of interest to re-examine the trends in ltally found in Beaufort number/
speed/heading classifications of the data afterdiscardlng points strongly
suspected to be spurious. Detai ls of this re-examination and revision of the
data base are indicated in Append ix C-6. The significant result of this re-
examina tion was that the majority of the original exceptionally high maximum
doubl e amplitudes of vibration were thrown out. In the revised FOTINI-L data
base ~there are just 19 instances where the maximum double amplitude of vibration
fell between 3 and 8 kps i and only one in excess of 8 kpsi. EffectIvely, 98.6%
of the FO 1INI-L max imum vibration double amplitudes are below 3 kpsi.

A fu rther examination of the 1 .4% of data aWove 3 kps i disclosed that at
least two of the 20 hIgh values were of suspicious origin though this could not
be confirmed. It appears that 98% of the data base for the FOTINI-L implies an
allowance for vibra tory addition to wave -Induced stress not apprec iably higher
than that previously suggested for the UNIVERSE I RELAND. However, the revised
data base also suggests that real maximum vibration double amp l itudes above
about 3 kps i are nearly always associated with Beaufort wind strengths above 6.

A comparable re-examination was carried out on the SL-7 data base. In
this case the 3 kpsi level of double amplitudes is exceeded in 12% of the records.
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Though the result must be partly due to the bias in the SL—7 data base toward
severe cond itions, v ibration double amplitudes above 3 kpsi appear to be 8 or
10 tImes more likely in the SL—7 than the FOTINI-L .

4 .5.2 Fitted Distributions

As has been poin ted ou t, the statistics of the isolated vibratory stress
are not exact ly what is wanted in the development noted in Sections 4 .1 and 4 .2.
However , they are of pertinence (especially if no clea r results can be obta i ned
for what is really wanted) . Thus it was of interest to see if the maximum vi-
bration double amplitudes could be fitted by some conven ient semi—analytical
(“long—term”) distribution function .

It is reasonable In such an effort to begin with an examination of the
short-term statistics of the process from which the sample maximum is found ,
s ince the general form of the long-term distribution Is influenced by the short-
term d istribution, and because there is the possibility of developing a synthesis
method similar to that implied In Secion 4.2. A brief i nvestigation was under-
taken of the short—term vibratory response in the data sub—sets for both the
FOTINI-L and SL-7. The details are ind i cated in Appendix C-6.

The spectra l analyses had indicated the isolated vibratory responses to
be quite narrow banded. In addition , it was possible to count the number of
v ibration double amplitudes in each record of the data subsets. In each case
the number of vibrations was nearly equa l to the number which would be expected
if the ships were always in continuous vibration at the frequency of the longitu-
d inai two-noded mode.

Those facts sugges ted that the short-term distribution of vibratory maxima
might be the Rayleigh. Under this hypothesis a simple statistical hypothesis
test was dev ised to see if the maximum vibratory ampl i tude in each record was
generally what would be expected if the parameter of the Rayleigh distribution
(RMS vibratory response) was known. If the assumption was generally true it was
expected that the test would be failed in about 10% of the records of each data
sub-set. The rate of failure for the SL-7 was 64%, that for the FOTINI-L 37% .
The detail of each test disclosed that when the tests were failed the problem was
that the max imum vibration double amplitude was always higher relative to the RMS
vibration than expected.

The same test procedures were applied under the hypothesis that the short-
term d istr ibution of vibration double amplitu des was exponential. In this case,
when a test failure occurred it always Implied tha t the maximum vibration was
lower than expected relative to the RMS. The results ind icated that the short-
term d istribution of vibratory maxima was somewhat closer to exponential than to
Rayleigh since the failure rate for the SL-7 was 15% and that for the FOTINI-L
was 2l%.
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The resul ts also Implied that construction of long-term trends of
maximum vibration from short-term estimates of RMS may not be wholly within
current state of the art. in the case of suspected springing response of
the FOTINI-L , current state of the art imp l i es a zero mean Gaussian v i bra tory
response , and consequently a Rayleigh distribution of max ima . For the suspected
flare shock and slamming response of the SL-7 it is not clear what distribution
current state of the art implies. In either case, it was suspected that vibrations
due to propeller excitation were confusing the situation .

With respect to the problem of fitting some distribution to the long-term
statistics of maximum vibratory double amplitudes , the unconvincing results for
the short—term situation suggested that the next best assumption might be one of
the asymptotic extreme-value distributions. For reasons detailed In Appendix C-6,
a varia tion of the third asymptotic form as used in Ref. 18 (the Weibull distribution)
was assumed to be appropriate.

Fi ts to the We i bul l  d i s tr i but io n we re made of a l l  the max imum v i bra t ion
doub le-amplitude data in both the Sk-7 and FOT1NI-L data bases. From the
g ra phical  poin t of view , both fits appeared reasonable , the SL—7 fit appearing
better than that for the FOTINI-L . Chi-square tests for goodness~of-f I t were
applied to both sets of data . The results of these tests Indicated that the
FOT1N I— L data fit very well i ndeed , the SL—7 data not so well. For reasons
explained In Appendix C-6 the test procedure for the SL-7 were probably biased
toward a failure of the test. The net result was that It appears reasonable to
accept the We i bull distribution as a reasonable long— term representation of the
empir ica l data for both ships , and the derived parameters of the distribution for
each ship are given in Appendix C..6.

I t was of i n teres t to see if reasonable f it s to the We i bu l l  d i str i bu ti on
could be made for var ious sub-groupings of the data base; that is for the various
headings , speed s, Bea ufor t number , etc. The reason for th i s In teres t was the hope
tha t some leads on an al terna te syn thes i s method mi ght emerge. Efforts made in this
direction are detailed in Appendix C.

The effort In this direction made with the FOTINI-L maximum “burst” data
can only be described as having resulted in no credible answers. The bèsic problem
has to do with the 1 kps i analysis threshold of the original data reduction , Ref.
16. Of the 1455 seconds in the revised FOTINI-L data base there are only 140 records
havin g maximum vibration double amplitudes above the threshold. Thus the maximum
vibrat ion is reported as zero (less than 1 kpsi) 90% of the time . In the process
of producing sub—g roups of data for given combination of Beaufort number , etc., the
140 non-zero points are split so many ways that practically no credible fits could
be made.

A si mi la r , though not so severe condition Influenced the efforts with
the SL-7 maximum burst data . Despite a revision of the grouping rules , no
cred i ble , fi ts could be obta i ned for a three-way (Beaufort number , speed and
head ing) classification of data. However , some reasonable fits were obtained for
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two two-way classif icat ions (wave height-heading) and(speed-heading) .
N umer i cal resul ts for the Weib u l l  parame ters are ci ted i n Appendix  C-6 .
Reasonably sensible variations of the Weinbull parameters were obtained
for var ia ti ons in shi p speed , heading and wave height.

4.6 Analyses of the Statistics of Short-Term Wave- i nduc -d Stresses
For the FQT IN I—L and the SL-7

It was one of the genera l objectives of the present. task to develop
the statistics of the amount by wh i ch the combined stress exceeds the
wave— induced stress. (In the notation of Section 4.2 this Isc~ 5.) Since
this quantity is not necessarily half of the maximum vibration double
amplitude treated in Sections 4.4 and 4.5, it was neces sary to make a
direct approach to the problem utilizing the original ~.tress records
conta i ned in the data sub-sets described in Append i ces C—i and C—3.

The or ig ina l stress records ar e comb in ed stresses so tha t in order
to extrac t informa ti on abou t an add it ion to wave induc ~ed stresses, i t  is
necessary that the wave—induced stresses be first der ived , and the i r
statistics understood . -

Within the current state of understanding , the ~ ave l nduced stresses
— are zero mean and are superimposed in the short term on a constant—stress

bias due to slowly varying loads. Thus , insofar as data reduction is con-
cerned , the position of zero wave -induced stress is taken to be the record
mean . For both practica l and conceptua l purposes the wave-induced and
v i bra tory stresses are separa ted by a filtering ope:ratton wh i ch removes
frequency components due to ship vibration . Metho~Is employed in the presen t
study a re disc ussed i n Appendix C-~3.

It is worthwhile to rev i ew some of the additional assumptions made in
state-of-art long-term prediction methods for wave -induced stresses. The
general guide-lines for developing these methods ~iere that it be possible
to synthesize a l ong—term distribution for a spec i ”fic ship in a specific
trade route. The fundamental assumption is that the wave—induced stresses are
a linear function of suitably defined wave elevations and that the stress
spect ru m may be est imated from hydromechan i c theo ry or model tes ts1given
the input wave spectrum. A consequence of this assumption Is that the
wave-induced stress process must be a zero mean random Gaussian process.
A further eonsequence is that the process must b.c statisticall y symmetrical ;
for ins tance , the short—term statistics of stress maxima In the tensile
direction (hogging in the present case) are assumed to be the same as those

— in the compressive direc tion . Finally, under th:e above conditions the
theoretical probability density function of the maxima of the process Is
known. (The derivation is variously .ascr ibed to Rice or Cartwrlght and
Longuet -- Higgins , see Ref. 35; it is referrs~ to herein as the CLH Distri-
bu tion because the Cartwright/Longuet—H i ggins notation has been utilized) .

in the prediction methods of Ref 1 (as wel l as hi a somewhat differen t
approach, Ref 18) an additional assumption is made. This is that in the

‘1 short-term the wave—Induced stress process is es lways suffIciently narrow
banded so that the theoretica l aistribution of maxima may always be represented
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by the Rayleigh distribution. This was an approximation substantiated em-
p i r i c a l l y ,  p r inc ipa l l y  from data acquired on ships similar to the study ships
of Ref. 1. The Rayl eigh distribution has one parameter , which is taken equa l
to the predicted standard deviation (square root of the predicted stress
spectrum) times a cons tant which depends upon the conventions employed with
respect to normaiIzatii~n of spectral areas and the definition of the analyti-
cal express i on for the Ray leigh distribution . For present purposes the

• Rayleigh parameter wIll be denoted R and taken equa l to the process RIIS.
“R” is a function of a host of random operational variables (wa~,e properties ,
spectral shape, sh ip sp!ed , head ing, etc .). Under the Rayleigh assumption
the long-term density o1 wave—Induced stress , Eq. 4.5 , may be wr i t ten :

1’w (a4) —f . 

~1 
P
4

(o
~4IR) 

P (RIA ,i
, A

5 
...) P ( A 4, A

5

) dRdA
4

(4.6)

where p (R A4, M5
) is the conditiona l densitye of R given the environmenta l

var i ables A4....

If the long-term probability, Q (a
4 
), of a4 exceeding some

va lue X is desired :

Q(a4>x) — J P (a 4) dq4

if. . . f  Exp ( ,X 2 
/ 2R 2 ) P (RI A4....) 1’a (A4...) dRdA4

...

(4.7)

after substitution of the analyt ical form of the Rayleigh density function
for p4 (O4 ). Eq. 4.7 is the fundamenta l long-term prediction equation
utilized in the methods of Ref. I as well as Ref . 18; the difference in

- - methods being the procedure and order of the Integration over the range of
env ironmenta l variables , and the form of the resulting density of R. Because
the l imi ts of the R integration are infinite (or at least very large) there
are always contributions for large va lues of X from moderate and low values
of R. Thus the answe r obtained depends in part upon the va l id i t y  of the
“tail” of the Rayleigh distr ibution.

There are thus two consequences of the basic short-term assumptions
which are of fundamental Importance to the validity of state-of-art  predic-
tion procedures and which could be checked aga i nst the da ta i n the da ta
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sub—sets for both the FOTINI-L and the SL-7. These are that in the short—term:

1) The wave -induced stresses are always statistically symmetrical.

2) The d istribution of the stress max ima is always Rayleigh.

Append ix C-4 describes the work accomplished in this direction and Appendix
C—5 summarizes some of the statistica l techniques employed .

The f i r s t te.st of symmetry d i scussed i n Appendix C—4 i nvolved a graph-
ical comparison of ~he maximum tensi le wave—induced stress in each record wi th
the maximum compressive stress. The maximum Instantaneous stresses in a 20-
minute record are not particularly stable statistics so that there was much
scatter. The maximum tensile (hogging) stress in a record may be larger or
smaller than the maximum compressive (sagging) stress. However , v iewin g the
data sub-sets as a whole it appears that the maximum wave-induced tensile and
compress ive stresses for the FOTINI-L are on average nearly the same; statis-
tical symmetry appears to be a good assumption . The assumption for the SL-7
appea red not nearly so good ; on average the ratio of sagg i ng to hogging
stre sses appeared to be in the v ic in i ty  of 1.2.

As may be noted from the material presented in Appendix C— 3 , rea l
wave-induced stress-time histories do not always appear to be narrow banded .
The Rayleigh assumption colors much of what Is done to cope with this situa-
tion in the data-reduction methods of Ref 16. For present purposes, many of the
same procedures were followed . Using the sample mean as a reference, a
“main extreme” in tension was defined as the largest tensile stress observed
during a stress excursion in the tensile direction , and a main extreme ~~~i corn-
p ress ion as the la r gest comp ressive stress observed I n a stress excu rs ion in
the compressive direction. ’ The al gebraic sum of main extremes found in adja-
cent tensile and compressive stress excursions is defined to be a “double
amplitude ”. These def initions are exactly compatible with very narrow—band
processes and produce , it is thought , a series of maxima , minima and double
amplitudes from an approximately equivalen t narrow-band process. These con-
ventions were followed in developing, for each record in both data sub-sets ,
arra ys of succeed i ng max ima , minima and double amplitudes which were consid-
ered to be samples from the underl y ing process.

From samples of the maxima and minima of a Rayleigh process it is
possible to make two estimates of the Ray leigh parameter , one estimate from
the maxima and one from the minima . These estimates were compared graph-
i c a l l y  for a further check on statistical symmetry . This effort confirmed
the close symmetry previousl y ind icated for the FOTINI-L and imp lied for ‘the
SL—7 that the symmetry assumption is considerably better than was implied
prev Iousl y; apparently very much wi th in engineering reason for the ave rage
magni tudes of st ress , If not the extremes.

The several statistica l tests performed on the adequacy of fit to the
Rayl eigh distribution of the samples of double amplitudes , and main extremes ,
are summarized in Appendix C~4~
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With respect to the Rayleigh assumption for double amplitudes the tests
performed on both data sub-sets for goodness-of-fit were failed at a rate 5 to
7 times the rate expected due to statistica l variability. Essentially this
result imp lied tha t blanket acceptance of the Rayleigh assumption for double
amplitudes may result in incorrect conclusions between 20 and 35% of the time .
The correctness of the assumption for double amp litudes has no direct bearing
upon the prediction methods outlined since the real interest is In main excur-
sions. However , it has a significant ind i rect bearing in that all or most
existing methods have been verified against double -amplitude data .

The statistical tests on the fit to the Ray leigh distribution of the
short-term wave—induced main extremes in the SL-7 data sub—set produced over-
all failure rates 7 or 8 times that expected on the basis of statistical
variability. The samples of main extremes in tension or compression are badly
fitted by the Rayleigh distribu tion 35~ to 40% of the time . On the basis of
these results it is difficult to accept the proposition that the short-te rm
wave— induced stress maxima of the SL-7 always follow the Rayleigh distribution .

Similar tests on the fit of short-term wave—induced main extremes in
the FOT1NI-L data sub-set to the Rayleigh distribution produced failure rates
3 to 4 times tha t expected ; that is , h i gher tha n wou ld be des i rabl e for an
unconditiona l acceptance of the Ray leigh assumption but much l ower than those
for the SL—7.

By a subjective classification of the width of each of the FOTIP4I-L
stress spectra it was possible to correlate the test failures with the
spectra l width. Failure rates for very narrow spectra were ~iear enough to that
expected so that the Rayleigh assumption could reasonably bo accepted. The
high overall rate was explained by higher rates of failure fcr broader
spectra.

Exac t l y similar correlations were not made for the SL-7 results , but
those tha t were imp l ied that the problem there was with a high incidence of

F broad-band stress spcctra.
- 

It was appa rent from the details of the SL—7 data sub—set that the
ship slows to less than 15 knots speed only during extrao rdinarily severe
wave cond itions , and under these circumstances the ship heading is generall y
bow or head seas. Eleven such cases exist in the data sub-set. Examination
of the tes ts of the Ray le ig h ass umpt ion for these cases i ndica ted tha t had
the 11 low-speed cases been the only ones available there would have been
little hesitation in accepting the Rayleigh assumpt ion.

Since the results for the SL-7 at least had potentially serious im-
plications with respect to the long-term prediction methods, and ind i rectly
upon the validity of the basic short-term prediction procedure , it was of
interest to see If the maxima and minima would , in genera l , fit the more
complicated theoretica l distribution cited earlier. In order to carry out
these tests , all the maxima and minima in each record in the SL-7 data sub-

~~~~ 

set (not Just main extremes) had to be found
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The testing procedures utilized - in this effort were essentially similar
to those on the main extremes. The overal l  fa i lure rates of these tests were
very much in line to the rate-of-failure expected . Thus the short-term statis-
tics of the SL—7 stress records appear in general to be consistent with those
expected under the linea r random prediction theory for systems of arbitrary
band wid th; tha t is , consistent with the two-parameter CLH distribution .

As in the earlier tests the procedure produced two sets of estimates
of the d i s t r i bu t ion parame ters , one from the samp les of max i ma , one from the
minima . This afforded an opportun i ty for a third symmetry check. The first
parameter of the distribution is the process RtIS. Graphica l comparisons of the
va l ues estimated from max ima with those from minima again ind i cated quite
reasonable symmetry. The second parameter of the distribution is a non-dimen-
siona l broadness parameter which varies between zero and one. Graph i ca l com-
parisons Indicated quite good statistica l symmetry for va l ues of the parameter
above 0.7, less good symmetry below . The sense of the result is that for the
lower val ues of broadness parameter there tends to be more secondary oscilla-
tions in hogging—stress excurs i ons than in sagging—stress excursions.

The majority of the problems with the Rayleigh assumption for the SL-7
— da ta are expla ined by the incidence of the various va l ues of broadness para-

meter. About half the time the derived broadness parameters were between 0.8
and 1.0; that is , the d i str i but i on of maxima or mi ni ma in the records is
n e a r l y  normal. There is very little incidence of b roadness pa rameter between

— 0.0 and 0.2; that is , very little incidence of nearly Rayleigh response in
the data set.

it seems probable that the short-term statistica l symmetry and the
narrow.bandedness assumptions are within reason If not always true for rela-
tively slow-speed ships . For a ship of the size and speed of the SL-7, wh i ch
spends about half its sea time in quartering and following waves , it is diffi-
cult to accept the narrow-bandedness assumption , though it is probably within
reason to accept symmet ry.

i ncorporation of the distribution for arbitrary band width (truncated
so as to represent only positive maxima) into the expression for the long-
term probab i l i ty dens it y, Eq 4.6 would be possible at the expense of an
additiona l integration over the broadness parameter and the deve l opment of the
joint distribution of the two distribution parameters.

However , it seems clea r that the neg lect of broad-band response , as
would be the case whe n exis t i ng methods a re used for the SL—7 , w i l l  be on the
conservative side. To illustra te, the upper tail of the CLH distribution ,
truncated to represent the positive va l ues of the variate of interest , is
smeller than the upper tail of the Rayleigh distribution regardless of broad-
ness parameter (Ref 20). The effect would be that the probability of exceed-
ing a given stress l eve l will be higher under the Ray leigh assumption .

- . . Regardless  of the method u ti l i zed , it wou ld appear tha t some care may
be needed in in terpreting the double-amplitude data In the data bases for
purposes of validating prediction methods.

4’~l5
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4.7 Investi gation of Combined Stresses

4.7.1 Short—Term Distributions of Dynamic Increments to Wave-Induced Stress

Returning to the question of the amounts (o) by which the combined
dynamic stress exceeds the wave-induced stress , the5detai ls of the definition
of this quantity in the short term , as wel l  as of the Inves tig a ti ons carr i ed
out , are noted in A ppendix c-i. Briefly, a mai n combined stress ex treme was
defined as the maximum comb i ned stress observed in a wave-induced stress cx-
cursion . The quantity 0’,: i,s def i ned as the difference between this combined
main extreme and the wav~ -induced main extreme noted in the las t section .
This definit ion Is exact ly the same as that adopted in Ref. 1. The intended
app roach of the present work differed from that in Ref. I in that whereas
100 or so selected impact events were selected for ana l ysis in the background
work to that reference , it was the intent of the present work to look at all
available events (stress excursions) in each record , and to repeat this for
all the records available in the FOTINI-L and SL-7 data sub-sets.

Having developed the increment data (a’ ) for both tension and com-
pression it was of interest to see if inc remen~s to tension and compression were
symmetrical . This was carried out graphically for both the maximum increments
in each record and the mean of the Increments. The increments to wave-induced
stresses for both ships appea red to be quite symetrical statistically. In
any given record there appears about an even chance that the maximum increment
to wave —induced tension will be larger than the maximum increment to compression .
This result , for both the FOTINI—L and the SL-7 is different from the result
for the study ship of Ref 1 where assymetry was found ; but in accordance with
the qualitative nature of the vibration noted in Section 4.5 and Appendix C—3.

Following the generai line of development of Ref I , the next investiga-
tion invo l ved the marginal distribution in the short term of the vibration — in-
duced inc rements to wave-induced stresses . The imp l i ca ti on i n Ref 1 was tha t
these increments might be distributed accord i ng to the Rayleigh or exponential
distributions depending upon the nature of the response (slamming or wh i pping) .
Tests for goodness-of-fit of the short-term samp les of increments to the
exponential distribution were made for each record of each data sub-set. The
hypothesis that the increments fit the exponential dis tribution was rejected
in about 90% of each data set, a rate of rejection about 18 time s that expected
due to statistica l variability. Similar tests were made for fit of the short—
term samples of increments to the Ray lei gh distribut ion , in this case the
failure rates for both ships were 8 to 10 time s that expected . Essentiall y,  a
reasonable fit to the Rayleigh dis tribution is not present 40% or 50% of the
time . It appears that neither of the short—term marginal distributions of
dynamic inc rements to wave_induced stress which were suggested in Ref I are
particularly attractive assumptions for the FOTIN1-L and the SL-7.

While statistica l independence of short-term increments (a’) and wave-
ind uced stresses (a’4) does no t vas t l y  s imp l i f y the prediction prob’em (Section
4.2), it would help. Accordingly a brief investigation of statistical m dc-
pendence in the short-term was carried out. Because of the uncertainty about
the distributions of both components , the test procedure used was distributio n
free. 
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The resul t for the SL-7 data sub—set was that statistical independence
of short-term increments and wave—Induced max ima appears to be a quite reason-
able general assumption. In the case of the FOTINI-L the Independence assump-
ti on appeared reasonable for i ncremen ts to tens i l e  stress bu t somewhat tenuous
for compression . An exam i nation of the individua l cases where the independence
assumption -“ild not readily be accepted disclosed that in half of these cases
the overall stress leve l was quite low.

The results of the investigations of the short-term margi nal distribu-
tions of Increments to wave—induced stress appear similar to those carried out
upon isolated vibration (Section 4.5) . It seems l ikely that the contributions
of non-wave-related vibration exc i tation upset the various tests. All the
tests were based upon expectations resulting one way or another from consider-
ations of wave-induced phenomena .

4.7.2 An Alternate Approach to Short-Term Comb i ned Stresses

Given the above results it seemed appropriate to cast about for some
alternate approaches. One such approach involves comb i ned stresses directl y
(Ref 8, for example) . In this approach it is assumed that the vibr ation is a
linea r response of the ship to wave exc i tation that happens to occur at dif-
ferent frequencies than the wave —induced response. In this rationale the
add ition of vibration to wave-induced stress results in a new broader banded
random—zero mean Gaussion short-term process. In terms of the development of
Section 4.2, the variables a4 

and a
5 
are combined in the short-term predic-

tion procedure so tha t the conditiona l joint density p45 (c
4 

a
5 

A4...) is

replaced by a conditional density p
6
(a6 

A
4 

. . .)  where a6 is the continuous
sum of the wave-induced and vibratory stre~ses , no t the sum of max ima as was
previously implied . This approach has some very great practical attractions in
that synthesis of both RMS wave —induced stress and RHS vibration , as wel l as

• the associated spectra , is considered to be within present state-of-art (Ref 8).

From the point of view of checking the app licability of this concept to
the combined stress maxima it is first necessa ry to develop samples of a l l  the
maxima in the ori ginal stress record . It was conven i ent to do this in con
junction with one of the investigations noted in Section 4.6 (that which in-
volved al l  the wave- induced stress maxima in the SL-7 data sub-set) . Accord-
ingly, tests for goodness-of—fit to the CLH distribution were made on samples
of comb i ned stress max i ma f r om each record i n the SL-7 data sub-set (detai ls are
noted in Appendix C-i).

The first results of this process were that the distribution parameters
(RMS and broadness parameter) fitted to samples of maxima appeared symmetrical
with those f i t ted  to samples of minima , and that 94% of the broadness parameters
were above 0.8. The rates of failure of the goodness-of-fit tests were nearly
that expected due to statistica l variability, and , accord i ng l y ,  the results
imply that the short-term maxima and minima of the combined stresses in the
SL-7 data sub-set are q u i t e  gene ra l ly  nea r ly  norma l l y  d i s t r i buted , a resu l t
wh ich would be expected as a consequence of the approach in Ref 8.
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Two aspects of the Just descr i bed Investigation were disturbing . One
was that the contribu tion of the vibration to the total variance of combined
stress was extremely small , no reasonable check on the fundamenta l addition
approach could be made. The second aspect was that the sample extremes were
outside the range expected much more often than the good overall fits to the
CLH distribu tion would imply. In most of the cases where the sample extremes
were not with in the expected range the extreme was larger than expected , and ,
moreover , these cases tended to be concentrated in head and bow-sea cases and
in the severest weather. The Implication is that while the combined maxima
and min ima may on average follow the expected distribution for a broad-band
Gaussian process , severe wave—Induced vibratory response (the item of real
interest) may upset the tails of the distribution in a way not discernable
with the fi tting procedures utilized .

4.7.3 Composition of the Max i mum Combined Stress in Twenty—Minute Records

Since the prospects for synthesis of combined wave-Induced and dyna-
mic stresses in the short-term appeared mixed at best , it appeared worthwhile
to look at the combined stress problem in a much more purely empirica l kay.
Since i t was suspec ted tha t much of the confound i ng of resul ts per ta i n ing to
vibration had to do wIth the Influence of the many small vibrations wh i ch
exist In every record , i t was dec i ded to cons i der o n l y  the maxi mum val ues of
the var io us componen ts of stress in each record . The detai l  of this effort
is shown in the last two sections of Appendix C-i.  Previously developed
statistics from the FOTINI—L and SL-7 data sub—sets were used in this investi-
gatlon.

The first question posed was about the magnitude of the maximum
dynam ic Increment to wave—induced stress in relation to the magnitude of the
maximum~superimposed double amplitude of isolated vibration (Sections 4.4,
4.5). The first finding was as expected ; that is , the maximum dynamic incre-
ment in a record Is not generally exactl y equal to half the maximum vibration
double amplitude. It may be more or less. However , the results for the
FONTIN i-L suggested that It would not be terribl y conservative to assume tha t
the maximum dynamic increment in a record is equa l to half the maximum vibra-
tion double amplitude (the most probable ratio between the two was about 0.9).
The resul ts for the SL-7 data were mixed . In this case the mos t probable va l ue
of the ratio of maximum Increment to half the maximum vibration double amp li-
tude was about 0.8 but the dispersion of the va l ues was greater than that for the
FOTINI-L .

The next question posed was essential l y “does the max imum dynamic
inc rement in a record increase the max imum wave—induced stress excursion in a
record , or some other excursion?” The answe r was that in general the max imum
dynamic increment in a record is not added to the maximum wave-induced stress.

At this  point It appeared tha t the add iti on of ha l f  the maxim um double
amplitudes of vibration to the maximum wave-induced main extremes in tension
and compression would quite likely be an overly conservative procedure.
Though this addition can and did occur , it does not appea r highly probable.
W h i l e  the maximum dynamic increment in the record is approximatel y ha lf the
max imum double amplitude of vibration, t he data ind icate tha t it may increase

— I 
wave- i nduced excursions of any magnitude .
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These results implied that perhaps the problem was not being approached
from an advantageous direction . In the presen t context the rea l interest Is in
the maximum comb i ned stress in a record . The maximum combined stress in tension
or compression Is the sum of a wave-induced main extreme and a vibration-induced
dynamic Inc rement. Accord i ngly, it appeared reasonable to investigate the wave-
induced stress and the dynam i c in cremen ts “associated” with the maximum com-
bined stress in each record .

In the case of the SL—7, in about 95% of all records in the data sub-
set, the wave-induced main extreme associated with the max i mum combined stress
was found to be either within 5% of the maximum wave-induced main extreme in
the record or exactly equal to it. In about 65% of the FOTINI-L records in the
data sub-set, the wave-induced main extreme associated with the max i mum combined
stress was found to be within 10% of the maximum wave-induced main extreme in
the record. The detailed results show that the associated wave-induced main
extreme and the record maximum were identica l in about 50% of the data sub-set.
It appears that the maximum comb ned stress in a record may be generall y assumed
to result from the addition of vibration to the maximum wave-induced stress in
the record . The assumption would involve very little conservation for the
SL-7 and would appear within reason for the FOT IN I-L.

Cons i dering the increments due to vibration wh i ch are associated with
the maximum combined stress , it was found that the rat io of this quantity to
half the maximum vibration double amplitude in a record was more or less un i-
formly distributed between va l ues of zero and about 1.1 .

in summary , the results from the data sub-sets imply that it may be
within reason , though somewha t conservative , to assume in the long term that
the maximum combined main stress extreme in tension or compression i n  a record
is the sum of the max i mum wave—induced main extreme in the record and a dynamic
increment wh i ch is a un i forml y distributed fraction of half the maximum double
ampl i tude of vibration in the record . Thus , an approach is suggested to 1the
conversion of empirica l long-term distribution s of maximum vibration double
amplitudes (Section 4.5) to long-term distributions of vibration increments
associated with the maximum wave-induced stresses , since the un i form distribu-
tion just cited may be interpreted as a conditiona l distribution of g i ven
the maximum vibration double amplitude.
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5. CLASSIFICAT I ON SOC I ETIES AND HULL GIRDER DESIGN CRITERIA

5.1 In troduction

in general , it can be said that classification societ ie~;’ rules repre-
sent current design practices. And , probably without excepti~ n , all merchant
shi ps are des i gned , built and maintained at least to the minimum standards
specified by the classification society in question .

Here , the hull girder design criteria of four of the l ead i’ng classi-
fication societies are exam i ned , compared and applied to the study ships. The
organizations selected for the study have been steadily intrc -ducln~’ rational
desi gn features in their rules based on results of research and dev.~lopment
effort. They are:

o American Bureau of Shipping- (ABS) - USA

o Lloy d’s Register of Shipping (Lloyd ’s) - Br~ta

o Bureau Veritas (By) — France

o Det Norske Veritas (DnV) - Norway

On the whole , al l  rules and requ irements specif ied by these leading
societies are similar , with differences only in details.

The primary elements of the rules are still—water bending moment ,
wave-induced bend i ng moment , maximum permissible longitudinal bend i ng stress
and required minimum section modulus. The still-water and wave-Induced
moments are added directly. Estimation of dynamic moment Is not a considera-
tion . Al l unknowns , such as structu ra l deviations , residua l and thermal
stresses , dynamic stress inc rements , etc., are reflec ted I n the al lowabl e
stress.

5.2 Bas ic Approaches and Design Rules

American Bureau of Shipping - 1976
(21)

a. St i l l -Water  Bending Moment (SWBM)

Required - Calculations of SWBM for all the anticipated
loaded and bal lasted conditions are to be submitted .

¼ _ _ _ _ _



Standard Design Formula - in case the detailed Infor-
mation of loading is not available , a “standard”
SWBM as specified by the following equation may be
used :

~ ~~~ 
L~~~,JT B (C

b 
+ 0 .5 )

where
M Standard SWBM

5

C~~~ — Emperica l Constant dependent upon
ship length and measurement system
(SI or English)

I Shi p Length

B Ship Breadth

C
b 

= Block CoeffIcient

b. Wave-induced Bending Moment (WIBM)

Rule Equation: M
~ 

= C
2L1

2 B He
where M = Wave-Induced Bending Moment

w

C
2 

= Constant for Different Wave Conditions

L
1 

— IBP

B Ship Breadth

H = The Effective Wave Height of Standard Wave
e (derived from cal culated long-term bending

moment responses in North Atlantic Ocean waves).

c. Nominal Permissible ’ Long i t udi nal Bend i ng Stress — f

f~ — 10.56 + ~~~~ tons/ in 2 for 790 ~ I � 1400 ft

d. Minimum Required S~ :t ion Modulus - SM

y T’ -  S M — H / f
t p
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where N — N + K.DM (Tota l Longitudinal Bendingt sw w Moment )

H — SWBM,� 0.875 N , if calculated from
SW loading )nforma!ion

M — WIBM

K
b 

= Constant dependent upon Cb

Lloyd’s Register of Sh i pping - 1975
(22)

a. SWBM

The design SWBM is the maximum , hog gi ng or saggin g ,

calcula ted for all the possible loading conditions

b. W IBM

The rule wave bendin g moment M can be calculated by

using

= 0,,, C1 L~ B (Cb + 0.7) x lO~~ (Metric System)

where 0 = Max. Permissible Stresses due to WIBM
w

C1 
— Factor dependen t upon Ship Length

The above di rec t ca lcula t io n equa t ion was based on the

deriva tion of response to regular waves by strip theory ,

short—term response to irregular waves using the sea

spect rum concept , and long-term response predictions

using statistical distributions of sea states.

c. Maximum Permissible Longitudinal Bending Stresses.

The maximum permissible stresses for still-water bending

stress , wave bending stress and combined stress are

tabu lated in Table 0.3.4 of Reference 22 for the appropriate
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d. Kin. Section Modulus Requi red - Slim

SM — C
1 L

2 B (C
b 
+ 0.7) cm

3

Bureau Ver itas - l975~~~

a. SWBM -

The most unfavorable loading condition is to be cons idered

for SWBM calculation . if actual light ship wei ght distri-

bution Is not known, it may be based on statistica l law

approved by the head office .

b. WISH -

The maximum rule value of wave bending moment (NH) is

given by the formula:

NH 
— H L2 B (C

b 
+ 0.7) x l0~~ (Metric System)

where H - 71.67 - 6.67 [
3OO~L]

3/2 
i f  L < 300

m

H — 71.67 if L�~ 300
m

2
c. Maximum Permissible Stresses - 8.89 tons/in (14 kg f/rn )

d. Minimu m Section Modulus -

The midship section modul i at deck and bottom are not

to be less than the greater of the two va lues :

W - W m
H + M

HC 
~~~~

~ ;
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with :
44. — 1 .08 for oil tankers

— 1.05 for other ships

wave bending momen t, In tm.

K —  max imum value of still water bending moment, in

tm.

W =  minimum value of section modulus , in m3, derived
from

W — FL2 B (C
b 
+ 0.7) 10

6

where :
F — lO.75 [ 

300_I] if L < 300m

F — 10.75 If I

Det Norske Veritas - l975~~~

a. SWBM

As a firs t approximation - SWBM (N5) may be calculated

— 
by Msv — 0.5 [a (C

b 
+ b) L An - (cLP + Mm + ipx)]

(Metric System)

where a , b, c — constan ts based on loading condi t ion
and ship type

O . 1 7 4< a<0 . l82
0.30 -< b ‘~~0.35

- - 

0.20 ~~ c u~~0.25

An — The extreme displacement Q the actua l draft

H — ~~ight  of the machinery

:. - 

- P — Weight of light ship minus weight of
mach inery

m • The dis tance between the centre of gravity
of the mach inery and 1/2

1 
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I

p — Individual weights wh i ch are included In
the deadweight

x — The distance from L/2 to the centre of
gravi ty of the individua l wei ghts

b. WIBM -

Equations for vertica l wave bending moment -

0.325 C~, L1
2 B (C

b 
+ 0.2) x l0~ kg -cm

M8
~~(ho~ 0.43 C L1

2 B Cb
2 x lO~ kg-cm

where: 250—L
C
~~

= O.3- ( 
370

2)

L
1 

= LBP

L2 
= L

1 
but need not be taken greater than 250

m

For hor izontal wave bend i ng moment - MBH
f 400-L 3\

MBH = 0.94 ~0.23 -[( 650 
3) ]

,,
L1
2 d Cb x l0~ kg-cm

where :

I
3 

— 1
1 

bu t need not be taken grea ter than

d = mean moulded summer draft in meters

2
c. Max. Permissible Stress - 1900 kg/cm (for ships Intended

to carry ore or similar heavy cargo)

The longi tudinal compressive stress ( a 
L~ 

at a g i ven

location i n midship section is to be taken as:

a L 
= 1.7 aB + a5y

-
- 

-. where : ‘
~~~

a5 j~~~~~~

’_

~
’n)I2 + {MBH x 

J

2 
wave bending stress

I
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I 2
M5yJ(y_y)~Sv — -still—water bending stress

I — moment of Inertia in cm
4 of midship section

v about the horizontal neutra l axis , cor rosion
allowance not deducted .

= moment of i ner t ia in  cm4 of midship section
about the vertical centre line , corros i on
allowance not deducted .

x and y = coordinates in cm of the plate panel
l ocation in relation to the intersection of
of the shi p ’s center line and keel line ,
see figure.

y

NE UTRAL AXIS  
_______

y n

LI 

- 

_
—

y~ — distance in cm from keel line to horIzontal
neutra l axis.

d. Minimum Required Section Modulus

C

~
o — 

T 
C2 11

2 B (CB + 0.7) cm3

where 300-1~ 
3/2

- -~‘ C
1 

— 10.75 - 100 1< 3~~m

— 10.75 L�~_ 3o0
m

/ - ‘ , C2 — 1.0 or 1.03 (depends on type of shi p )

- ‘ f — 1.0 (Depends on ma ter ial)

- -5 -— 
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5.3 Application of Rules to Study ShIps

The rules of the four societies (ABS, Lloyd ’s, BV and DnV) were applied
to the SL-7, FOT1N I-L and UNIVERSE IRELAND and calculations were made to deter-
m ine the still—water bending moments, wave- induced bend i ng moment , max i mum
permissible sXress and minimum required section modu li. The numerica l results
are summarized in Table 5-1.

It can be seen that the requirements of longitudinal strength as
specified by the four differen t classi fication societies are not very differ-
ent from one another. All allow the use of ca l culated SWBM for anticipated
loading condition . ABS further requires that a “standard” SWBM be cal culated ,
and that any SWBM used in Section—Modulus calculations be at least 0.875 of the
“standard” SWBM. The other rules make no similar restriction on SWBM. It is
per t inen t  to note tha t the “standard” SWBM based on the ABS requirement are
approximately the same as for the anticipated loading conditions for the SL-7
and UNIVERSE I RELAND . However, for the FOT1N1-L , the “standard” SWBN appears
to be considerably low.

DnV rules would be considered more detailed than other rules with
respect to WIBM . The DnV expression for wave bending stress involves both the
vertica l and horizontal bending moments and moments -of—inertia explicitly,
whereas the other rules do not.

For sh ip length between 1 50m and 300m, Llo yd ’ s, BV and DnV have essen-
tially the same calculation for min imum section modulus. In cal culation s for
hu l l  sec ti on modul us , none of the four rules distinguish between tensile and
compressive loadings on the hull. The maximum bending moment due to hogging or
sagging is to be used with section modu li for upper and lower portions of the
shi p ’s hull. However, DnV does requ i re that a separate buckling (compressive)
stress analysis be done for the ship hull.

Lloy d’s distinguishes two ship types for the purpose of establishing
the maximum permissible stress to be used i n calcul ati ng the h u l l  sec ti on - - -
modulus . Type I (ships with cargoes denser than fresh water) are allowed
stress only 90% of that which is allowe d for Type 2 (ships with cargoes less
dense than fresh water). But It is known that many operators of dense cargo-
carrying shi ps take special care to distribute the loads in a manne r conducive
to ship safety. if they wish to benefit from this practice , under the Lloyd ’ s
rules they mus t go the rou te of !nd i vid ual cons i dera t ion for vessel s of spec i al

• or unusual design.
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6. F I N D I N G S  AND CONCLUSIONS

I. The Logbook information for the study ships related to deadweight —

distribu tion , and b a l l a s t changes and f uel cons umpti on d u r i n g  voyages , is
inadequa te or uriretrlevable or too costly to retrieve. This situation pre- —

cluded the reconstruction of the actual experienced loading conditions and
the ca lculation of the corresponding s t i l l -water  bending moments.

The correla tion between the loading booklets and the full-scale stress
data with respect to the still-water bending moment variation during voyages
was poor.

2. Full—scale stress measurements l end themselves to the estimation of
therma l stresses. The magnitude of the stress is dependent on the ship
type, color of the deck or Its protection from the sun and weather factor.
No correlation is found between the magnitude of the stress and different
geograph i cal areas for the- same ship.

3. The SL-7 full-scale stress data show maximum diurnal mean bending
stress variation of I to 3 kpsi and variation throughout voyages of 1 to 6
kpsi .

The FOTINI-L full-scale stress data show maximum diurna l mean varla-
tion of 1 to 3 kps i and voyage variation of 2 to 17 kpsi .

The UN I VERSE IRELAND full- scale stress data show maximu m diurna l
stress variation of 2 to 6 kpsi and voyage variation of 4 to 19 kpsl. The
large variations in the mean stress do not correlate with the sample loading
conditions , f u l l  load or b a l l a s t, in the loading booklet .

Th e imp l ica ti on of these var ia ti ons is that the opera ti ng procedures
of containerships require relatively small margin for still-water stress
varia tion during voyages whereas those of the tankers and bulk carrier require
large margins.

in genera l , the still—water bending stress variations appear to have a
random nature and at the same time submit to the contro l of their extremes by
the operators; this suggests that still-wate r bending moments can be expressed
and es ti ma ted p robabi l i sti ca l l y wi th truncated distributions.

Li . The UN I VERSE IRELAND experiences very little sea-rela ted vibration and
the magn i tude of the associated vertica l bending load appears nearly Independ-
ent of heading or sea condition . In fact , for the pur pose of des i gn , a t leas t
in  the near term , the effect of vibratory response from a l l  causes cou ld be
conservatively accounted for by assum i ng an increment to wave-induced tension

- 
-

- - or compression of less than 2 kpsi.
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5. A cons iderable portion of the high—vibration data for the FOT IN I— L was
found to be suspect; elimination of this data from the anal ys i s tends to reduce
the significance of vibration in the synthesis of extreme loads.

6. The maximum vibration in the SL-7 is i nduced both by forward bottom
slamming and “flare shock” (the inception of vibration occurs at maximum wave-
induced hogging as wel l  as sagging) . T he maximum vibration increases gradually
wi th wave severity and as the heading changes from fol lowing seas to head seas.
Add i tionally, the general trends are functions of combi nations of weather and
speed parameters. There is a steep increase in the stress at Beaufort number 9
when the normal speed is s t i l l  mainta ined but there is sharp decrease at
Beaufort number 10 when the speed is reduced . Maximum vibration stress double
amp l itudes of 3 kps i are exceeded in 12% of the records; peak stresses of 10 kps l
and 15 kps i are present in the records .

7. The leve l of the maximum vibration of FOTINI-L is low. 98.6% of the
double ampl itudes of stress are below 3 kps i and the remaining are below 9 kpsi;
the h igher values are associated with Beaufort numbers above 6 and beam seas.
The trend in beam sea s as wel l  as the time histories suggest that the vesse l
experiences mostly springing.

8. The short-term maximum vibration stress data for both the SL-7 and
FOTiN1-L do not fit the Rayleigh or the exponential distributions , however ,
they are closer to the latter. This si tuation leaves a serious gap in the pro-
cedure to predict long—term trends f rom short-term RMS est imates and hinders
the development of a rationa l method for the synthesis of loads.

9. The long-term distr ibut ions of the double amp l it udes of the max im um
v ibration stress for the SL-7 and FOTIN1-L f i t  (empir ical ly) the We lbul l  dIs~-
tribution satisfactorily. This would aid In the development of a sem i -emDirical
procedure for the long-term prediction of vibrat ion loads , however , it would
be constrained by the l imited ava i lab i l i t y  of fu l l -scale data for various ship
types.

10. The short-term wave-induced bending moment maxima for the SL-7 at slow
speed f i t  the Rayleigh distr ibution reasonably we l l .  At operating speed the
data f it the Cartwright and Longuet—Higgins d ist r ibut ion wi th the broadness
parameter approaching unity for over half of the data . A relatively small por-
tion of the data fits the Rayleigh distribution . If it Is assumed for the
sim plification of ana l yses that the short-term wave-induced bend i ng moment
maxima are always Rayleigh distributed , the resu lt ing long-term prediction Is
l ike ly to be conservative to a degree which is not possible to j udge based on
the work performed . The ratio of compression to tension of wave-Induced bend-
ing moment max ima is approximately 1:1.2 for extremes and 1:1.06 for RMS .
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In the case of the FOT INI-L , the assumpt ion that the short-term wave-
induced moment fit the Rayleigh distribution would be reasonable, if not always
true. The magni tudes of compressIon and tension are symmetrical .

11. For the SL-7 and FOTIN1-L the short-tern distributions of the dynamic
increment to wave-induced stress (which together form the combined dynam ic
stress) do not fit the Ray leigh or the exponential distributions. To use
either form even with judicio us corrections for engineering purposes does not
appear advisable. The magnitude of the compression and tension are statisti-
cally symmetrical.

For purposes of estimating loads , the assumption that the dynamic incre-
ments and wave-induced bending moment maxima are statistically independent
appears val id.

12. The combined short-term dynamic stress data for the SL-7 fits the
Cartwright and Longuet— Higgins distr ibution wi th large broadness parameter;
however, it is likely to underpredict the extremes .

13. The data suggest that in the long term the maximum combined dynamic
stress extreme In tension or compression found in a record is the sum of maxi-
mum wave-induced ma in extreme and an increment which is a frac t ion of ha l f  the
maximum double amplitude of vibratio n in the record. This fraction is approx i-
matel y un i fo r m ly d istributed between 0 and l .i over all records.
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7. RECOMMENDAT i ONS

I. A very comprehens ive program is required to establish the validity of
making long-term predictions of still-water bending moments using a probab ills-
tic approach and to determine the nature of the statistical distribution for
d ifferent ship types. Three approaches should be considered .

i) Col l ection of actual operating data on deadweight
d i str i but ion , and fuel consumpt ion and ba l l as t
changes during voyages for minimum of one year.
In view of the difficulties experI~ nced i n th i s
project, the data gathering, recordi ng and com-
mun i ca t in g procedure mus t be worked ou t p rec i sely
in every detail and explained to every ship off i-
cer responsible for the task.

Prel im inary discuss ions should be held w it h the
ship owners to obtain their view on the practi-
cal ity of the program and the extent of the co-
operation they would provide.

ii) Derivation of all possible loading conditions
(within practica l limits of draft and trim) over
the l i fet ime of a ship. f t should Inc l ude the
der ivation of fue l consumption and all possible
ba l l a s t changes , incl ud i ng those dur i ng tank
wash i ng , for all possible voyages.

The pitfall of this method Is the requ i rement to
employ subjective judgement to apply probabilities
of occurrances to the d i f fe ren t loading condi ti ons
and to establish the points of truncation of the
d istributions.

i i i )  Installation of mechanical scratch gages wh i ch would
record extreme stress variation during a designated
tIme period . The s t i l l—water  bending stress at time

— 
of the installat ion of the gage would be the refer-
ence stress for the duration of the instrumentatIon
per iod .

Results of this report Indicated that the median of
the stress extremes In each time period would be
qu i te a reasonable estimate of the mean stress.

Estimates of the still-water bending stress and
thermal stress may be derived from the information
on the means.

It Is believed that the scratch program could be
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2. The exist ing procedure for the estimation of wave-induced bending
moment should be extended to Incorporate the short-term broad—band response
using the Cartwright and the Longuet-Higglns distributIon. The response
calculation for d ifferen t ship types should be performed for both Rayleigh
and broad—band distributions and compared w ith experimental and/or full-
scale results. This comparison would ind i cate the magnItude of overesti-
mation due to Rayleigh and the advisability of using it.

3. If the vibration is cons idered as a separate entity, the results of
the long-term empirical predictions of the maximum vibration double .npl l-
tude may be applied to the classification society rules to determine the
probable influence of vibration at varying risk levels in the estimation
of the section modulus.

ii. A study should be made to determine the adv i sabi l ity of conve rti ng
the empirica l l ong-term distributions of maximum vibration double ampli-
tudes to long-term distributions of vibration Increments associated with
the maximum wave-Induced stresses for inclusion in a des i gn procedure .
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TABLE A -k

SL—7 — Max i mum , Minimum , and Maximum Difference of

Rela tive SWBS for the -Voyages and Normality Tests

Voyage Leg ‘.~ TPIR Tape No. Date Rd . S%4B~ Stress ( P S I )~
Max. t4in. Diff. -

25E ‘0j~ 03 9/23/73-9/26/73 2161 -1991+ 4155
25W — O5~ 07 10/1173-10/5/73 25 _th’iL 4144
26E 

— Q~., 
I 10/9/73—in/i 3/73 5620 _ . j Jj_ 5738

26W 
— iL 5 10/1 7/73— 1 0/21/73 1122 —1 36 225~j27E 117 , 9 

____ 
‘0/22/73-10/27/73 736 —2099 2835

2~E i 2j~~23 _____ 
1/29/73-12/03/73 1+401+ 0 4404 

-

28W 25, 27 
____ 

2/6/63-1 2/1 0/73 51+9 -1120 1 669
29E — 

29, 31 
_____ 

2/11/73—12/15/73 298 —1497 1 795
29W — 

~~~ 35.137 
_____ 

2/18/73- 1 2/24/73 2520 -2199 1+7 19
32E 1 41 

_____ 
2/30/73—1/4/74 870 —1270 2140

32W ~~~~~ 45. 147 
- 

-____ 
/8/74—1/14/74 16 54 —3083 4 7 37

33E 149, 51 
_____ 

1/17/74-1/21/71+ 835 -2064 2899
33W T~~

’ ’ 55 
_____ 

1/23/74—i (27/71+ 588 -228~ 2873 
-34E 1~j ~~59 - ____ 

_/29/74-2/2/ 7-1+ 3754 ~~ - 11+ 1 1  5 1 65
34W 61 , 63 2/5/74-2/9/71+ 3734 -100 3834 

-

35E l~~~ 67 2/12/74—2/ 1 7/74 695 -301Z 3707 
-

35W ~~~ 71 ,173 2/20/74-2/25/74 21+16 —1492 39O~3— 7r 77 2/27/74—3/3/74 897 -1352 
- 
221+r

37E 1 
_____________ 

3/17/74-3/18/74 261+ —879 11 1 +3
37W 

— 
87,189 3/21/74—3/25/74 1023 -2543 

-
- 3566

Norma l i ty  Tests: (5% Level of Significance)

Mean d
Max: Fail 1 708 1527
Mm : Pass -1689 1023
Dif f :  Pass 3397 1236

‘.‘ E - North Atlantic Eastbound
W — North Atlantic Westbound
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APPENDIX B

WAVE-INDUCED BENDII’.,G MOMENTS CALCULATIONS

TABLE B- i

Summary of Wave Data for SL-’7 - Number of Observation s in North Atlantic

Ref: 1 Ocean Wave Sta t i s t ics ’ by N. Hogben & F.E. Lumb
Area Plo. 6 & 7 are used for SL-7 Wave Spectra Calculation

- Wave Period Code

— — 2 3 - 
4 5 6 7 8 9 TOTALS FEET 

—

_QQ 2074 65 41 22 7 3 8 3 2223 -1.0

QJ 5446 625 168 75 28 6 5 4 6357 1.5
02 10924 5031 - 

1 142 351 - 125 
— 

38 24 10 1761+5 3.0
6T 59 1 4_ 10226 3585 912 287 — 

O~_ 30 12 21073 5.0

~V 1627_ 6929 5065 159 7 404 — 11.. 39 _ 1~5_ 15795 6.5 ~05 691 3855 4465 2112 614 
— 

84 47 _ 1~~’._. 11986 - 8.0 ~
271 T838 3076 1997 708 229 59 _ l~~_ 8192 9,5 ~

.
~~ ~

7” l7~ 1 129 2112 1
~QL 736 246 70 24 6100 11.0 ~~.3 ~

( - 72 ~~~10 1264 _ 1j.kj 629 221 75 26 4066 13.0 ~~~
~~
, 0~~ 73 484 1032 _ l Q3i ~584 248 96 25 3574 14.0 ~-~ , 

- 
0 11 60 184 190 18 54 16 1 634 16.0 -

~~~‘ :r 16 61+ 167 177 = 12 71 18 3 628 17.5 ~
= 12 13 102 247 289 75 79 22 10 937 19.0

- ~ ~ir’ 22 84 220 318 : ar 90 32 5 953 21.0
c 

_______ 
33 116 116 79 31 10 1 389 22.5

3 48 106 ~~136 94 55 21 3 466 1 24.0
- 

3 22 52 91 107 30 21 2 358 I 25.5L 2 11 38 64 52 38 17 2 230 J 27.0
1 11 30 52 56 22 

— 

18 1 191 1 29.0
3 15 54 1 06 78 53 30 18 357 30.5

Totals 2731+7 31248 23194 1241 1 5175 1924 658 197 102154

0 5 7 9 11 13 15 17 19 (Sec)

Wave Period (Second)

B—i

;~~ 

~
_j_ 
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TABLE B-2
Summary of Wave Data For SL-7 - Percentage of Observations in North At lantic

Wave Period (Sec.)

— ______ 
0 

____ 7 9 1 3 15 17 19 Total
1.0 2.03 06 .04 .02 .01 -- .01 -- — 

2.17
1.5 5.33 .61 J6 .07 .03 .01 -— -- 6.22
3.0 10.69 4.92 1 .12 .34 .12 .o4 .02 .01 17.27- 
5.0 5.79 10.O1 3.51 .8i .28 .10 .03 .01 20.63
6.5 j~59 6.78 4.96 ~~~~~ .1+0 .12 .Q4 .02 

— 15.46
8.0 .68 3.77 4.37 2.07 .60 .18 .05 .02 11.73
9.5 .27 1.80 3.01 1~~~j  .~ 9 .22 .06 .01 

— 
8.02

~ 11.O .18 1.11 2.07 1~~~j L.  .72 .21+ .07 .02 5.97

~~~~~ 
.07 .60 1.21+ 1.14 .62 .22 .07 .03 

— 3.98
- ~~~~ .07 .48 1.01 1~QL ~~~~~ 

.24 .09 ..03 — 3.50
.E’. C~~

’ .01 .06 .18 .t~ ......~.1L .05 .02 --- .62
.! 7.5 .02 .06 .16 .11 .IL .07 .02 --- — .61

~, ~
i~T~
” .02 .10 .24 7~8 “TIL .08 .02 .01 .92

~ 21.0 .02 .08 .22 .3 - 
.18 .09 .03 0l .93

~ 22.5 --- .03 .11 Ti 
- 

.08 .01 .01 r 
_____ .38

25.0 ~‘ .05 .10 1 .09 .05 .02 --- — .46
25.5 -—- .02 .08 .O~~ .10 .03 .02 --- 

— .35
17.0 --— .02 .04 .06 .05 .03 .02 --- .23
29.0 --- .01 .03 7Oj 4.Q5 .02 .02 --- .19
30.5 ~~-- .02 .05 .1~~ ~o8 .05 .03 .02 — .22

26.77 30.59 22.70 12.15 5.07 1.88 .65 .19 
— 

100%

Select Ion For Wave Spectra
Wave Height 4.0 5.5 7.0 7.5 8.0 8.5 11.0 13.0 14.0 16.0

Wave Period 4 6 7 0 9 10 12 14 16 18

B-2

-5 -..-
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TABLE B-3

Summary of Wave Data for FOTINI-L Numbe r of observations
between Japan , Peru and San Pedro , Cal i fo rn i a

Ref. “Ocean Wave Statistics” by Hogben & Lumb Route between
C a l i f o r n i a  and Peru:

AREAS 5, 14, 22 , 32 are included

Wave Period Code

_______ 
X 2 3 1+ 5 6 7 8 9 Totals Feet —

00 T~~ T~1~ 29 3 0 2 1 0 2340 1.0 
—

01 60 2628 235 83 31 6 2 2 0 3047 1.5

02 5035 191+8 412 113 43 12 4 0 7567 3.0
03 1951 3050 793 249 70 36 9 0 6158 5.0

01. 290 1166 754 238 79 17 3 0 2547 6.5
05 51e 343 380 168 46 14 7 1 1013 8.0

06 10 103 158 85 50 11 4 3 424 9.5 ~
~ 07 3 40 68 59 25 10 3 0 208 11.0 ~

08 3 12 27 28 17 0 4 3 94 13.0 ~
~ 09 2 8 22 17 11 2 6 3 71 14.0 —

2’ 10 2 1 2 5 1 0 11 16.0 ~

~ 
11 2 2 1 2 1 1 9 17.5

U C’

~ 12 3 4 5 2 4 1 19 19.0 ——
~~ 13 1 5 2 1 1 10 21.0

14 2 1 0 1 4 22.5
15 3 1 4 24.0

16 1 1 25.5
17 27.0
18 29.0
19 30.5
20 

_____ _____ ______ ______ ______ _____ ______ ______ ________

— 

Totals  1115 11229 691+4 2719 1003 355 106 46 10 23527 
______ —

0 5 7 9 11 13 15 17 19 (Sec)

Wave Peri od (Seconds)

k -
- 

— 
- B-3

_ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _  

I ~— -5 _1_J—_ _ ~~~~~~~ 
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TABLE B-S

Summary of wave data for FOTIN1 —1— Percentage of observations between
Japan and California

Ref. “Statistica l diagrams on the w i n d s  and waves on the North Pacific
Ocean” by Y.Yamanouch i and A .Ogawa March 1970. Shi p research
ins titute. Tokyo, Japan.

Area 6 5 2 15 16 17 18
* 4.1% 66* 12.2* 12.0% 32.6* 22.5* 10%

Summary of above areas

Wave Period (Sec.)

- 0 5 7 9 !l 13 15 TOTAL

_____ 
12.30 1.58 .5~ .14 .02 .02 5.92 20.53

1— 16.06 18.75 5ii4 .81+ .i4 .03 
- 

.~ 5 42.11

__ 2- 1.33 6.23 10.23 4.31 .66 .12 .44 23.32
z
4--• 3— .25 .95 1.98 2.24 1.54 .48 - .21 7.65
.0 _ _ _  _ _ _- _ _ _  -_ _ _  _ _ _ _  _ _ _ _  _ _ _ _- _ _ _  _ _ _ _a’..
~; 4-

5- .13 .32 .71 .72 .47 .35 .21 2.91
4) _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _ _

~ 6-
7— .03 .10 .18 .17 15 .10 ~58_- 

1.31

8-
9- -- .02 .06 .09 .08 .07 .09 I .1+1

10- 
_ _ _ _  _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _ _

TOTAL 30.10 27.95 19.15 8.51 3.06 1.17 8.30 1.76

~~ 1m Wa ter

— B-4

I” ~

______________
- ~~,... ~~~.—- -——-~

----- r ’ — --— - -

- -~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘
-

~~~~~~~~~~~~~~~~~~~~~~
-
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TABLE B-5

Suimiary of wave data for FOTINI-L
Percentages of observation

Route Between California And Peru

Wave Period (Sec)

— _____ 

0 S 7 9 11 13 iS Total
1 16.47 1.12 .37 .15 .03 

- 

.02 .01 18.17

— _____ 

29.69 21.24 5.12 1.54 .48 .20 .06 58.33

2 1.46 6.41 4.82 1.73 .53 .13 .05 15.13

3 .06 .61 .96 .61 .32 .09 .04 2.69

.5 1~
~.‘ 5 .04 .10 .22 .22 .13 .01 .07 .79

s 6
7 .01 .03 .06 .02 .02 --- .01 .15

~ 8
9
10 

______ ______ ______ _______ _______ _______ _______ ________

Total 47.73 29 .52 11.55 4.27 1.51 .45 .24

C~lm water

Route Between Japan - California — Peru

Wave Peri6d (Sec)

0 5 7 9 11 13 15 Total

1 14.39 1.35 .46 .14 .03 .02 2.96 19.35

— _____ 

22.88 20.0 5.28 1.19 .31 .11 .45 50.22

2 L40 6.32 7.52 3.03 .60 .12 
- 

.21. 19.23

— 3 .15 .78 1.47 1.43 .93 .28 .13 5.17

Tota l 38.92 28.73 15.35 641 2.30 .79 4.25 ~~ 3.25j

t Conclus ion: Wave Period Range SEC) 0—Il 15— Calm water
-

~~ 

I, Wave He ght Range M) 0- 5.75 (1’’17.5)
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TABLE B-7
- 

SL- 7 — HEAVY LOADED CONDITION
ZERO SPEED

FRACTION OF WAVE DAMPING = .1

VERTICAL BEN DING MOMENT RESPONSE OPERATORS AT MIDSHI P CALCU LATED
FROM SCORES SHIP MOTION PROGRAM

(FT/TON SIFT)

ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0
FREQ .

.31790 11200 8130 1590 1960 1640 8200 11300

.36880 18700 14000 3420 2630 3500 14100 18900

.41970 27000 21100 6090 3410 6170 21400 27300

.47060 34600 28600 9590 4290 9580 28900 35100

.52150 38700 34300 1390.0 5210 13600 34900 39700

.57240 36900 36400 18600 6140 17400 37100 38400

.62330 28200 33300 23000 7090 20700 34700 31000

.67420 14700 24300 26900 7880 22100 27200 19700

.72510 1560 11300 28800 8420 21600 17800 9570

.77600 7090 1570 27200 8500 19600 9040 6470

.82690 6570 8230 21600 8560 17800 5180 7440

.87780 3900 7610 13500 9420 15700 7300 5070

.92870 4890 4020 6900 10900 11600 6220 338

.97960 3690 4380 6400 11400 5420 1670 2290
1.03050 2570 4500 8800 11300 1420 1940 933
1.08140 2480 2910 9160 10800 5370 1880 1940
1.13230 1110 2630 7020 9780 6800 1070 1500
1.18320 1900 1710 3760 8640 5430 1830 416
1.23410 1500 1360 2530 7410 2500 677 1030
1.28500 840 1800 3700 6100 487 742 821
1.1335S 588 1200 3520 4910 2020 880 531
1.38680 1060 731 2310 3860 1840 543 267
1.43770 600 603 1890 3000 653 329 680
1.48860 161 800 2100 2340 670 119 611
1.53950 564 447 1690 1880 999 339 193
1.59040 503 236 1200 1540 589 329 451
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TABLE B 14

FOTINI-L - BALLAST CONDITION (MEAN )

16.0 KNOTS

FRACTION OF WAVE DAMPING = .2

VERTICAL BENDING MOMENT RE SPONSE OPERATORS AT MIDSHIP CALCULATED
FROM SCORES SHIP MOTION PROGRAM

(FT/TONS/F?)

ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0
FR.EQ.

.31790 12000 9240 3480 486 3600 10000 13100

.36880 19200 15200 5880 749 6130 17000 21900

.41970 27700 22600 91.10 1.110 9690 25800 32300

.47060 35300 30155 13100 1590 14400 36000 43400

.52150 39900 36300 1790.0 2200 20300 46000 52000

.57240 38700 39100 .22700 3010 27600 51600 50400

.62330 31000 36900 27100 4070 35400 44300 32900

.67420 18100 29100 30400 5340 40800 26100 11700

.72510 5840 17300 32000 6690 38600 9080 8300

.77600 6930 6330 31200 7800 30000 9730 11000

.82690 7680 6310 27900 8210 19300 11200 5470

.87780 3140 7460 22200 7900 10700 5630 8900

.92870 1880 3830 15100 7440 10600 7820 9840

.97960 3630 1100 8240 7070 13800 10100 2630
1.03050 6960 3180 4600 6590 13200 4200 7070
1.08140 7240 3800 5440 6010 8410 4970 6470
1.13230 3240 4790 5520 5230 3170 7410 1300
1.18320 1810 2860 3500 4480 5760 2800 3400
1.23410 4370 1590 4790 3710 7220 2780 173
1.28500 6190 330 2020 3000 4510 2270 2530
1.33590 2600 6640 2700 2040 587 1390 1180
1.38680 936 9640 1570 1940 4070 2230 827
1.43770 1130 2700 298 1630 4090 496 429

• 1.48860 1620 1780 1320 1440 981 1030 1140
1.53950 732 1640 957 1280 2360 303 1040
1.59040 181 1810 250 1100 3100 900 189

¼’.
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TABLE B-is

FOTINI—L — LOADED CONDITION ORE (20 CUBIC FT/TON)

15.0 KNOTS

FRACTION OF WAVE DAMPING = .2

VERTICAL BENDIN G MOMENT RESPONSE OPERATORS AT MIDSHIP CALCULATED
FROM SCORES SHIP MOTION PROGRAM

(PT/TONS/PT)

ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0
FREQ.

.31790 13600 10600 3920 750 4070 11100 14600

.36880 21600 17000 6570 1200 6730 18000 23000

.41970 30200 24700 1000 1870 10200 26100 32700

.47060 37400 32100 14100 2840 14200 36000 45000

.52150 40600 37200 1840Q 4380 19200 53600 59200

.57240 37300 38300 22700 6710 33300 52000 42000

.62330 27700 34000 25800 10100 46000 31400 19000

.67420 14000 24400 27300 12600 37300 12600 6220

.72510 3220 12200 26900 8780 27100 8490 12200

.77600 7620 3120 24200 6130 16700 13000 9310

.82690 6970 6910 19300 7790 8700 9390 7100

.87780 1780 6870 13600 8100 10000 6400 11200

.92870 3270 2480 7610 7670 14300 10600 7200

.97960 3100 2630 3530 6990 14900 8030 5420
1.03050 1980 3800 3700 6220 11000 3710 8130
1.08140 3320 1410 4660 5440 5360 7370 3610
1.13220 1950 2070 4080 4690 4700 5120 3190
1.18320 971 2380 2180 4010 6830 2060 1710

• 1.23410 5480 490 167 3410 5690 2700 1680
1.28500 7060 876 1680 2910 2400 841 922
1.33590 1110 2200 1890 2500 3110 1830 133
1.38680 2000 2490 903 2200 4110 446 982
1.43770 2190 2480 ~564 1960 2420 793 541
1.48860 1660 4220 1180 1770 1770 1140 882
1.53959 1250 3070 831 1660 2960 864 1300
1.59040 626 2800 522 1480 2020 1220 1130
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TABLE B-16

POTINI-L — LOADED CONDITION ORE (20 CUBIC fl/TON)

16.0 KNOTS

FRACTION OF WAVE DAMPING - .2

VERTICAL BENDING MOMENT RESPONSE OPERATORS AT MIDSHIP CALCULATED
FROM SCORES SHIP NOTION PROGRAM

(FT/TONS/PT)

ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0
FREQ.

.31790 13200 10300 3860 771 4000 11000 14300

.36880 21000 16800 6440 1240 6630 17900 22900

.41970 29400 24100 9830 1910 10000 26000 32600

.47060 36600 31300 14000 2910 14000 37000 46900

.52150 39600 3640’) 18200 4490 19300 56700 61200

.57240 36400 37600 22300 6890 36000 51700 41200

.62330 27000 33300 25600 10400 46400 3O9O~ 18200

.67420 13600 24000 27200 12800 37100 12000 6510
• .72510 3130 12000 26900 8720 26900 8930 12500

.77600 7710 3070 24200 5360 16400 13400 9220

.82690 7270 6940 19800 7330 8430 9330 7300

.87780 2480 7070 13800 7830 10400 6530 11600

.92870 2990 2920 7600 7500 14900 10900 7180

.97960 2980 2460 3230 6890 15100 8100 5540
1.03050 2540 3620 3700 6160 11100 3740 8260
1.08140 4020 1410 4800 5400 5290 7510 8580
1.13230 2940 2240 4100 4670 4840 5140 3220
1.18320 3290 2660 2060 4010 7040 2080 1690
1.23410 4380 769 563 3420 5800 2720 1700

~~~~~~ 1.28500 3640 1040 1910 2930 2400 864 873
1.33590 5220 4000 2000 2530 3220 1840 142
1.38680 1210 5190 988 2230 4230 470 1030
1.43770 1300 1670 822 2000 2470 807 543- • ;

• 1.48860 1110 2320 1380 1800 1840 1200 916
1.53950 837 1680 1040 1640 3070 870 1400
1.59040 342 1820 761 1510 2100 1260 1160

B-16
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• TABLE B-il

FOTINI—L - FULL LOADED CONDITION COAL (42 CUBIC FT/TON )

15.0 KNOTS
FRACTION OF WAVE DAMPING — .2

VERTICAL BENDING MOMENT RESPONSE OPERATORS AT MIDSHIP CALCULATED
FROM SCORES SHIP MOTION PROGRAM 

-

(FT/TONS/PT)

- 
ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0

FREQ.

.31790 14300 11200 4690 1690 5670 13200 16700

.36880 22400 18000 7500 2520 9000 20700 25800

.41970 31000 25400 11000 3710 13100 28700 34700

.47060 37900 32600 15100 5430 17100 36700 46400

.52150 40400 37300 19300 8040 18800 59100 63600

.57240 36800 37900 23000 12000 39300 54700 42000

.62330 26700 33000 25700 17000 53000 31400 18700

.67420 12900 23200 26600 16600 41000 13800 10900
• .72510 2540 11000 25200 6520 28700 12300 15000

.77600 7690 2340 21900 8820 17700 15200 10600

.82690 7030 6980 17000 11700 10500 10200 7400

.87780 2060 6900 11600 11300 12000 6610 10800

.92870 3300 2690 6600 10100 15300 9980 6010

.97960 3530 2620 3340 8670 15000 6900 5180
: 1.03050 1210 3940 3280 -7410 10800 3690 6900

1.08140 3300 1630 4070 6290 5080 6800 2320
1.13230 2530 1800 3760 5290 4870 3820 3270
1.18320 1960 2800 2230 4444 6590 2620 1580
1.23410 4240 1070 194 3740 5100 2600 2590
1.28500 2740 2100 1380 3180 2270 1970 1240
1.33590 1990 1210 1760 2710 3460 2280 1100
1.38680 58 1770 967 2330 3960 1330 1460
1.43770 1070 1920 372 2020 2190 1300 910
1.48860 513 996 1040 1770 2020 1540 1160
1.53950 511 1060 814 1540 2810 1080 1060

: 1.59040 464 1500 392 1360 1730 1400 921

9-17 •
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TABLE B-18

FOTINI—L — FULL LOADED CONDITION COAL (42 CUBIC FT/TON)

16.0 KNOTS

FRACTION OF WAVE DAMPING — .2

VERTICAL BENDING MOMENT RESPONSE OPERATORS AT MIDSHIP CALCULATED
FROM SCORES SHIP MOTION PROGRAM •

(FT/TONS/FT)

ANGLE 0.0 30.0 60.0 90.0 120.0 150.0 180.0
FREQ .

.31790 14000 11000 4600 1700 5630 13100 16600
• .36880 21900 17500 7340 2560 8960 20600 25600

.41970 30200 24900 10900 3760 13000 28400 34400

.47060 37000 31900 14900 5500 16800 37700 49300

.52150 39400 36600 19000 8130 18400 63100 65700

.57240 35900 37100 22800 12100 43400 54000 41400

.62330 26000 32300 25300 17200 53700 30900 18200

.67420 12400 22900 26300 16700 40600 13300 11000

.75210 2500 10900 25300 5920 28200 12700 15100

.77600 7680 2300 22100 8170 17100 15500 •~ 10300

.82690 7300 6930 17300 11300 10200 10100

.87780 2740 7090 11800 11100 12200 6670 11000

.92870 3090 3140 6330 10000 15800 10200 5960
• .97960 3570 2480 2820 8600 15300 6910 5300
• 1.03050 1590 3900 3380 7390 10800 3640 6990

1.08140 4060 1740 4230 6270 5000 6910 2260
1.13230 3840 1910 3630 5290 5000 3790 3310
1.18320 4540 3300 1870 4470 6760 2690 1570
1.’. 23410 3500 1490 324 3780 5190 2610 2610
1.28500 1780 2720 1620 3200 2270 2010 1230
1.33590 1230 2220 1780 2740 3560 2270 1100

• 1.38380 430 2810 913 2370 6070 1400 1500• 
1.43770 520 1240 686 2060 2200 1320 903
1.48860 470 970 1270 1800 2100 1600 1190
1.53950 457 347 1030 1570 2910 1090 1090

• 1.59040 239 1100 690 1380 1770 1430 906

B-18
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• TABLE 8-19

UNIVERSE IRELAND-BALLAST (MEAN DRAFT 39.59 FT.)

10,0 KNOTS

VERTICAL SHEAR FORCE RESPONSE OPERATORS AT AMIDSHIP
CALCULATED FROM SCORES SHIP MOTION PR OGRAM

(TONS/FT)

• Ai4GLE o.o 3u.o 60.0 93.0 123.0 t~o.o
~~~~~3.200 15.~ ó3 14.490 12.573 12.450 15.130 19.150 21.263

0.250 27.303 26.690 20.053 19.5~3 2~~.2ó~
) 34.7~ O 40.2J

0.403 45.133 3t~.963 2~~25U 2~s.420 33.5~C) ‘~i.5,0 7 1.550
0.32, 5/.620 4a.250 44.4 1J 33.460 4~~.2I0  74.~ 93 93..55j
0.350 73.oJO 59.600 39.~S /3 3~ .d90 54.510 ~)4 .II~ 121.0,0

~ u.31~ 93,)’i) 73.olO 4,.:,73 44. lOU ~~~~~~ I i  1.~ 2) 1,4.11).0.403 119.J23 9O.v.OO 51.4~0 ~~~d~U 1~ .31~) I4~ .230 I9~ .3v
0.42, I4i3. 73 111.060 57.4o0 ~1.310 t31.51U I /o .~~ 0 ~~4.200
0.4~U Id1..:~10 I3~ .u2O 04..00 63.910 93.703 21 .,.3j0 .~IL .2~ J
L...4I~ 2 Ib.z i~ J 1o2 .710 o~~~ s oJ /3.723 ‘?~‘.iI ’ 24J. .

~0~
) 3 I3.~~

).)
.J.,00 24~~.~~W 191.000 /6.24) 77.413 l0~ ./’~0 21i.340 3.~~.7F~:)• 0. ,2~ 2 15 . 71 ()  2 l~~.65O ~s2. 130 0.s.133 1I2.Oo , 2~ ’~.i30 351.2.~:)3.3~ 3 293.193 243.050 ~9.363 ~9.43J l 1 3 . Qc3 3a9.460 3~54,~~7~)
O.~ 7b 299.udJ 201.410 9o.OdJ 93.920 l12.94u .~1~).500 321.133

-

• 
ti.o03 289.4~~) 27 1.OoO 102.J00 9. .l40 111.99:) 2~~4 . / 4~) 7~3u.2~~C)
(;.o2~ 205.040 269.940 109.403 ~~~~~~ I14.9~ .) ~~ I .) 2 3  2 I 2 . —~ 3
~~~~~ 22d.~~~3 2’~/ .l50 l l L ~.jI0 9~.490 l2I.~ ., �ij.140 13~,.45j
0. ó75 1 3~ . 

)2.) 233.3~0 121 • ~~~ ~1 .W ~ Iii . I .‘Y/. .)I ~) n~i,, .7.)
0.703 145.440 201.240 l2 /.,~.) ~4.6’)0 IJ~ .0~ ‘O.l ;) ‘~~~~. l~~’)0.Th3 97.j O) 131.320 I36.~i40 6~.340 I 2~~.~~$:, g4 .j40 e,O.2 ):)

71.100 Bo.Oo O ~~~~~~~ 55.980 I07.~~1)  71.3~ 3 24 .1 :..)
0.~~~J 10.110 66.870 1 30. 120 45.520 U1.643 34 .360 ó0.~~33
0.103 81.913 52.540 105.290 3d.l00 93.410 ~5.230 66.473

• 0.9b3 I d .0.~)  60.220 73.673 31.740 9i.O9~) 31.300 93.590
1.000 64.323 59.38b 44.420 26.230 7i.240 75..fl0 70.303
1.053 49.233 46.~60 35.9~0 19.260 32.9cs~

) 6ó.lO0 4~.9l01 . I ~)3 45.020 32.293 25.940 14.360 I~~.31O 33.610 50.393
• 1.200 25.920 21.640 I,.343 ~~~~~ 11.66’) 21.,~’0 32.460

1.403 12.103 6./20 13.773 6.3 0 2.3..~i) 13.133 13.13:)
• 1.403 6.b90 2.740 16.110 6.020 24.1~ ) 9.260 4.980

I.~ O3 29.910 5.340 12.4o3 2.610 5.3o) b.~ 0O 23.60’)
1.600 74.8o3 6.c340 5.293 I.61u 4.540 4.300 43.220
1.100 167 .663 2.940 3.550 3.13c 4.3w’) 9.290 ~J.493
l.’J~ J 331.19t) b.~ O0 1.210 2.c,) 3 . I . s ) I2.3~30 I9l.44~.)

I
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TABLE B-20

UNIVERSE IRELAND-BALLAST . (MEAN DRAFT 39.59 FT.)

15.0 KNOTS

VERTICAL SHEAR FORCE RESPONSE OPERATORS AT AMIDSHIP
CALCULATED FROM SCORES SHIP MOTION PROGRAM

(TONS/FT)

• MJL~ 3.) .~~.0 60.0 lj.3 123.0 U3.~)

0.200 14.;~40 13.b50 12.110 12.590 I~~.950 20.729 23.163
0.250 2o.th~J 23.760 I9~41) l~~.J9~ 21.3,u J.. .~~l0 44 .9~3.)

42.383 i/.,3U 2d.6)o 2• .9,0 42.0,3 6~ ,l~ ’j .~,fl
~3.I20 4o.I20 3i.c,2J 3 ’ t . 140  ~~~~~~ 84.003 )),.~~7~)0..b 3 66.390 ~o.250 39,3tfl 4~~. s~ O 5~

)
~~fri r) 197.373 Lit~.~’,6)

0.313 82.973 ó~ .370 4~ .22.) 45.770 1 I . ~~.’J 134.1 00 172.333
0.430 103.450 ~;.3.0I0  5I.4~ ) 52.153 ~33.03C~ I~~6.ó30 ~ l3 . 3 1D

• 0.42~ 123.3)0 l0~).ö4o 57. ~~) ~~.J4O 95.320 I9~ .4lcJ 4.~~,U0.4,) I~~’ . ,00 121 .~~1u 64 .4?  0,. h O  I0l.¼i, ) 
~~~~ /6’) ?~ ,. )‘ ,

0.4i~ 136.100 145.370 7l.2A) 72. flO ll ~;.l40 2~~ .2 70 ~~~~• •0.,uO II~~.z00 1/1.250 78.jjj 19.7(0 12’ .Jl ) 273.10) 33..s.46~J .~~2,  241.25) Iv/.JO~) ,~~~
...) ~3,,.4?.j l).:3.~ ’~) 2 ~..••I ) 3~~ .0430.5’J 259.323 24 1.5)0 93..V~) 9.~.h)J ~~~•~~ •• j  3’.). $Y) 3.~3.,”j0.5(3 265.34-0 240.990 ~0l .2 2 .) 97. ’?1’J l13 ..~ Y 0f l .j4) 33i.~~~i3

0.~ 3j 2o0.)~J 2~j.0O0 l09.4~’.) I 0~j .-S40 I 33.2u~) ~~lj . U ~?3 24~~.4~~00.623 240.330 2~ j .200 l l ~~.D)0 l J 2 . h~3 II2. ’ ’~O 233.7k) I I c . 1 , J
U.0~~J 210.140 24~ .273 I2o.~~s~) 101.3/3 122.110 173.4~Q 9J.9~30.675 176.133 22~ .%O 134.133 9J.373 121.~ 0) }11.1 ~iU .12,~ 330.11).) 147 .)t ’J  h)u.670 1 42.21o #.s.i.)) 131.39.) ‘3.463 3c~.51 3
0.75 J 131.193 139.860 152.73) 79.930 l21.3~0 03.360 •10.213

• 

- - 3.603 I2ó.~i50 I1.~~.850 153.290 66.310 93.790 e1.140 27.ISo
0. :3~~~) I I d . ,~3 ~)4.220 139.83) 54.920 92.220 34.440 65.230
0.91) I2b .a~0 31.790 I11 .Th0 4~.370 $0?.743 60.~~)0 14.2,3
3•9~ J 133.430 •.~4.2uO 7~ ,333 3~ .3~ t) 113.~ 4-) 63,~~ Q 10~ .~ 2J
1.303 126.690 31.700 43,33:j 32.~~~0 33.910 96.900 72.203
1.053 123.590 13.470 30.8)0 24 .903 .31.0~0 69.620 51.450
1.13) 136.140 51.930 23.609 19.110 1/.160 :33.700 54.223
1.23) 104.200 41.040 12.4/0 l).~~7J l1.o43 30.33u 3~.563
1.303 63.1~ 0 I~~.260 )2.3~s0 1.953 ~4.423 15.140 13.273
1.400 1~~.S03 19.460 15.443 1.713 2~3.650 10.430 5.213

36.463 20.~~l() 12 .113 3.~~~) 5.~~ U ~.,63 2j.n?3
49.263 22.370 6., ’3 ) 2.543 3.353 43.033

1.703 o3.-3~0 .3.4~!0 5.09) 4. 110 i.509 0.320 ~W.~ o0
1.35 123.010 ,.000 u.7•~o i.9/U 3.olo 14.110 I.)$,~ 3O
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TABLE B-21

UNIVERSE IRELAND-FULL (MEAN DRAFT 81.70 FT.)

10.0 KNOTS

VERTICAL SHEAR FORCE RESPONSE OPERATORS AT AMIDSHIP
- 

- CALCULATED FROM SCORES SHIP MOTION PROGRAM
• (TON5/FT)

A~JL.E 0.3 30.0 60.0 90.0 120.0 1 50.0 180.0

• - 0.200 3.413 8.970 10.310 12.050 14.5~
) l.i .400 23.533

0.2~ 0 )2. ,30 12.630 l~~.590 19.430 2~ .o00 37.4’jO 44.44)
0.303 25.41-3 19.633 21 .473 29.3o0 43.520 13.420 90.313
0.323 38.293 27.050 24.580 35.640 56.750 Iou.620 124.340
0.3)3 5ø.3~ 0 3ø.o20 21,840 43.030 /4 .4~3’) 135.770 1 56.420
0.375 79.luJ ~3.57.’ 31.27) ~2.1I 0 ) - .1., j 1 ~O.-)~sO 2I6.~ ,33.430 loS. 1-J 72. ’~~~~

L) 
- 3 . J - J  04.~~ i-J 1 ~J.O~~J ~~~~~~~~ ,iu 27~.0~J0.42~ 134. 14.) 93.940 39.330 11.900 ) J )~~ 9) ~~~~~~~ 2~J.~~2)0.453 ló 1.:93 116.540 44.080 95.093 2 35 . 390 2ó9.3to ?14.14:J

0.473 135.003 I3~ .140 49. 1 50 110.630 274.033 147.963 ~30.5Q~
~~~~~~ 203.,00 lt,6.043 54.6/) 11/.2/3 252.’x3 33.310 130.2)0

• 0.~~25 2J4.~~33 Iol.920 61.oo0 124.590 19/.3y3 9o.~ ,0 17o.blO
• 0.5~0 196. 90 111.440 72.~~90 131.720 126.~ d0 1 3’>.o40 l~~1.2dD0.515 175 .653 163.190 d7.90•3 129.150 75.400 143. ’)90 1 49.360

0.630 144.100 142. 160 100.21) 112.583 54.023 122.570 93.190
0.623 106.593 124.733 102 .730 93. 173 3.630 33.550 44.810
0.650 69.iiO 95.470 96.720 73.070 61.210 36.9)0 43.023
3.6/5 40.110 66.960 86.553 61.130 •~5.23O 25.300 15.013
0.103 25.170 45.770 77.613 51.510 63.430 51.120 90.150
0.153 I5.)~0 30.1 30 68.470 31.263 44.400 90.300 64.063
0.803 10.490 17 .110 61.730 27.730 27.050 59.370 33.943

• 0.853 25.470 7.520 51.943 21.I óJ 43.20’) 29.3~30 18.160
0.903 25.120 25.100 53.560 16.520 54.640 15.883 36.560
0.933 17.3)0 29.790 42.6-80 13.060 46.OóO 24.160 3~.8l01.000 6.410 21.200 28.260 10.430 24.750 30.190 14.483
1.050 8.543 8.270 16.1 20 Fh480 1.403 11.510 9.443
1.100 8.850 3.570 9.130 6.930 1.450 1.950 15.203
1.233 1.430 5.UI0 6.330 4.640 3.790 6.650 3.490
1.330 1.540 2.180 1.6~i0 3.240 1.980 2.250
1.403 1.473 0. 130 2.7/0 2.030 3.4d0 2.130 2.340
1.503 2.440 0.350 1 .020 1.3)0 1.540 4.770 2.olO
1.603 4.543 0.5)0 0.SôO 0.810 1.310 .3.110 1.270
1.100 6.470 0.920 O.2/0 ‘0.460 1.040 0.560 1.430
I .353 9. 590 I • ~40 0.06’) 0.203 I .040 0. 660 2.250

It
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TABLE B-22

UNIVERSE IRELAND -FULL (MEAN DRAFT 81.70 FT. )

15.0 KNOTS
- 

VERTICAL SHEAR FORCE RESPONSE OPERATORS AT AMIDSH IP
CALCULATED FROM SCORES SHIP MOTION PROGRAM

(TONS/FT)

• Ai 0L~ 0.0 30.0 60.0 90.0 123.0 150. 3

0.200 7.390 6.010 9.5~0 12.360 l 6.~~~) 21.303 24.363
0.253 ? .utu  9.570 13.943 I~~.3a0 29.043 44.3 50 53.510
0.300 11 .623 9./50 -18.060 29.183 51.120 ~0.24O 110.930
C.32~ 20.123 12.780 19.770 3,.3~t) o’l.l’.u 126.600 l,o.35)
0.3,3 45.02) 20.440 21.140 42.~~J0 91.9E,t) 1 1 1 . 2 5 0  21~~.42354.110 32.600 22.14.) ~~~~~~ 126.’)’+J ~,~J.l 40 402,79u
0.400 1 7.3) 0 46.690 22.623 o2.7~ 0 ) s i . 2 / - J  33.,.25J .3o2.430
0.425 l03.j33 61.~ 90 23.44-0 7o.710 24~..-+,J 34/•7)0 281.16)
0.45) 129.990 89.090 24.370 93.29o 403.9/0 21 1.120 98.i~)0.47, l~ 4.3I3 110.660 26.s70 133.120 32l.~,5.) ~~3~) 9~.°fl0.503 174.06) 130.610 29.770 IIo.420 2~3.37J 5~)~593 1~~1.82~(;.~ 2~ IJ,.323 146.140 34.443 12c ./30 I~,3.7~0 ))9.t ,j3 U~2.63J
0.~~ 3 135.-j40 l50.c~33 40.613 135.203 9:,.I3j I~~j . l 20 1 70.310
0.5/5 113.223 159.230 46.090 133.500 55.790 137.910 129.563
0.600 133.610 153 .000 56.243 113. 990 43.390 136 .960 73.550
L).o2, 124.313 138.680 63.5,) 95.410 ,1.490 64.,73 31.2)0
~ .35J 92.393 117.630 63.033 76.5,0 .~~ 0 18.280 6u.o90

o3..,40 92.820 68.613 62.810 o4 .I 90 43.2o0 91.600
0./03 45.ju3 68.190 óo.860 ~2.340 02.0)0 79.933 p9.550
.0.750 34.~~/0 36.400 68.300 37.960 40.143 98.130 ~~~~b33
.0.60) 24.9~,3 27.050 74 .7 1) .23.540 29.910 t~5~360 30.650
0.853 31.173 15.290 72.020 22. 1 20 53.070 25.410 17.330
0.903 33.?j3 1 .760 53.163 17.600 63.540 13.990 43.020
0.953 27.310 - 21.800 40.~ 60 14.240 50.ôiO 29.890 39.,30
1.030 l/. IchO 16.180 27,~ 73 l1.6?0 24.5i3 32.200 11.450
I .3~ ) 17.000 9.340 17.973 9.653 6.b2-3 9.1 50 10.020
1.133 21.750 .4.070 I0.~ 43 ~~.000 9.o40 0.560 16.730
1.200 17.630 6.170 7.683 5.440 5.390 6.390 4.333
1.303 12.110 3.120 2.620 4.790 3.220 3.5)0 5.173
1.403 6.990 3.940 2.530 2 .4 10 4 .4~ 0 ~ .1d0
1.~~00 4.1,3 4.1380 0.52) 1.~0.) 2.430 1.100 1.770
1.603 2.110 5.963 0.233 I.oso 2.243 0.860 1.163
1.700 1.150 . 2.580 0.46-.) 0.580 4.150 0.640 1.53)
1.353 1.420 0.450 0.270 0.323 0.2caO 0.710 2.203
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TABLE 8-23

UNIVER SE IRELAND-BAL L AST (MEAN DRAFT 39.59 FT.)

10.0 KNOTS

VERTICAL BENDING MOMENT RESPONSE OPERATORS AT AM IDSHIP
CALCULATED FROM SCORES SHIP MOTION PR OGRAM

(FT-ToNs/Fl)

ANGL I~ 0.0 30.0 60.0 90.0 120.0 150.0 130.0
F1~E~0.

0.203 1)634.5 8630.4 206/.) 1 429.9 16)0.3 82)9.6 1)393.)
o.2,J 27o~~.~ 23o28.2 5JoA .9 7235.4 537~./ 2005-4. 7 27 133.4
0.330 52)65.5 39739.4 12421.1 3274.7 11919.7 37636.0 32327.8
0.325 67 190.6 5)965.7 1 69C3.7 3930.5 13590.0 52416.3 631-66.4
O.3~0 8327o.3 o~ 493.o 222~ 2 .c3 ~ ,9,.1 223 15., 66879.3 -~~ 394.7
0.375 9942o.3 ~~~~~~~ 2~ 3~-~ I ~~~~~~ ~‘91~~- ~ ~‘~~I I . 5  1 . 71.4
0.400 114374. 1 94 150.5 35L1.6 o223.7 ,735~ .4. 9~u I 1 l . 9  11)030.6
0.42, 12o510.7 1 07472.2 426U~. ) Il )~ .4 ,~ 93J. ) 11 ~7ui.b l~~2J23.10.450 1 34363.0 116498.3 5041i.9 -4232.9 557 1~!.0 124667.6 1J’544.5
0.475 1 36341.6 I2ó I ó9 .~ 58334.3 ~355.4 65937.3 1323c 5.O L~O I d 7 . F
0.500 13147-~.4 12~30ó.5 ~O3b3.4 I0~43.2 76311.2 132634.1 122012.7
0.525 11943:3.5 1 27023.3 732CH.9 120fl.6 353)9.2 I 2 4 F ~84.6 I - ) c~553.b
0.550 )0D~345.0 118.;77.0 70432.2 13605.) 93452.7 1079)3.1 19343.cj
~~~~~ I 1~ 0~ .9 I J ~ I0i.0 343’rO .1  1~~342.7 96211.9 c~308’4.5 -,‘)336 .3
0.603 52574.0 ~6/04.6 87o3).? 172)7.9 93315.0 54124.2 1,141.6
J.D2~ 4 I 4 I ~~.~ o:~~O9.0 139O’-~~.~ 19~ 7).j ?4~20.0 ~~/44.5 ~32/.2• 0.650 233)4.9 44~7~.i 5 1r .0 2 l 4~ 5.’~ ~~922.4 o149.0 2&~55.70.6/, 27393.7 23~J3.b 35939.! 23)3~.4 14184.7 1933).) 21130.9
0.1t1, 310i. .2 2 +202 .2  -3I4 io.~ 2 4 l 3 I .~1 ~~9)9~~.2~ 2~s 17 1 .2  17.~9O.J• 0. 750 1 3605.6 29654.9 67365.3 24873.2 28676.6 1i326/ .6 1 2072.8
.0.303 9429.9 19285.8 49357.7 2j 600. 5  16/54.2 1179S .~ 26710.7
0.853 1 9045.5 8643.7 3)745.4 22439.7 29454.9 25053.8 

- 

6327.2
0.900 1243-0.2 17304.3 21 67 -9 .9 193-35.8 29606.7 3344.3 21638.8
0.950 10344.7 1 3502.1 20743.4 . - 1666 1.2 34993.9 1 7794.4 12780.3
1.000 512~ .0 1 0303.0 1 83i).3 li15o.~ 4494.~ 132 19.4 10187.0

-
~ 1.050 3542.3 7671.5 $0834.1 1 0023.5 1 4437 .0’ 5826.9 7565.2
- 1.100 4604.) 2 139 .1 704~ .0 7503.2 I I H 0 . I 11057. -/ 

. 9893,)
• 1.233 26i6.7 2~~55.4 8963.3 492? .) 8933.2 3136.1 6O38.~1.303 ~~~~~~ 2)02.0 6376.9 3) 19.0 3)20.3 4426.7 3~ 0~ .7

• 1.400 3,72.6 3331.6 3759.5 13)4.1 3159.6 662.0 1961.5
1.503 d~ 67.8 2558.4 3570 .6 ~022.o 3945.5 2323. 1 2334.5
1.60.) 7o0~.9 1o47.I 32 133.2 o0~ 2.4 3117.0 2909.3 ,541.6
).lOj 8474.0 42/2.~ 3l 0I.~3 ~tJ36.9 1890.0 353.0 Q4.30.4
1.3~3 l 003/.7 6930.3 olo.0 943., 1 953., 2 442.3 ? o44.1

~~~~~~j j  - 
_ 

_ _ _ _
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TABLE 8—24

UNIVERSE IRELAND-BALLA ST (MEAN DRAFT 39.59 FT.)

15.0 KNOL

VERTICAL BENDING MOMENT RESPONSE OPERAT ORS AT AM IDS HI PCALCULATED FROM SCORES SHIP MOTION PROGRAM
(FT—TONS/Fl)

- • 
A~0LE 0.0 30.0 60.0 90.0 120.0 1 50.0

r~ 1:w.
0.230 1 0773.1 7;;Th. I 1914.:) 1375. 1 1554.1 7423.4 fl3~0.0.250 25427.5 1 9043.3 5496.) 2) 3 1 . 3  4376.3 I:.3ó2).~ �53I-~.0.3)’) 4d2~ 4 .1 37039.0 1)700.9 3177.1 11173.0 37/76.5 ~‘Do9~.0.325 62341.5 484•/5.9 160o3.6 3612.1 1 5798.3 50644.5 65)49.
0.350 7143.0.7 61232.4 21190.9 4533.4 215i3.6 05526.5 -~4D21.
L).37~ 926 1-~.9 74.Q~ .9 2 1 l .~J . b  ~3~3.2 24~3l.O ~1913 . 1 102 s /3.
0.433 I0o~9I.4 ~xs~ 69.3 3j r305.0 o234.3 ~7308.5 99171.6 120~.~6.0.4 2~ 1)8232 .7 1012~8.3 41399./ 1331.! 46734.6 1l~ Q1 4.6 I3o1~~I.

- • 0.4~J 125131.3 II20)~.0 483~0.3 O,2 i.,  ~/,?,.&13 fljô2.) l4~334.•.0.41~ l2 ?~s0I .3  119~.12.0 ,~ d33.3 ~-3-3I.o ~9493.7 1j~,7l7.2-) 44i,3.:ii,53) 1233-?) ., 1 2324 1.0 64157.~ I I 41~~.4 .iI~~22.5 13o 31.1 1 . i 1 l 3 1 . c
~.325 1121o.j.3 121-10. i l22~A.’1 1 3)  ).~ -~1~ 07.1 I?c > ~ O . O ) ) ~ ~~,.
0.5s0 94610.6 114135.2 79065.3 $ 4942.9 101157.0 1 34065.9 7052~~~0.513 124)2.5 101232.3 64727.2 ó?2c.1 10~414.3 74921.7 ~~~~~~0.600 46611.2 d3~~35.3 6~s9 12.0 -l~~93 2.6 103693. ) 4J413.O 3/)I.~-0.625 23633.4 63143.1 9)297.1 213?-J.l 96434.3 13463.4 lc180.c
C.6~3 2267~i.4 42~75.4 9Ió27.~ 231.3.7 ~47oI.5 1 2623.6 3I~JJ9.I
0.6/5 23171.7 2o973.5 39743.1 24249.0 69)96.9 2;~2l 3.3 3303).;
0.70.) 32!12.~ 2.s4d~.9 85o29.~ 24730.~ ,2241.6 3~946.4 17,0l.I
0.733 2)102.! 3)052.8 7l25d.~ 24309.0 1 9143.4 14591.6 hi567.6
0.300 3)54.? 23ô46.2 5)463.8 223’37.~i 2 3 9) 0 .2  19592.6 29~ l9.C
0.3,3 1ó42o.2 2ôo~.3 3)940.6 21120.4 37767.) 29429.5 3923.8
0.900 )397~j,’~ 1 5571.9 2)924.6 18o33.~ 32902.4 ,456.8 26o72.~0.950 l093~.2 12663.9 2)673.2 I55)~~.3 1 3336.3 22~i93.6 l240~3.O1.000 94o~.~ 8990.5 18699.3 12127.o 3929.8 1 1201.8 13o44.1
I.0~) 1304.0 +J77J.9 l0~46.~’ 9091.9 13611 .3 ~257.1 7191.2
I.IoO 1)0~ /.3 I(~4I.7 75o5.3 6137.2 3 2202.4 1217o.6 lll 3~ .21.233 lII2 ~.ó 1077.o b90~ .I 44~~.3 1I5o2.3 332e .1 6935.6
1.303 11209,3 8~J2.O -754o.4 2749.6 44~9.7 4933.2 3791.0

- • 1.433 l130~.-6 !~ I- .() 4u14.’) )~~33. . 3403.3 914.~ I - ~-~,.91.50) 13 1 50.4 ,11~~.4 i92c~~ 4-~~D.O 4~ l3.9 - 23o.~.9 23,3.4
1. 63 .) 4006.4 4015.j  4144. / 61-i ,. , 3649.9 .,14?.1 :2 1.3.3
1.703 4924.2 o.04.I 4I0t.? 407$.! 2121.2 734.5 ~oI 1.3
1.~ 5J ~+ll 7~ .6 /364.b 2616.2 1243.i 2291.6 2381.8 •~~~47.2

L
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TABLE B-25

UNIVERSE IRELAND-FULL (MEAN DRAFT 81.70 FT)

10.0 KNOTS
VERTICAL BENDING MOMENT P~SPONSE OPERATORS AT AM I DSHIP

CALCULATED FROM - -SCORtS SHIP MOTION PROGRAM
(FT—TONS /FT)

MOLE 0.0 30.0 60.0 90.0 120.0 1 50.0 1 80.0
- 

.0.230 1739~.9 13672.0 6092.3 2373.9 6421.7 14222 .2  l . ~.u4~i.2
0.250 37267.3 2’?~70.5 1 2333.3 44)9.5 13122.~ 29761.0 37701.3
0.303 ~D3j~.2 ~22c,~ .o 2317i.l 1401.9 23341.3 ~~~~~~~ ~‘-J)I.-~0.325 81113.3 65605.5 29773.’? 10327.2 29376.5 o3420.1 77611.0
0.350 964 71.5 793~~ .7 37226.! 13725.6 31473.7 74~3l5. I 39351.5
0.375 l09934.~S 92402.7 45321.5 18457.6 46-357.7. 8~~s35.9 ?~i343.0
u.403 11 9302.3 Io345~ .l 53764.1 253-36.3 51233.2 9)34-3.3 1 )3265.5
0.425 124425.3-11)203.9 62154.6 33659.3 63)62.4 74936.0 7427r ~.3
0.4~) 122493.2 1143s7.I 69327.3 50704.? 694)7.5 3-iOI’3.3 67719.7
0.415 113345.3 l1 L 9~37.3 75939.7 68793.5 5)432.5 71:~77.1 1-32435.5
0.50) 97313.6 1 03641.8 79221.1 79631.3 36533.’) 965)3.3 132)22.5
o.52 ., 15~.~34.7 ~~97)~~~.ó 13073.4 3-0662.6 43291.4 93723.3 7 - 3 6 c . 3
0. ,,0 ,l4~si.6 1I ’~4d.9 7l82~~.1 79321.9 5)1)1.6 71441.2 5243~ .20.573 27761.5 5)026.7 64626. 1 75456.5 63963.3 49040.0 3404-9.6
3.600 13 /2 / .D  3)474 .3 62923.9 61070.9 57264.3 32024 .E~ 33310.2
.0.62~ 1 3721.1 Io70’~.8 640,3.0 57778.6 49~ I7.2 ~9274.6 37313.4
.0.630 1 91o4.3 12u94.d o1o7~.i 4-i/li.! 313)4.9 .,4225.9 3,-~1~).,i0.3/,  1 9 9) 1 .~ 1ob77.Q ~5719.3 42O3~,.2 21,fl.4 J~~337.2 2/,4C.7
0,703 1531,.4 19845.3 4~~17.o 3ó~ )6.6 16632.6 312o4.i 1.~2I 1.).0.7,.) 83 1.3. 7  l~~~Oj . I .371o2.7 27470.6 1 4643.0 I472~.2 2lu~-0.~0.803 12176.5 9347.5 29617.7 20622.6 2451’-L 1 1 198i.5 13)76.7
0.850 8022.3 32954.0 23652.9 1 5024.5 23693.2 11445.2 9032.9
0.90-3 6439.8 9223.3 $7521.4 1 064ó.ó l42ó5.~ 6)24.6 1151?.9
0.950 37a~.6 3095.5 l 2055.~ 1130.3 5235.~ ~~63.3 2125.4
1.303 3053.1 5945.9 8333.3 4570.4 o$ 4.2 I9I -~.2 3~41.3
I.0~J 274.i.l 4)58.5 5766.4 27,6.2 ~07t.1 34)0.5 232~ .51.100 $99 1.4 3830.5 4405.5 1614.4 16)3.4 1 005.9 1233.2
1.20o 1351.9 2033.5 2535.2 1)1.4 2321.0 1265.2 1 785.3
1.300 723.4 $ 1 4 2 . 1  1 167.3 867.2 2121.0 1 649.2 $476.2

• 1.403 669.3 463.7 933.6 9)9.0  1127.9 $025.5
P I 1.~~00 116 0.1  ) b l . l  45 1 .2  181. ! 102.4 20o~ .7 Io5~ .I1.600 $591.2 237.9 2)1.0 523.1 524.0 1 496.8 1100.0

1.703 3459.3 ~0,.4 b~.4 ~~~~~ 430.0 $91.3 244.7
1.3~~ 6752.3 i0b.8 42,3 d6.~ 492.6 29l.~

-- •
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TABLE B-26

UNIVERSE IRELAND-FULL (MEAN DRAFT 81.70 FT .,)

• 15.0 KNOTS

VERTICAL BENDING MOMENT RESPONSE OPERATORS AT AMI O SH IP
CALCULATED FROM SCORES SHIP MOTION PROGRAM

(FT-TONS/Fl)

A.OLE 0.3 30.0 60.0 93.0 $20. 0  $50. )
r:~~-4. -

O.23o b Ull.) I2~,y2.~ ~d 1I.I 2~ )2.i ~~~~~~ 1~ 924.4 I1 ~ 7l
0.253 3462).? 27395.0 1 2 2 1 1 . 4  46’i5.4 $ 3 2 1 1 . 7  2— ’ 13 3 . l  35~ 23
0.300 6U~ 43.2 4o934.3 22)12.1 ~32i2.0 23-566.6 5~3~~ .7 -~2 l 2 l
0.325 73751.9 6l~~05.3 233)5.? 10135.3 3-)-i3~3.7 6235o.3 754 19
0.430 90321.0 74449.5 353)6.4 346-34.9 39302.2 7’~52I.4 9)014
3.313 13330/.7 -b6944.4 42~~ I .7 19i?5.2 5)336.2 --~437.o ‘-1571
0.4)3 113194.7 91774.2 507)7.6 27635.7 o~ 229.0 /5111 .7 •62~~30.425 11 6510.5 $05794.1 5~439..i 391 19.7 74523.5 21143.9 61752
0.433 I l d O 3 i . ’? I09~O4.4 6 5563.3 Sti? 1 3. I 614(1.5 •1~ 653.7 11369u
3.4,5 111094.2 109239.5 7)54~.uJ 7~24s.2 45727.4 I~~7734.9 3)5734
0.30) 917i2.3 133342.0 755~ 6.o 3633).) 34 160. 3 I33~ 44.~ ‘?50J~
u.~ 19033.1 92324.4 17335.3 d / o J 7 . 4  o S) , :;J.9 ~~~~ 95  •37)$7,

- 0.~~-J ,3973.4 /o92o.3 7,9)4.7 ~~~~~1.c’ ~i J) 1~ .~ o 1 49~ .~s 4231o .
0.513 3422) .~~ 5~ 570.5 7120i.9 79’~-?2.’) 650 11.3 39531.0 32426.

óoi l4~o-.,~,) 3~ 243.3 o33iJ . I  692 50. 7 51436.3 29061,6 37~04.
~~~~~ lu~~5~ .3 2 1 33. / D39~~

) .~
3 ~~~~~~~~ 4/~45.() 4.j70~

),() 43933.
3.033 l Iolj.o 1 uci24. 41~ ,.I ‘, 1) ?.~ 3~~’?l .1  i )3 l9 .~ 3~~154
u.~ ’!i 2 042 3 . 1 13 103. 1 4t~7~ .1 416 I 1 .~ 22~~ ~.‘i ~ ~41 ~.O 2~t259.
0.733 l72~ l .3 1 7434./ 41527.) 3ó-0’~ z .- I -~~~~.2 3-~~ 5’5.i $ 5643.
0.75) 324/.4 14395.3 30036.0 26.i39.3 23)44 .4  3 3 ) 6 4 . 3  23999.

? ‘2~ .)  I0),, ,3 2?3 /3.i 2H1-) . ?? 13.2 ?)~~~3. 1 110/7 .
- - 0.333 13~ 1.2 8260.1 2132s.1 14413.3 26)70.7 10557.6 $1460.

0.903 394 7.4  664) .3 1 ~69I .9 10) 55.5 1 4043.5 ~ l 53.8 P1696,
29)4.2 ..597.2 $ 3950.9 o731.l ~156.2 l0i~0.4 2314,

1.300 103~.3 i437.9 92bo.~ 42)1.3 7)12.2 l19o. 4 331 c3.
J,~I., $319.6 o6~~1.4 24~3.9 5359.1 3~i3I.7 32~38.~1.103 15~~ .2 2 h0 . 5  56 2.~ 141- 1. 1 2 1)1 .1 U 3-). 9 793 . .

1.233 I 19~ .7 1431.3 2~355.2 801.3 3:)23.9 1872.1 2254.
).3D:) 2,23.5 2039.6 1 693.6 3003.7 27-33.0 2262.3 3)23.-.

-
- 1.400 3 1 3J . ó  2) 6 5 . 9  924.) I0I’3.3 1 603.2 3743.2 233ó.~1.5)-) 1 904.6 23)2.3 3)3.6 ?364,~ 1071.4 693.9 1012.’

~52.3 2430.1 13.3.9 7:.? Qlo.9 ~~~~~1.703 906.4 l29~ .o 2’~l.l 325.3 $39 3.0 224.0 23?.~1. 33-.) 514.2 339,9 ) l / . i) I 3:~~ 146.4 339.2 792.~
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APPENDIX C-I

DATA BASES : FULL-SCALE STRESS OBSERVAT I ONS

In trod uct ion

The ava ilable fu l l — sca le  observations on the three ships of interest
in the current work were al l  gathered by Teledyne Materials Research . The
basic techniques used were the same , as were the recordings and , to a great
extent , the initial data—reduction procedures . The stress data examined
under the presen t project were confined to a respon se termed “Midship

• Longitudina l Vertical Bending Stress”. Th is respon se is effectively the
average of por t and starboa rd deck edge stresses; tha t is , the deck stress
response due only to body-vertical bending loads near midship (Ref.7).

The extent of the available data base varies from ship to ship. In
addition , the extent to which these data were exam i ned also varies. It Is
accord ingly the objective of this appendix to docum ent that which was avail-
able  i n each case as wel l  as the way i n wh i ch the da ta were par t i ti oned fo r
var i ous spec i al anal yses.

Da ta Base fo r the U N I V E R S E  IRELAND

The data collection effort for the UN I VERSE IRELAND IS sumarized in
Ref .7. Br iefly, the ship was instrumented from July 1968 through December
1970, during wh i ch time the ship made eleven voyages (6148 days at sea). The
ship ’s trade route during this time was between Europe and the Pers i an Gulf
via the Cape of Good Hope. Some 2700 30—minute stress records were obtained
by the automatic data-acquisition system which was set primarily to record
one record per four-hou r watch. About 1 900 of these records pertain to mid -

• ship longitudinal bending stress. Since there were almost 3900 sea-watches
in the data -taking period , the da ta base fo r lon gitu d i nal bend i ng stresses
of the UNIVERSE IRELAND corresponds roughly to a sample of condi ti ons i n

• half the sea-wa tches naturally occurring over a 2—1 /2 yea r period .

The basic data reduction was carried Out by Teledyne Materials Research
accord i ng to the methods described in Ref. 16. Most of the results of this
reduc ti on process were anal yzed and reported in Ref,7. Among those results
are the statistics of wave-Induced stresses and most of the I nformatIon on
the mean stress l evels. Much less reporting was made on the magnitude of
vibratory stresses.

- The data base fo r th i s sh ip involves , for each record : 
-

1) A summary of log-book information

2) Mean stress l evel relative to stress at the start of the
analog recordin g tape

3) Number of cycles of wave-Induced stress

:1 C-l
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4) The maximum peak-to-trough wave-induced stress

5) The root-mean- square of the peak-to-trough wave-induced
st resses

6) The number of “bursts” (see Appendix C-2)

7) The maximum double amplitude of vibration , or max imu m
“burst”

8) A 12000 point time series representing the actua l time
his tory of stress for 20 minutes.

This information ls contained on two varieties of digital magnetic tape re-
tai ned at Teledyne Ma te r i a l s  Resea rch : a “Lib rary” tape containing al l the
informa t ion no ted above , and a “Summary” tape containing everything except
the time series (item 8) .

Only the summary data for the UNIVERSE IRELAND were examined in the
present project. Tel edyn e Materials Research furnished listings of the
summary tape for this purpose , and carried out a parametric correlation of
the maximum “burst” stresses as well.

Da ta Base for the F O T I N I - L

The data—c ollection effort for the FOTIN I-L is also summarized in
Ref .7. Br iefly, the ship was instrumented from September 1967 through
November 1970, during which time the ship made 17-1/2 voyages (834 days at
sea). The sh ip ’s trade route at the time was between West Coast USA , Pe ru
and Japan . Some 2800 30-minute stress records were obtained by the automa-
tic data—acquisition system which was set primarily to record one record per
4—hour watch. About 1 550 of these records pertain to midship longitud i na l
bending stress. Since there were about 5000 sea-watches in the data—taking

- 
period , the data base for longitudinal bending stresses of the FOTINI -L
corresponds roughly to a sample of conditions in about 1/3 of the sea-
watthes naturally occurring over a nearly 3-year period .

As w it h the UNIVERSE IRELAND , the basic da ta red ucti on was carr ied
out by Teledyne Materials Research according to methods described in Ref~ 16
and most of the results of this reduction were reported in J~ef 7. The
details of the data for FOTINI-L are the same as those noted previous’y for
UNIVERSE IRELAND.

In the present project the FOTINI-L data were examined at- two levels• of detail. The first l evel of detail involved only the summa ry data. As in
the case of the UN I VERSE IRELAND , Teledyne Materials Research furnished
listings of the summary tape and carried out a parametr i c correla ti on of the
maximum “burst” Stresses observed In the 1550 vertical longitudinal bend i ng

fr stress records. At a later stage in the present project the same sumary
data were obtained on punched cards by the investigators so that correlaUons
alternate to those by Teledyne could be carried out.

I.
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The second l evel of detail In the present exanlnatlon of FOTINI-L data
involved analyses of some digital time series representing the observed mid-

P s h i p  longitudina l bending stresses. The selection of the actual sub-set of
data to be considered was made large l y on the basis of the prevalence of high-
iibratory response since some quite surprisingly high magnitudes are quoted
for FOTINI-L in Ref ,7.

• All data for midship longitudinal bending stress for FOTINI-L are cOo.—-
ta m ed In three dig ital tapes as follows : (the “B” and “L” suffixes in

• voyage numbers indicate “ballast” and “loaded” , respectively):

Tape Number Voyage Numbers Number of Intervals

FOINDI 2B 18
• 61 135

91 35- U  a 139
48 56
31 132

FOTNO2 11 17
80

14B 110
3B 103

lOB 88
51 87
9B 101

FOTNO3 6B 128
78 68
88 119

141 67
5B 68

A scare of the summary -listing indicated that the third tape (FOTNO3) con-
tained the most evidence of vibratory response which was unusually large
with respect to wave-induced response, and a copy of this tape was obtained
from Teledyne Materials Research. As may be noted , four voyage legs In

- - ballast and one In loaded condition are Involved . There are a total of 1450
records in the tape. One record was found to be short and was discarded so
the total for present purposes was 4149.

For purposes of the present anal ysis a sub-set of 168 records was
chosen so that all records with significant vibration were included (95
records out of 4149), the remaining intervals were chosen so that the md -
dence of Beaufort wind strength and head ing angles contained in the sub-set
would resemble the corresponding inc idences in the entire data base. Th~extent to which this was possible is indicated In Figures C-l and C-2.
The percentages quoted are of the total number of records where Beaufort
wind or heading was given . in the enti:e data base only 5% of records have 
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Beaufort wind noted , while 46% of the records have no head i ng noted. The
-168 record data sub-set may be seen to be somewha t b i ased toward the higher
wind strengths and thus presumably toward more severe wave conditions.

Ship speed in the intervals represented In the library tape and the
data sub-set were typically between 14.5 and 16 knots with extreme variations
of 13.5 to 16.9 knots. Only one case of zero speed was noted in the summary .
However the other log book entries imply that it could have been zero. All
told there are only 7 records in the entire 1 550 record data base where
speeds were quoted at less than 10 knots.

Data Base for the SL-7

The data-collection effort for the SL- 7 class containership SEA-LAND
U McLEAN is summarized in References 2 ,3,25 and 26. Brief ly, data were acquired

during three winter seasonswhile the ship was in service between East Coast U.S.A.
and Europe. The instrumentation was attended in each season. Table C—l
ind i cates the i nc lus ive da tes , number of voyages and the number of records of
midsh i p l ong i tu d i n a l  bend i ng stress reduced by Te l edy ne Ma te r i a l s  Research
accordin g to the methods of Ref. 16.

In-so-far as sampling is concerned there are two significant differences
between the SL-7 data gathering effort and that for the other ships . Ow i ng to

-• the enormous burden of instrumentation in the SL-7 program four records of
bend i ng stress per watch were obta i ned instead of one. Thus the 5000 odd records
noted in Table C— i correspond to about 1 200 watches. In the terms noted for
the other ships , the SL-7 data base i nvolves a sample of conditions in about
2/3 of the sea-watches occuring in 270 or 280 days exposure to winter North
Atlantic weather.

Th i s las t interpretation suggests the second significant differences
between the SL—7 data base and that of the other ships. It is thdt the
data base must be taken as being biased toward severe conditions , rather
than bein g representative of cond tions experienced in norma l year-round
operation (as is the case for the other ships).

The SL-7 data base was also examined at two leve l sof detail. As
for the FOTINI-L , the first l evel of detail involved only the sumary data .
Because the third-season data had not been reduced at the outset of the
project, the initial examinations of the Teledyne summary data were carried

- out only for the first and second-season data (about 4200 records). Listings
and parametric correlations were carried out by Teledyne Materials Research.
At a later stage in the present project the summary data for first and
second season were transmitted to the present investigators via punched cards,
and the third season data by magnetic tape so that in the end all the
Teledyne data base was available for alternate correlations .

As In the case of FOTINI-L , It was des i red to make some analyses of
selected time histories of midshi p l ongitud i nal bend ng stress. The selection

-~ 
- 

of the actua l sub-set of records for the present work was made on the entirely
practica l grounds that at the time the analysis was initiated ,
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TABLE C— l

SL—7 Record i nQ Season Summary

Season 1 2 3

Inc l us i ve Dates 10/8/72—4/4/73 9/23/73-3/25/74 1/17/75—3/17/75

Number of Voyages 12 13 3

Number of Records

Reduced 2078 21)2 861+

(Total: Al l  Siasons, 5054)

20 — Entire Data Base( 198 Watch Sub-Set

1 5—

c
10~~

0,1 ,2 3 k 5 6 7 S 9 10 11 12

BEAUFORT W I N D

FIGURE C-3 RelatIve IncIdence of Beaufort WInds: SL—7 Data Bases.
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a 198 record sub-set from the second—season records was immediatel y available
for direct computer access as a by-product of the work reported in Refs 27
through 32. These 198 digital time histories of stress were produced at
Davidson Laboratory according to procedures generally sim~iar to those in use
by Teledyne. Details of the procedures are to be found in Ref 27.

The sel ection of particular records for analysis In Ref 27 was based
almost entirely on requlrements In that work for reducing other data . The
net result of the select ion procedu re was 198 dI gitized records from nine-
voyage legs during the period 30 December 1973 to 3 March 1974. For this
period , roughly one record per watch was dlg ltlzed . Records at begInning
and end of voyage legs and those in which electronic malfunction was sus-
pected were discarded . The 198 intervals finall y resulting co—respond to
75% of all sea-watches during the nIne-voyage legs (about 85% of all watches
where the ship was apparently not In protected waters). The data sub-set

— corresponds to approximately 33 24-hour days at sea. In rev i ewing the stress
data It was noted that the stress—time series for one of the 198 records
contained some sort of electronic malfunction and actual ana l yses of stress
from this interval were excluded .

U It Is appropriate to consider the extent to which the data sub-set
is representative of the entire data base. Figure C-3 i s a compar i son of
the incidence of variou s Beaufort winds in the sub-set with the Incidence
in the entire (three-season 1200 watch) data base. It is apparent that the
sub-set is more conservatively biased than the data base (more Beauforts 8
to 10 and fewer Beauforts 3 through 6). The sub-set is thought to more
closely resemble the second-season data since milder weather conditions were
apparently experienced in the first and third record i ng seasons.

Figures C-4 and C-5 indicate the incidence of headings and ship speeds
for the sub-set and the entire data base. The sub-set has proportionately
fewer beam and more following-sea cases, and a lower incidence of intermediate
speeds. Again , the sub—set is thought to more closel y resemble second-season
data. It is be l feved that shi p speeds tended to be lower during the f i rst
season for non-weather related reasons.

(
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APPENDIX C—2

INITIAL EXAMINATION OF VIBRATORY—STRESS DATA

- I nsofar as midship stresses i n the main h u l l  g i rder are concerned ,
vibratory-stress response has been observed to be primarily at the two-

- noded longitud i na l hull mode frequency (Ref.l , 7, 17, 33, for example).
This empirica l observation colors much of what is done in the processing
of the raw data and indeed influences some of the definitions.

Referring to the~methods of Ref.16, the first step in processing
the raw stress signal is to pass it through a low-pass filter which effec-
tively eliminates most i f  not a l l  si gnal content a t f re quencies more than
about an octave above the two-noded mode frequency. The vibratory content
of the resulting signal is then isolated by a second filtering operation
Involving a fairly narrow-band pass filter centered nearly on the two-
noded mode frequency . The wave-induced component of the stress is i so-
lated by a parallel low—pass filtering in which nearly all the content
above 0.2 or 0.3 Hz is el iminated . The validity of the results of these
operations depends upon a reasonable separation between the highest wave
encounter frequency and the first—mode frequency, a condition fulfilled U

in the cases of the ships under present consideration .

The processing done upon the isola ted v ib ra t ion si gnal i nvolves
de term ina tion of successive “double amp l i tudes”. In this context a
double amplitude is defined as the difference in stress between a maximum
and the succeed i ng m Inimum— ~the terminology comes about because this dif-
ference is very nearly twice the local amplitude for a narrow-band process.
In  the sys tem of Ref .16 , the succeed i ng double amp l i tudes of v ibra ti on a re
scanned in order to determine if their magnitude exceeds a certain thresh-
hol d (1000 psi for UN I VERSE I RELAND and FOTINI—L , 600 psi for the SL-7).
When one does, the initiation of a “burst” of v ib ra ti on Is assumed and the

— scan continues until the double-amplitude l evel falls below the threshold ,
- whereupon the “burst” is assumed to be over. A given record may have no

“burs ts” (no vibration above threshold) , one “burst” (either all vibration
- double ampl i tudes in the record above the threshold , or as few as one), or

a g rea t many f l u c tua t ions in v i bra ti on level above and be l ow the thresho ld.
The summary da ta descr i bed In Appendix C-I includes the number of “bursts”
in each record. Along with the scanning to determine “bursts”, the maxi-
mum v ib ra ti on double amp l itude in the record is found and inc l uded in the
summary. This latter quantity is synonomous with “maximum burst stress”
or “maximum first—mode peak-to-trough stress” as used i n Refe rences 2 , 3
and 26.

Given the existence of these measures of vibratio n within the data-
base libraries descr i bed in Appendix C-l , the obvious f i r s t  and s imp l est
step was to access the “maximum burst” data and attempt to develop stat is-

- - 
t ica l trends wi th mea su res of sea cond iti ons, shi p speed and heading . The
process used by Teledyne Materials Research for developing such trends is
described in Ref .2 and was exerc i sed by them to develop data used in the
initial examination .
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The Beaufort wind strength was taken as a measure of wave severity,
and two two-way c l a s s i f i c a ti ons of the max i mum burs t da ta were carr i ed ou t;
the first classificat ion was by Beaufort wind and ship speed , the second
was by Bea~fort wind and head i ng . The mean value , mean of 1/3 highest and
RIIS values were computed for the vibration double ampl i tudes falling within
each classification cell. (Each combi nation of Beaufort number and heading
or speed.)

Figures C-6 through C-il summarize part of the results of the cor-
relation . Figures C—6 and C—7 pertain to second-season SL-7 data (computa-
tions were also made for the first season but fnd i cated similar trends and
are not shown). Figures C-8 and C—9 pertain to the FOTIN I-L , and Fi gures
C-b and C-il are for the UNIVERSE IRELAND . in all cases the numbers
p lo tted are the mean value  of a l l  the maxi mum burs t stresses f a l l i ng w it h i n
the classification cell formed by Beaufort number and speed or heading .

Conside ring the SL-7 results first (Figures C— 6 and C-7) there is an
obvious overall upward trend of vibration level with Beaufort number, and
by implication with wave severity. Similarly there appears an upwa rd trend
as headIng goes from following to head seas. The picture with speed is con-
fused due to the lower incidence of low ship speeds, but overall the vibra-
ti on magni tude appears somewha t i nde penden t of speed.

The results for FOTINI-I. (Figures C-8 and C—9) ind i cite a confused
picture overall. There is so little speed variation in the da ta base tha t
practically all data is in the 12 to 16-knot classificat ion . Thus the
resul ts in Figure C—B Indicate a mild overall upward trend with Beaufort
number , as do the beam , bow and head-sea results in Figure C-9. There is
a tendency for the vibration l evels to be lower in quartering and fol low-
i ng seas , Figure C-9.

In contrast , there is not much wh i ch can be concluded about trends
of the v i bra t ion levels  on UNIVERSE IRELAND , Figures C-b and C-li. The

• mean values of the largest vibration double amplitudes are all less than
the 1000 psi analysis threshold , and there is no obv ious trend wi th any
of the parameters.

The mean value of the maximum vibration double amplitudes within
each classification cel l was sel ected for trend analysis in hopes that it
was the most stable statistic available. Cons i dering all the individua l

• data points for a part i cular Beaufort number, there is typically an enor-
mous scatter about the mean--individual va l ues ranging from below the
threshold to values typlcally three times the mean. In the case of SL-7
there are a quite significant number of peak vibration double amplitudes
between 3000 and 1 0000 psi and a few isolated points (5 points exactly)

- to 1 5000 psi. The data for FOTINI-L show a significant number of points
between 3000 and 8000 psi , wi th four points falling between 8000 and
11000 psI. In contrast , a l l  the data for UNIVERSE IRELAND except for four
points are less than 3400 psi. These latter four points lie between 6500
and 9500 psi . Interest Ingly, there are no points in excess of 1000 ps i
for Beaufort numbers greater than 1.
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It Is the nature of the derived maxImum burst or maximum double
amplitude of vibration to be sensitive to isolated Instances of extraneous
no i se because It is a measure of art event basting over only half a v i bration
period (less than a second) buried somewhere in a 1 200-second record which -

•

has not been examined by eye. About half of the extraord i narily high points
c i ted were associated with ~eaufort numbers less than 5 -- not ord i narily
severe weather for the large ships under consideration .

Thus, in order to make a judgement about the results, i t seemed permiss-
ible to suspect that the isolated highest points were spurious . On this basis
the results for UN I VERSE I RELAND imply that an extreme addition to wave-Induced
stress should be of the order of 1500 psi and the typica l addition would be
less than 500 psi. These numbers are of the order of 1/10 of the long-term U

predictions of wave-induced stress presented in Ref. 7,~ and of course, if the
data are. correct the typic-al addition to extreme wave-induced moment should be
the lower figure. This considera ti on of absolu te magn itude coup led wi th the
absence of trends with weather , speed, etc. suggested that the vibratory mid-
shi p stress l evel induced by all causes (weather, waves , propeller exc i tation)
could reasonably and conservatively be taken care of by assuming an incremen t
to tension or compression between I and 1.5 kpsl for all conditions . There
seemed little point in delving deeper into the stress data for UN I VERSE
I RELAND and this was not attempted .

The fact that trends with weather, speed and head i ng were noted for
the other ships and the generally much higher magn i tudes of stress variation
ind i cated that more detailed studies of the vibratory response of both
FOTlNl-L and the SL-7 were in order.
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APPENDIX C-3

INITIAL EXAM I NAT I ON AND ANALYSIS
OF STRESS—TIME HISTORIES IN

THE DATA SUB-SETS

Spectrum Ana l ysis

Though a sample spectrum of stress for the FOTINI-L is included in
Ref 8 , it became apparent that not too many stress spectra had been computed
from the FOTINI-L data. As of the initiation of the present work , none at
all had been computed for the SL-7. It was therefore decided to estimate
the stress spectrum for all the records ;~ the FOTINI—L and SL—7 data sub-
sets, both to allow a quantitative description of the expected peak at first—
mode bend i ng frequency, and to identif y the important range of frequencies
correspond i ng to wave exc i tation .

The spectra were estimated with one of the many variations of the FFT
method , the details of which are noted in Ref.28. Because the time series
sampling interval for the SL-7 data is different from that of the FOTINI-L
data the frequency resolution of the spectra had to be slightly different.
The 51-7 stress spectra were resolved at 0.051 1 Rad/Sec intervals (36 degrees-
of’-freedom per estimate) , and those for the FOTINI-L at 0.0614 Rad/Sec
(48 degrees—of-—freedom per estimate).

a) Analysis of SL—7 Stress Spectra

The first analysis of the SL—7 stress spectra was to l ocate peaks in
the vibratory frequency range and assess the frequency range of wave-induced
stress. On the average , the data suggest a first-mode bending frequency of
(0.78 * 0.03) Hz. This is in reasonable accord with the value of 0.80 Hz
quoted In Ref .3. Table C—2 summarizes the estimates of the lowest vibratory
bend i ng f requency for each voyage beg . These are averages of the frequencies
est ima ted from the spect rum for each i n terva l .

The frequency range of significant low—frequency spectral density
was assessed to be between 0.0 Hz and about 0.3 Hz with the vast majority of

• response lay i ng be low 0.2 Hz. For practica l purposes the stress response
• below 0.3 Hz was thus considered to be wave induced. No prominent, peak was

noted between 0.3 and 0.75 Hz where the first- mode bend i ng spectra l density
peak began , but occasionall y something around 0.5 Hz was observed just
breaking through the noise. In this latter case the level was considered so
low as to have negligible effect on subsequent operations. The SL-7 data
are evidently, also in accord with. previously found indications (Appendix C-~2)
that vibration occurs primarily at first-mode frequency .

Qualitative l y the relative magnitudes of the spectrum peak at first—
mode frequency and the wave-induced (low-frequency) spectrum peak were found
to be qu i te different than that for the FOTINI-L shown In Ref,8. Typically
the peak at this vibration frequency was found to be less than 10% of the low-

~ 
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TABLE C-2 - AVERAGE FIRST-MODE BENDING FREQUENCIES OF SL—7
IN NINE VOYAGE LEGS FROM SPECTRAL ANALYSES

VOYAGE MEAN DRA FT AVERAGE FREQUENCY

32 East 34.0 0.8ó Hz
32 West 31.8 0.81 Hz
33 East 3k.O 078 Hz
33 West 35.2 0.80 Hz
34 East 34.1 0.80 Hz
31 West 32.2 0.75 Hz
35 East 33.2 0.78 Hz
35 West 33.8 0.77 Hz
36 East 35.2 0.76 Hz

Tape 143, Interva l 9
Ship Speeda3l.5 kt

Beaufort 9
Bow Seas

RMS Stress=0.72 Kpsi
,, 0.6 Maximum Vibrat ion

Double Amp bltude ’l.3 Kpsi

0.3Hz o.8o~
FIG. C—12 - SAMPLE STRESS I

SPECTRUM: 0.2 - 3

0 1 2 3 k 5
Circular Frequency, Red/Sec

Taps 7FU-3 , tv~tsrvet 29 
0.71 Hz

3 - Shi p Speedal6.O Kt.
Beaufort 6
Head Seas

RMS Stress—0.77 Kps I
C,,’ Maximum V i bra t ion
C 2 • Double An~ lItude 1.4 kp.i

0 3 8z

Circular Frequency, Bed/sec.

FIG. C-13 - SAMPLE STRESS SPECTRUM; FOTINI-L , VOYAGE 78
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frequency spectrum peak. A vibration peak of 20% of the low—frequency peak
was quite rare. Figure C-l2 shows one of these relatively rare cases In
wh i ch a spectral peak at first-mode bending frequency was sufficiently
prominent to be visible when plotted to a l inear scale. The case chosen Is
also one of the rare cases in which wave-induced stress content is visible
above a frequency of 0.3 Hz. The overall stress l evel for this particu lar
record is relatively low. Interestingly, first-mode vibration peaks were
not prominent in spectra corresponding to very high overall stress l evels.

• The wave-induced portion of the stress spectra varied widel y in shape
from cases of obvious very narrow-band reponse to cases of quite wide—band
response. The wave-induced portions of all spectra have been plotted in
References 29 through 32. Roughly half of the spectra indicate significan t
stress response at very low frequencies (less than the frequency of rol l
resonance, in fact). This Is rougly in accordance with the portion of time
spent in quar ter i ng and f o l l o w i n g seas , Figure C—4.

b) Analysis of FOtINI-L Stress Spectra

The analysis of the FOTINI-L spectra was similar to that for the SL-7.
A l l  spectra were scan ned to loca te the lowe st p romin en t peak In the bend i ng
vibration range. The average frequency of vIbration for the four—ballast
legs was found to be 0.74 ~ 0.03 Hz, about as expected from Ref 7. In the
loaded voyage (l4L) that vibration which could be i dentified from the spec-
trum appeared to be at 0.66 Hz. In two of the four ballast voyages there
were noticeable changes in the frequency of vibration . In voyage 6B the
vibra tion frequency at the start of the leg appeared to be about 0.73 Hz,
increased to 0.77 Hz at the middle of the leg and ended at 0.74 Hz. In
voyage 5B the frequency increased from 0.72 Hz at the start to 0.76 at the
end of the voyage. No spectral peaks other than that corresponding to first—
mode bending were discernabie above a frequency of 0.3 Hz. The frequency
range of wave-Induced stress appeared well below 0.3 Hz.

The genera l appearance of the spectra when significant vibration was
U present was about as expected from Ref 7. There was very little vibration

in the Intervals corresponding to the loaded case. In this case the spectra
resembled those for the SL—7. in the ballast voyages the qualitative features
of the wave-induced part of the stress spectra were somewhat different from
those for the SL-7 in that a much lower Inc i dence of low-frequency spectral
dens it y was observed , perhaps only in 30 out of the 168 cases. The first—
mode vibration peak was generally quite promi nent. Figure C-l3 shows one of
the most extreme FOTINI-I. stress spectra . In this case the vibration consti-
tutes most of the response, In contrast to the extreme example for the SL-7
shown in Figure C—I 2.

Sej,aration of Wave-Induced and Vibratory Stresses Using the Digita l Time Series

-
- 

In order to dlscr im lnate between wave-induced and vibratory stresses ,
some variation of filtering Is required . In the anal ys is by Teledyne

• Ma ter i a ls  Resea rch , rea l analog filters were used , one to low pass the data
and eliminate vibration ; and one to band pass the data and Isolate vibration.
In the present case di gital filters were required to perform the same functions.

C—17
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The first filtering problem was to realize digital filters wh i ch
I pass the wave—induced components and reject the vibratory components. For

this purpose various recursive di g i tal 6—pole Sine-Butterworth low-pass
filters wsr• designed . Recurs i ve filters have phase lags and,to some

• •xt.nt,th. designs were based on the possibility of ach i ev i ng a nea r- zero
sff .ctivs phase lag by shifting the output of the filter backwards In time .
For each of the filters,8 time shift was chosen so as to result in a net
phase lag smaller then 4 throughout the frequency range of dominant wave
exc i tation . This magn i tude of phase shift was felt to be small enough that
the filtered and unfiltered stress time series could be treated as though
there had been no phase distortion in the wave—exc i tation frequency range.

The design of band-pass filters to Isolate the vibration turned out
not to be very promising for a variety of reasons. The method ultimately
used was to subtract the low-pass filtered time series from the unfiltered

• time series as a first estimate , and then smooth the result with another
six—pole low-pass digita l filter having a cut off about twice the first—
mode bending frequency . Although the subtraction is theoretically equi-
valent to a high-pass filter , rounding and quantization errors were magni-
fled In low—level vibration time series. This made the additional filter-

• Ing necessary to remove high-frequency noi se.

The result of the filtering operations was three time series :

I. The origina l raw stresses.

2. Low-pass filtered stresses (wave-induced) whIch were time
correlated with the orig inal. U

3. A series representing the vibration .

The size of the resulting arrays for the entire data sub-sets would have
been much too large for convenience in storing for future use. According ly3
these arrays existed only for a short time in the computer as scratch files.
The remai nder of the various data-reduction procedures were started for each
record as soon as the above arrays had been generated .

There were, in all 3 three low-pass filters utilized to separate wave-
induced stress , one for the FOTINI—L and two for the SL-7. The ampl Itude
response of all three was un i ty * 0.5% from D.C. to 0.25 Hz and (depending
upon cut-off frequency) no lower than 0.95 at 0.3 Hz, the upper limit of
wave-induced stress frequencies . The filter for the FOTIN1-L had a nominal
cut-off of 0.40 Hz wh i ch resulted in a 97% attenuation of first- mode vibra-
tion components. The first of the two SL-7 filters had a cut-off of 0.44 Hz,
resulting in a 96-1/2% attenuation of first-mode vibration . This filter was
used for the bulk of the SL—7 data reduction . The second SL-7 filter was
u t i l i z e d  in some special analyses of wave-induced stresses to be described

- in Appendix C-4. Its cut-off was 0.36 Hz and the filter attenuated first-
mode vibration by almost 99%.
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Characteristics of Midship Longitudinal Stress Records in the Time Domain

Because it was easy to do, a great many analyses of the stress records
in the data sub-sets were done prior to the time that serious consideration
was given to a qualitative assessment of the behavior of the stress records
In the time domaIn. In effect, i t was initially assumed that the wave-induced
and superimposed vibratory stresses in the records behaved as the impl i ed
definitions of slamming response, whipping, springing , etc. in Ref 1.
U l t i mate ly ,  there appeared to be so many oddities in the results of these
analyses (especially with the FOTINI-L data) that It appeared necessary to
go back to basics . By this is meant the old fashioned (but still valid)
Idea that before performing moderately complicated statistIcal analyses on
records , a t leas t a portIon of each should be ins pected by eye. (All of the
records in the present two data sub-sets had been examined , bu t at a t ime
compression in wh i ch not even individual wave-induced fluctuations could be
discerned.)

Thus with respect to the chronology of the work the contents of the
present section are purposely out of order--no partIcularly good purpose
would be served by a strictly chronolog i ca l account of the work.

Figures C—l lea through C-l4i contain plots of short portions of the 198
digita l stress time series in the SL—7 data sub—set . Both the original series
and the filtered (wave-induced) series are plotted . (The wave-induced stress
is shown as a dashed line.) The origin of the data in each frame Is identified
by the Teledyne analog tape and interva l n umber as wel l  as by a “run number”
which was assigned at Davidson Laboratory for convenience in handling the data.
The vertical scale for each frame is adjusted to suit the data; in genera l ,
the scales vary from frame to frame. Positive stress is deck tension , cor-
respond i ng to a hogging moment. “Zero” stress corresponds to the sample mean.
The horizon tal scale is time . In all cases the duration of the plotted time
history is about 76 sec. The number in the upper right corner of each frame
is the number of the last plotted point of the tIme series. The particular
portion of time history shown was determined by the position of the maximum
vibratIon double amplitude found In the entire record. In the process of
develop i ng vibration double amplitudes from the vibration time series described
in the last section , the position of the largest in the array was reta i ned .
For purposes of making Figure C-l Ie then , the por t ion of ti me series selec ted
was such as to make the maximum vibration double amplitude appear In the
center of the time axis unless i t happened to be observed at the beg i nn i ng or
end of the time series. In terms of the conventions of the Figures , if the
las t point number is greater than 512 or less than 8192 the maximum vibration
is somewhere left of center , and if the last point number is 8192 the maxi-
mum vibration is to the right of center.

The rationale for the above selection procedure was the sensitivity
(noted earlier) of the maximum vibration double amplitude to extraneous noise ,

- and the corresponding high probability that if anything was amiss in the
records it would be observed in conjunction with the perce i ved maximum vibra-
t ion .

- ,- i.
- .

Scanning the time histor i es in the SL-7 data sub—set, Figure C-14,
there are six records noted as being questionable. Each is indicated by an
asterisk in the right or left hand margin. The item questioned is marked by

- ‘- -
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a questton mark and the letters “V” for “questionable vibration response”

~ and/or “W” -for “questionab le wave-induced response”. Runs 14l , 653, 905,
- 1125 and 1137 are questioned on the grounds that the maximum “vibration ”

cannot be believed as representing something which actually happened aboard
ship. Sudden pu l ses without subsequent vibratory decay are considered to

I be stray electroni c t ra nsie nts i n trod uced somewhe re in the necessa r i ly
large amount of ana log data processing. in Run 1945 (Figure C-l4h) some-
thing has saturated badly and the result is a questionable record for anal yses
of both the maximum vibration and the wave-induced component. In subsequent
analyses , Run 1945 was omitted from all consideration and the five runs noted
were omitted when considerin g vibration. The SL-7 data sub—set on the whole
appears relatively free of unbelievable data .

As far as superimposed vibrations are concerned there are many in-
U stances of more or less continuous low l eve l vibration , bu t onl y one instance

(Run 937, Figure C— hi d) where the presence of “spring i ng” could be argued .
When the vibration is large3 it appears to be impact induced with the subse-
quent “whipping ” decay. in quite a number of cases) the inception of vibra-
tion appears to be nearer to the time of maximum wave-induced compression
(sagging) than the time of wave-induced tension (hogging). This is in sone

- contrast to the result for the slower speed cargo ship of Ref .l where it
was ind i cated tha t i nception of vibration always occurred near the time of
maximum wave-induced tensior’. Given that the SL-7 is generall y of the size

- and nearly of the speed of an aircraft carrier , the “flare shock” mechan i sm
noted in Ref .17 can be expected in addition to forward bottom slaming so
that i mpact inception may also reasonabl y be expected near time s of maximum

-: compression (sagging) .
- 

With respect to the wave-induced (longer period ) stresses there are
a good number of cases where ve ry long period and relatively short period

- components superimpose to form a short—term process wh i ch cannot possibly
be considered narrow banded .

Turning attention to the FOTINI-L data sub-set , Figures C-15a through
C—15g contain portions of the 168 digita l stress time series in the set.
With some minor exceptions , the plotting conventions are the same as those
used for the SL-7 data sub-set. Because the records were taken from the
Teledyne digital library tape,the basic time sampling interva l is 0.1 sec so
that the duration of the plotted time histroy is 51 seconds. The “Run number”

- was arbi trarily assigned at Davidson Laboratory, and the Teled yne ana l og tape
i den t i f i c a t ion , interva l and i ndex numbers are indicated for each record .
As before , stresses are plotted relative to the sample mean , positive

— stress is deck tens ion (hogging). The FOTINI-L t ime series have 12000
points so that this number replaces “81 92” in the discus sion of conventions
for F i gure C-l Ie . Questionable records are marked as previously described .

I n  the da ta set, there is a very large incidence of questionable “vibration ”
and a number of questionable wave-induced stress records. Out of the 168 records ,
78 are marked questionable leaving 90 records. The vast majority of the
questions involve isolated pu l ses or a t r a i n  of pu lses w h i c h  of ten occur
in the absence of fIrst-mode vibration . These are not considered believable super-

it
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posed vibration , in a few cases, the pulse was of sufficient duration that the
f i l ter par t i a l l y  followed it— - thus introduc i ng a spurious “wave-i nduced”
extreme. One such extreme is noted in Run 237, Figure 15C . In thIs case,
a saturation existed for sufficient time to make the filtered signa l indicate
a 27 Kpsi “wave-induced” double ampl i tude. This , the h i ghes t “wave-induced”
double amplitude in the entire data base, agrees reasonably with the deter-

- mi na t ion by Teledyne , but is al most certainly false . The records following
Run 237 are qualitatively similar. Some further Investigation disclosed
that the mean stress (corresond i ng to zero in the plot) was approx imately 18
Kpsi compression apparently due to ballast changes. Accord i ng to descriptions
of the instrumentation , Ref.-7, i t would appear that the mean-stress signa l was
at or beyond the nominal distortion free range of the ana log magnetic-tape
uni t. This means that further compression could easily cause the erratic
behavior characteristic of magnetic—tape recorders driven into hard saturation .
I t also means that the signals were probably in the range where the tape recorder
calibra tion was highly non-linear. The assymetry of records 21+0 through 258
is consistent with this hypothesis. According to the listings of the basic
Teledyne data-reduction process, serious tape 3aturatlon could be expected
for nearly all of tape 8FLi-3 and on this basis the wave-Ind uced part of records
237 through 258 is questioned .

Considerin g those records with no questions , there are few instances
in which vibration appears to be suddenly initiated , and of these, virtual ly
none where the vibration decays rapid ly. in most cases where the vibratory
stress i s app reciable, the records have the appearance of “spring i ng” response.
Though there is some evidence of broad-band wave-induced response in the
recor ds,none are comparable to the extreme examples of such response in the
case of the SL—7 (Figure C-lIe).

I
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APPENDIX C-1+

ANALYSIS OF THE STATISTICS OF SHORT-

TERM WAVE-INDUCED STRESS DATA

Introduction

There were two basic reasons for embarking upon an examinatIon of
the statIstics of the short- term wave-induced stress data contai ned In the
FOTIN1-L and SI-i data subsets. The f irst is that the state-of-art proced-
ure for prediction of long~term stress distributions (Ref.)) depends
to a great extent upon genera l assumptions about the stat ist ics of the short-
term response. These general assumptIons follow directly from the basic
linear narrow-band random process model , and have been extensively checked
in the cases of the relatively small genera l cargo ships which were studied
in Ref-.l. in the present cases both sh ips are significantly larger , and
the SI-i is of course significantly faster.

The second reason was in relation to the analysis of the superimposed
vibratory response. It was considered unlikely that the short-term statistics
of the increase in stress due to vibration could be rationalized without
some assurance that the wave-induced components were understood .

Statistical Syrmietry :_Comparlsonsof Hogg i ng and Saggi ng Stresses

One of the consequencesof the linear random or “linear superposition ”
model is that the predicted wave-induced loads and resulting stresses must be
statistically symmetrical; that is , the magnitude of wave—induced peak com-
pressive (sagging) stresses are assumed to be the same as the magnitude of
the tensile (hogging) stresses. A simple first analysis is to compare the
maximum values of tension and compression ob�erved in each record .

In none of the available records was the actua l mean stress l evel
known. Accord i ngly,the filtered (wave-induced) stress records were corrected
to zero record mean. Us i ng this sample as a reference, the maximum “wave-
ind uced” tension and the maximum compression were found - from each record.
The resulting values are shown plotted aga i nst one another in Figure C-16

U for the SL—7 and in Figure C-l7 for the FOTINI—L for all the records not
questioned in Appendix C-3. The dashed line at 1.50 is the expected relation.
Two things might be noted . The maximum tension and compression are not
necessar ily found In the same encounter cycle. The maximum va l ue in a sample
scatter is to be expected .

Considerin g Figure C-l6 for the SL-7, the maximum compressive wave-
j induced stress in a 20-minute record can be less than or as much as twice

the maximum tensile stress. The average ratio of maximum compressive

of 1.2. This is in the direct ion typically expected but not so large as
- - 

- 
- Is imp lied (for instance) by the DetMorske Veritas Rules where the ratio

fo r  the SL-7 block coefficient works out to be nearly 2.

• 

J 

(sagging) stress to maximum tensile (hogging) stress is in the vicini ty

-  
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A somewhat different situation is found for FOTIN 1—L , Fi gure C-l7.
There appears a tendency for maximum wave-induced hogging stress to be
larger than wave- i nduced sagg i ng stress but , cons i der in g the l i k e ly
scatter in the data1 the differe nces are not large. The differences in
trend between SL—7 and FOTIHI—L are reflected in the sagg i ng/hogging
ra t io from DetNorske Ver i tas,since the rule ratio works out to be 1 .1
for FOT1Ni-L .

The resul ts imply that statistica l symmetry is a better assump-
tion for FOTINI-L than for the faster , finer SL-7, though even i n the
la tter case , the d i fferences may be i ns ig n i f i cant i n rela t ion to the
statistical uncertainties inheren t in other aspects of the state—of-art
long-term prediction methods.

Tests of the Rayleigh Hypothesis for Wave-Induced Stress Maxima and Minima

In the state-of—art prediction method of Ref. l,the assumptions of
the linear na rrow-band short—term prediction approach are inherent. These
assum pti ons are :

a) The mean va l ue of stress is not dependent upon
waves and does not change. -

b) Th e o s c i l l a t ions about the mean are a sta ti onary ze ro
mean Gaussian process of sufficiently narrow—band width that the
maxima and minima follow the Rayleigh distribution , and are
statistically symmetrical.

In the present ..ase the actua l mean-stress leve l is not known, and
• therefore the sample mean is used as an esthnate of the true mean.

Figure iSa indicates the general appearance of the dea l narrow-
band process. Considering positive stress to be tension , a l l  the maxima
of the process are positive and all the minima are negative . Thus , idea l ly,
the determination of all the peak tensions (T) and compressions (C) invo l ves
no convent ions other tha n dec i d i ng which  a re “maxi ma” a nd wh i ch are “minima .”
The idea l double amplitudes (“d.a.” in the Figure) are the sum of succeed i ng
tension and compression peaks, and are conventionally assumed to follow the
Ray leigh distribution also.

As may be noted in the sample time histor ies presented in Appendix
C-3, real wave-induced stress time histories do not usually have an i deal
appearance. Figure C-l8b illustrates the typica l problem , which is the
existance of negative maxima and posit ive minima--high-frequency osci l la-
t ions r iding on top of lowe r freq uency osc i l la t ions .  Since the Ray leigh
d i str i bu t ion i s defined only for positive va lues of the variate (peak
tens ions , or peak compressions w i th  the sign reversed) It Is customary in
the interpretation of actual records to establ ish some conventions which ,
it is thought , have the effect of producing an approximately equivalent
i dea l narrow-band process. Figure C-18b illustrates some of the features
of this procedure. Using the sample mean as a reference, a maximum
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(tension) is defined as the largest f i l tered (wave-induced) stress d ig i t ized
during a positive stress excursion , and a minimum (compression) as the smallest
stress during a negative stress excursion . Thus the existence of “max i ma” and
“minima ” depend upon zero crossings. Negative maxima and secondary positive
max ima are ignored. What is being defined by this procedure is the “main extreme” —

In an excursion . The double amplitude (defined as “d.a.”) In the Figu re is thus
• the sum of the main positive and the main negative extremes in &i, excursion.

These conventions are basicall y those used in the a v a i l a b l e  reduction of da ta
for the entire data bases, Ref . 16.

These conventions were followed in developing data for a further
check on the short - term (wave-’induced) stress stat ist ics of the FOTINI-L
and SL-7 data sub—sets. The filtered (wave —induced) digital stress records
were processed to the end that , for each record , there was ava i lable :

a) The number of filtered stress excursions from tension
to compression which were conta i ned in the record.

b) An array of the wave-induced main extremes in tension
in each record , in the order found.

c) A corresponding array for main extremes in compression.

I t was the i nten t ion to use various “goodness-of-fit” techn iques
to test the conformity of these samples with the Raylei gh hypothesis. Some
deta ils of the testing procedures used are given In Appendix C-5. The first
operation was to perform run tests on all the basic arrays of max ima and
minima . The result of these tests for each record was a
parameter “j” such that if every Jth extreme was considered , the re-
sulting decimated sample would pass the run test at the 95% l evel of
confidence. For reasons outlIned in Appendix C-5, only  the decima ted
samples were used in subsequent testing.

No t in g that the most of ten used measu re of magnit ude o~ o s c i l l atory
wave -induced stresses is the doubl e amp l it ude , samples of wave-induced
double amplitude were formed by adding algebra i cally the adjacent main
extremes in tens ion and compression . (As previousl y noted the maxima and’
m i n i m a  foun d in the data reduction were stored in the order found in
order to allow this operation). It was found that the leve l of sequential
correlation of the double amplitudes according to the run test was very
nearly the same as that for the main extremes in tension or compression .

For these purposes the Ray l e i g h  p robabi l it y dens it y was rep resen ted
as:
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Where:

— Reduced variate X/R

X — the dimensional variate (tensile or
compressive main excursions)

R the distribution parameter .

In fitt ing the distribution to the sample , the d stribution parameter
was estimated by the maximum likel i hood approach. In the present case the
fitted parameter , R, is the root mean square of the sample points divided
by f~. The distribution parameter for the Rayleigh distribution ma~ also be
estima ted as equal to process root-mean-square (the root mean square of the
entire record, an operation involving the entire sample time history) .

in carrying out the various tests on the short-term data samples,
there were thus generated two new estimates of the process root-mean-
squa re ; one fron~ the main tens ion extreme data , and one from the compression
data. These estimates were cons i der ed much more stable statistics w t h  wh i ch
to check s ta t is t i ca l symmetry. According ly, the pairs of estimates resu l ting
f rom each record were plotted in the same way as had been done for the maxima
of each record (Figures C-i6 and C-17). The results are shown in Figure C-l9
for the SL-7 and Figure C-20 for FOTIUI-L . ~n the case of FOTINI-L,al)records quest ioned in  Append lx C-3 were disregarded . Onl y the single SL-7
record where wave-induced stresses were questioned was disregarded .

As might be expected , the scatter in Figures C-l9 and C-20 is much
reduced rel atiw~ to that in Figures C—)6 and C— l7 . Figure C-19 implies
tha t the wave -induced sagging stresses for the SL-7 are,on average,much closer
to being statistically symmetrical with the wave-induced hogging stresses-- a
mean line through the scatter implies a E~% rather than a 20% difference . In the
case of the FOTIN I-L, Figure C-20, the symmetry appears to be very close. With
respect to the state-of-art short-term linear-random process approach , the
only thing estimated is the “process” rms and it has to be assumed that the
distrib ution of short- term maxima

-
- 

- is the same as that for shot t- term minima . Though the data implies
that the symmetry is not exact, the results in Figures C-i9 and C-20 ind i cate
that the synine try assumption is very much within engineering reason for the
average magnitude of stress if not for the. extremes.

Because it seemed probable that the statistics of snort—term Stresses
had not previously been examined for ships of the size and speed of the SL-7,
the initial concentration of effort end developmen t of techniques was upon
the wavc 4nduced data for this ship. The f i rs t  series of tests were upon
the dec imated samples of double amplitudes which cou ld be formed from the
197 records in the SI-i sub-set for which no questions about wave-induced
stress response could be raised in Appendix C-3. Both the tests on sample

Hi’
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extremes and the Chi-Squa re tests were carrled out as noted in Appendix C-5,
and eval uation of the results was based upon the “failure- rate” philosophy .

The results of the series of tests on the short—term distributions
of double ampiitudes is g iven in Table C-3. The first line of the table
ind i cates the failure rates for all 197 records. In 10% of the records~the maximum sample value was outside the appropriate 90% confidence bounds
as would be anticipated . However~a 21+% overall failure rate is noted
for the CM—Square tests. This is about 5 times the rate expected and
three attempts to correlate this with nominal conditions were made.

The fIrst groupIng Is on heading. Failur e rates of both tests
do not seem to be obviously correlated with head i ng . The second grouping
was on rms stress l evel. In this case the excessive Chi-Squa re failure rate
seems to be concentrated in cases with relatively sma l l  stress levels.

Finally, the f a i l u r e s  were correla ted on the basis of “Low-Frequency
Contributions to Variance”. To quantif y, each of the 197 stress spectra was
partially integrated between 0 and 0.035Hz. The percentage of tota l vari-
ance o r i g i n a t in g from this range of frequency roughly measures the importance
of stress response below roll resonance. As may be seen by inspecting the
number of tests in  each of the class in tervals  selec ted for th i s  grou p in g
of f a i l u r e  ra te, In about half the records there is a very significant
amount of stress response at frequencies be low rol l resonance. However , the
failure rate for the Chi—Square tests on double amplitudes is also not
obviously explained by this correlation .

Accord i ng to the usua l approximation , the parameter of the Rayleigh
distribution for double amplitudes Is twice the process rms. The same
tests were run with twice process rms as the Rayleigh parameter and the
resul t was higher rejection rates than shown in Table C-3. In 75% of the
intervals) the fitted Rayleigh parameter was within + 10% of twice the
process rms as computed from the original data . In the remaining 25% of
cases~ the difference ranged up to 25% . Since the 90% confidence bound on
variance as computed in the spectra l analyses accord ing to the spectra l
band width Implies a 90% bound on rms of roughly + lO%,t h i s  resu l t was
not too surprising; neither estimate of the Rayleigh parameter can be
taken as being very prec i se.

The results in Table C-3 indicated either that the Rayleigh assump-
tion for double amplitudes was not as generally true as was thought , or

-• 
that something was amlss in the Chi-Square test procedure. There is no
strict mathematica l Justification for assuming the Ray leigh distr ibut ion
of apparent double amplitudes even If the process Is very narrow banded .
On the other hand the use of the Chi-Square test could be Justly criticized
In this appl ication because the sample size Is relatively small. In the
case of the double-amplitude Chi-Square tests there was an overall rate of
failure of 15% at the 2% level of significance. These more significant
failures were not correlated with sample size; that is , a fai lure at the -

•
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Table C—3

Summary of Tests for Fit to tne Rayleigh Distribu t i on
of Wave- I nduced Stress Double Amp lituae Found in the

• SL—7 Data Sub—Set .

Gro up i ng No. of Fa ilure Rate on Failure Rate on
Tests Maximum Value Chi—Square

Tes ts
(1 0% Expected) (5% Expected)

All Records 197 10% 2k%

Nominal Head Seas 32 12% 22%

Bow Seas 62 10% 27%

Beam Seas 22 18% 27%

Qtr . Seas 5k 6% 20%

Follow . Seas 27 10% 22%

Rms Stress < 1.0 59 10%

1.0 < 2.0 81 10% 13%

> 2.0 57 10% 6%

Low-Frequency
Contr i bu t ion to
V a r i a n c e

Less than k% 67 16% 20%

kto 9% 1k 0 42%

9 to 16% 10 0 30%

16 to 25% 7 0 15%

over 25% 99 9% 23%
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2% or l ower level of significance was as apt to occur with a 100 poInt sample —

as with a 50 point sample ,

The maxima and minima of stress (main excursions) are more to the point
for structura l purposes . Also~there is less lack of justif ication mathema-
tically for assum ing the Rayleigh distribution . Accordingly, the tests on the
extreme sample va l ue, the Chi—Square tests, and the Kolmogorov—Smirnov tests were
run on both the ma i n  extremes in tension and those in compression. The distribution
parameter for the tests on extreme sample value and the Chi-Square test was fittcd
to the data. The distribution parameter for the Kolmogorov-Sm i rnov test was the
process rms as computed from the filtered time series. The results of these tests
are shown in Tables C-I. and C—5. —

As far as the test on sample extreme s is cbncerned , the f a i l u r e
rate for tension (Table C-li) appears about as expected and in line with
that for double amplitudes. The failure rate for compression (Table C-5) is
abou t tw i ce that expected , with no consistent ind i cation of correlation with
heading , stress or portion of low-frequency variance.

The overa ll rates of failure of the Chi—Square tests shown in
Tab le C-li and C-5 are much higher than the rate for doub’~ amp litudes (Table C 3 ) .
Corre lation of fai lure rate with heading Is as inconc lusi. as with the double
amplitudes. The apparent correlation with stress l evel noted for double amplitudes
Is not borne out. However1 something app roachin g si g~iificance appears In the
correlation with the portion of low-frequency variance. In effect,it appears that
60% of all the cases, in which low-frequencies contribute more than 25% to
var iance,fa iied .

S in ce on average the cases in which 25% or more of var i ance is
attributable to low-frequencies are also the cases with the smallest sample
size , the Kolmogorov-Smirnov tests were also correlated on this basis. The
advan tage of the Kolgomorov-Smirnov tests is that It is considered more
app licable to small samples if the distribution parameter Is known. The
parameter (process rms) is estimated to within k 10%, and the results shown
in the tables were produced with the process rms as the distribution parameter.
As may be noted , the failure rates for the Kolmogorov-Smirnov tests confirm

-

• 
the failure rates for the CM-Square tests very closely.

Some perturbations of the Ko lmogorov-Smirnov tests were also made.
The tests were run w i t h  the distribution parameter f i t ted to the data as
had been done for the Chi-Square tests. In this case,the failure rates
were even closer to those for the Chi-Square tests, and there were rela-
tively few cases where the two tests did not agree at the 5% level of
significance. The next perturbation of the Kolmogorov-Smirnov test was
to test with distribut i on parameters 90% and 110% of the process rms . In
21 cases) the result of one perturbation nr the other increased the l evel

• - of significance of the result to above 5%. However, in only 5 cases (2-1/2% of
the total) did this fail to agree with the Kolmogorov—Smlrnov test results
where the distribution parameter was fitted to the data.

~
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TABLE C-k

Summa ry of Tests for flt to the Rayleigh Distribution
0f Wave- Induced Main Extremes in Tens ile (Hogging)
Stres s Found in the SL- 7 Data Sub—Set

Grouping No. of Failure Rate Failure Rate Failure Rate
Tests on Maximum on Chi-Squarc on Kolmogorov-

Value Test Smirnov Tes t
(10% Expec ted) (5% Expected (5% Expected)

Al l R.cords 197 10% 34% 38%

Nominal Head Seas 32 6% 6% Not
Bow Seas 62 8% 29% Evaluated

Beam Seas 22 10% 36%
Qtr, Seas 54 13% 56%

Follow. Seas 27 10% 37%

Rms Stress < 1,0 59 8% 27%
1.0 < 2.0 81 13% 45%

> 2.0 57 7% 28%

Low-Frequency
Contribution to
Variance

Less than 4% 67 7% 9% 7%
k to 9% 11+ 0% 7% 0%

9 to 16% 10 10% 20% 20%

-16 to 25% 7 0% 16% 43%
over 25% 99 13% 59% - 

66%

I
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TABLE C—5

Sumary of Tests for Fit to the Raylei gh Distribution
of Wave-Induced Ma in -Extremes in Compressive (Sagg ing)
Stres s Found in the SL— 7 Data Sub—Set

Grouping No. of Failure Rate Failure Rate Failurs Rate
Tests on Max imum on Ch1—Square on Kolmogorov —

Va lue Tes t Smirr,ov Tes t
(10% Expected ) (5% Expected) (5% Expected)

A l l  Record s 197 25% 39% 37%

Nomina l Head Seas 32 30% 25% Not
EvaluatedBow Seas o2 29% 2o%

Beam Seas 22 14% .64%
Qtr. Seas 5L~ 30% 54%

• •
- Follow . Seas 27 10% 33%

Rms Stress < 1.0 59 6% 29%

1.0 to < 2.0 81 30% 47%

> 2.0  57 30% 39%

Low-Frequency
ContributIon to
VarIance

[ Less than 4% 67 31% 18% 7%
kt o 9% 14 21% 14% 0%

9 to 16% 10 10% 20% 10%

16 to 25% 7 10% 40% 14%

over 25% 99 24% 60% 60%

I
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Of most significance with respect to the results of both Chi-
Square and Ko lmogorov-Smirnov tests Is that , in each case, in about 25%
of all the sets of data , the goodness—of-fit tests were failed at less
than a 2% l evel of signi ficance. Interpreting the Kolmogorov- Smirnov
tests in the most libera l ways the perturbation on the distributio n
pa rameter would not decrease the percentage of very significant failures
to less tha n 15% . In at least 15% of all intervals either goodness—of-
fit test failed very badly.

A final correlation of failure rates was attempted by examining
the test results for the 11 records where shi p speed was less than 15 knots.
In this  case~al l the Chi-Square tests on main extremes In tension were
passed at 10* or higher l evels of significance , and in only one case was
the Kolmogorov-Smirnov test failed at the 5% l evel . Similarly , all the
Kol mogorov-Smlrnov tests on the main extremes In compression were passed
at 10% or higher l evels of significance , three out of the 11 Chi-Square
tests were failed at the 5% level . Had the 11 low ship speed records been
the only ones available 1 there would have been little hes i tation in accepting
the genera l Rayleigh hypothesis. It is apparent from the documentation
(ref 27) of the data sub—set that the SL—7 slowed down to less than 15 knots
only when the sea conditions were extraordinarily severe and under these
circumstances)the ship heading was altered 1 if necessary , to the head or bow-
sea case .

With respect to the SL-7 data,-the above evidence appeared to cast
considerable doubt on the genera l Rayleigh assumption . Failure rates,
approaching 8 tImes that expected,seemed quite significant. The correlations
carried out suggested that the large incidence of mathematically broad-band
stress response was at the root or the problem . A high incidence of exception-
ally broad-band response may be expected for a 30-knot ship which spends half
Its sea time in quartering or following waves.

Given the above results for the SL-7, i t was of interest to use
the same procedures on the 90 good records available for the FOTINI-L .
Since the FOTINI—L is a much slower ship, and since a much smalle r incidence
of ultra broad-band response was noted in the records, it was expected that
a much lower failure rate would be experienced if the prob l ems with the SL-7
data had been correctly diagnosed .

All the same p rocedures as noted above for SL-7 were applied to the
FOTINI-L data. Table C-6 summarizes the failure analysis for both CM -Square
and Kolmogorov-Smirnov tests as appl ied to main extremes In tension , main
ex tremes in compress ion , and to “double amplitudes ” as defined in Figure
C-l8. In all cases, the expected failure rate was 5%. In the table the
Chi-Square test Is abbreviated “X test” and the Kolmogorov-Sm i rnov test Is
abbreviated “K-S Test”.

Considering the results in Table C-6, the overa l l  fa i l u re ra tes for
-: maximum tens i ons and compressions are higher than would be des i rable for

unconditiona l acceptance of the Rayleigh hypothesis but much lower than
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the corresponding rates for the SL- 7. The overall failure rate for double
amplitudes is qu i te high—-higher than would justify blanket acceptance of the
Rayleigh hypothesIs. Some auxiliary groupings of the failures were made and
these Illum Inate the sources of the problem . One grouping was upon rips stress.
There is a tendency for the Rayleigh hypothesis to fall down for low-stress levels.

Because the “low—frequency contribution ” grouping used to correlate
the SI-i results was not considered an entirely successful gambit , an alternate
classification of stress spectrum shape was made. The FOTINI—L stress spectra
were classified by inspection into four qualitative groups:

a) “Norma l , single peak”

These spectra were single peaked and were about as
broad relative to moda l frequency as are
most publ i shed wave and response spectra.

b) “Very narrow”

Wave—induced spectra l density concentrated in a very
narrow band as would be the case for a swell spectrum.

c) “Double peak”

Two or more well defined peaks but no very low-frequency
components.

d) “Containinq very low-frequency energy”

Spectra with significant or at least some energy
content near zero frequency.

Under this grouping the failure rates are better understood . The
failure rate for very narrow spectra are near enough the expected va l ue that
the Rayleigh hypothesis would be accepted . Failure rates of records having
broad spectra are higher and appear to be the main reason for the overall
somewhat high failure rate. it is notable that even in the case of FOTINI-L
the assumpt ion that stress double amplitudes are Rayleigh distributed might
well be used with care.

Tests of a More General Hypothesis For the Distribution of Wave- I nduced
Stress MaxTma and Minima

With respect to state—of—art predictions of loads or stresses, the
results of the tests Just described had serious imp l ications with respect to
both the extrapolations of short-term predictions to long-term predictions

• 
- and ind I rectly the val idity of the linear-random short-term predicition method .

The tests of course)couid not shed l ight upon what the short-term distribution
was if It was Rayleigh, but the symptoms clearly ind i cated non-narrow

- - ~
- . bandednes s to be at the root of the problem , and it appeared sufficient to
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concentrate upon the SL-7 data where the worst of the problem appeared to be.

Cl earl y , the next step was to hypothesize that the stress maxima
fol lowed the theoretica l distribution (Ref ‘35) for the maxima of a
linear random Gaussian zero mean process of arbitrary band width. For
present purp-.ses the distribution will be called the “Cartwright—Longuet—
Higgins distribution ” or “CLH” distribution after the authors of Ref. 35.
Under this hypothesis the Drobab llity dens i ty of the maxima of the process
may be represented as: -

• p (T~ - ( p[_lr/2eR] + E,~~~

~

where:
normalized variate

— xI/o.

X i~ the max ima of the process
~~

-— process rms or square root of variance
C spectrum broadness parameter•(a) .‘J

~ 
ExP~

_t S /2jdt

The maxima and minima of the non-narrow ..band process are a lso theoret ica lly
statIstIcall y symmetric so that if the min ima are denoted V, the normnllzed
variate becomes ¶l.-y/~,

When the broadness parameter approaches un I ty (zero) the CLII distribu tionapproaches the normal (Rayleigh ).

In making a fit of this distribution to a sampie,two approaches arepossible. The first involves knowledge of the stress spectra from whichboth of the distribution parameters requ i red may, in prlncipie,be computed.Computation of the broadness parameter from the spectrum is numerical lytroublesome however and, in the tests to be descrlbed ,the second alternateapproach was utilized , In this approach the distribution parameters arefitted directl y to the samp l e of max i ma or m in ima as follows :Given a sample of “N” maxima , Xl , (I— I.. .N)

I 
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Then:

fitted process RMS

— 2 (S ,)’I-rr

p — (s,~~/i2
fitted broadness parameter

- ,/i- [2p/(IT-2p)3

The procedures noted In Appendix C-5 wh i ch were used in making the
various “goodness-of-fit” tests to the CLH distribution are no different
in principle from those for the Rayleigh. There is more computation in-
volved and it is necessary to allow for the extra fitted parameter in the
degrees of freedom associated with the sample statistics.

There is a fundamental difference In checking the applicability of
this dIstribution to the short term stress data. It is that the sample
must be composed differently. Referring to Figure C—l8 , 

~
jj the maxima

and minima must be found Instead of Just the main extreme, and no zero
crossing convention is assumed. The process of finding all the maxima

• of the wave- induced records is more sensitive to minor components of
vibration left after filterin g than the process to find main extremes.
Accord ingl y, in re-processing the SL-7 records the dIgIta l filter used
in developing the main extremes was replaced by one which rejected almost
99% of the first- mode vibration instead of- 96 1/2%. Apart from this , the

- - end product of the process was quite similar to that which produced the

t\~
I
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main extremes In that an array of the maxima (tension) and an array of
minima (compression) in each record was obtaIned and stored In the order
found. As expected , the process resulted in more maxima per 20-minute record
than main excursions. The differences were largest In quartering and follow-
Ing-sea cases where there were typically found to be three times as many
maxima as main excursions.

Run tests were performed on this data as before;each sample of
max ima and minima was dec imated to minimize the effects of sequential
correlation , and the three hypothesis tests described in Appendix C 5
were performed on each sample.

The failure analyses are summarized In Tables C-7 and C-8. Table
C—7 pertains to the wave-induced-maxIma (tensile peaks) and Table C-8
pertains to the minima . The first line of the tables shows overall failure
rates much more in line with those expected if the distribution hypothesis
is generally true. The K.olmogorov-Smlrnov test results failed less than
expected , the ChI-Square tests somewhat more. Inspection of the detail
of the tests disclosed that the majority of failure of the tests on compressive
extremes (Table C-8) i nvol ved sample extremes just outside the 90% confidence
bounds so tha t this failure rate is not perhaps of too much concern . In
the case of the Chi-Square tests on compressive minima , there was a much
lower incidence of failures at very low significance l evels than was the case
with the tests on main extremes.

As before, the failures were classified into severa l groupings ;
on nomina l heading, on the f i tted rms stress (?) and on the fitted
broadness parameter (c). The rates of failure appear relatively un i form
across these groupings .

Those results indicate that the statistic s of the SL-7 short—term
stress records are consistent with those expected under the linear-random
predic tion theory for arbitrary band —width ; that Is , consistent with the
two parameter CLH distribution .

Again , the testing procedure produced two estImates of the process
rms (s), one from all the maxima of each record and one from all the minima.
These pa i rs of estimates are plotted for all the records in Figure C—21 .
The degree of symmetry is vIrtually the same as that obtained in the analysis
of main extremes, Figure C-l9. On the average the process rms estimated
from the minima (maxima in the compressive or sagging sense) is again shown
to be about 6% more than the results obta ined from the maxima.
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TABLE C 7

Summary of Tests for Fit to the CLH Distribution
of Wave-induced Maxima (Tensions) of Short-Term
Stress Records in the SL—7 Data Sub—Set .

Group ing No. of -Failure Rate Failure Rate Failure Rate
Tests on Maximum on Chi-Square on Kolmogorov-

Value Test Sm i rnov Test
(10% Expected) (5% Expected) (5% Expected)

All Records 197 9 7 1

Nominal Head Seas 32 9 3 3
Bow Seas 62 6 5 0
Beam Seas 22 tO 0 0

Qtr. Seas 51
~ 11 15 0

Foltow . Seas 27 7 7 0

Fitted 
-

Rms Stress < 1.0 62 8 3 0

1.0<2.0 82 10 6 1

> 2.0 53 7 13 0

F I tt-ed Broadness
Parameter, C

O< .2 9 11 0 11

L 

.2< .4 33 9 12 0

.4< .6 36 5 3 0

.6< .8 29 14 14 0

.8<1.0 90 8 6 0
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TABLE C—8

1:

Summary of Tests for Fit to the CLH Distribution
of Wave-Induced Minima (Compressions) of Short-
Term Stress Records in the SI—i Data Sub—Set

Grouping No. of Failure Rate Failure Rate Failure Rate
Test on Maximum on Ch i -Square on Kolmogorov-

Value Test Sm i rnoy Test
(10% Expected) (5% Expected) (5% Expected) —

All Records 197 18 12 1

Nomina l Head Seas 32 22 19 0
Bow Seas 62 19 14 3
Beam Seas 22 9 13 0
Qtr. Seas 54 20 7 0

Follow, Seas 27 15 4 0

Fitted

Rms Stress < 1.0 56 18 11 2
1.0<2.0 77 14 12 0

> 2 ,0 64 20 10 1

Fitted Broadness
Parameter, ~

O< .2 1 0 0 0
.2< .4 5 20 0 - 0

59 15 18 3
.6< .8 38 29 13 0
.8<1 .0 94 16 7 0
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Most of the previous troubles with the application of the Rayleigh
distribution to the SL-7 data are explained by the Incidence of various
values of the estimated broadness parameter . This incidence is shown
graphically In Figu re C-22, where both the results derived from the record
maxima and those derived fran the minima are shown. A very rough correlation
of the broadness parameter with heading indicates that values of between
0.8 and 1.0 correspond to quartering and following seas. What the results
ind icate is that almost half the time the dlstr butlon of maxima or minima
in the SI-i stress records is nearly Normal . There is very 1 i- ~t1e inc idence
of broadness parameters between 0 and 0.2. Since the theoretica l distribu- —

tion in this range Is nearly Rayleigh, there Is very little incidence of the
purely Rayleigh response In the data set.

The statistical symmetry assumption also requires that the broadness
parameter be the same for maxima and minima . A result of the procedure
was estimated of € from the minima and maxima of the same record. The
squared values of these pa i rs of estimates are compared in Figure C-23.
For va l ues of c above 0.5 ( e -C 0.7), the results Imply quite good symmetry.
The results below

~
2— 0.5 are qu i te scattered but imply much less good

symmetry. A rough translation is that in this range there appear to
have been more secondary oscillations in the hogg ng stress excursi ons
above the mean than in sagg i ng stress excursions below It.
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STATI STICAL TESTI NG TOPICS

introduction

In analyses of the data sub-sets for FOTINI-L and the SL—7, it was
desi red to make various tests of “goodness—of-fit” to data drawn from each
individua l record.

The type of question it was desi red to answer was of the form:

Regard less of env i ronmental con dit ions, ship speed, etc., can a given
component of the stress data be reasonably consi dered as having been
drawn from a population hav i ng a particular distribution?

The broadness of the question is dictated by the breath of the over-
all problem which is the prediction of loads and stresses over periods
of time equiva l ent to ship lives .

The large vol ume of data in the various data bases previous dis-
cussed necessitated a certain amount of automation of the ana l yses. The tests
Involved were all statistica l hypothesis test procedures and It Is In
order to discuss some Of the caveats. No hypothesis test can indicate with
absolute certainty that something Ts true or false. In all cases,there i s
a “level of significance ” of some sort designed into the test. The l evel
of significance can be interpreted as the probability of rejecting a hypoth-
esis on the basis of an individual sample when it is really true. Unfortuna te-
ly, a designed zero l evel of significance corresponds to an automatic accept-
ance of the hypothese regardless of its truth. The usua l pnhlo sophy is to
design the test for a 5 or sometimes 10% probability of failure , and to make
pass/fail determ i nations rigorously on this basls for each Ind ivIdua l case.
if an individua l case is failed at the nomina l l evel of significance , the
meaning of the failure Is assessed in terms of the l evel of significance at
wh ich the test would be passed. Thus i-f a particular sample falls at the
5% level of significance but would have passed had the test been designed for
4%, the failure is not considered too significan t. On the other hand if the
test could only be passed if the test had been designed for 0.1% level of
significance , the failure must be considered highly significant.

~~~~~~~~~~ However, it can be noted that if repeated tests of independent samples
- - truly drawn from a hypothesized population are made at the 5% level of

— significance it would be expected that the rate of failure of the tests
should approach 5%. ThIs point of view was espoused in the present work in order
to attempt to Interpret the results of the large number of tests which were made.
To illustrate , for a particular case of interest it may be presumed that the
data sub-sets are a reasonable representation of all nominal conditions , if the
hypothesis is made that the maxima of tensIle stresses are a1way~ distributed in
the short term according to the Rayleigh dlstrlbu.tion,- and this- hypothests

- 
- is tested at the 5% l evel of si gnificance for all of the available sets of short-

term data, it would be expected that a roughly 5% failure rate would be experienced
if the hypothesis Is always true, and a much larger failure rate would be observed
if the hypothesis is not always (or never) true
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GIVen this overall philosophy , the remainder of the present appendix
is given over to a documentatIon of some of the detail of the various tests
utIlized .

Sequential Correlation

The various hypothesis tests to be described are predicated upon a
stat iscaily i ndependent sample , and such tests are failed for various
reasons pr,ncipally:

a. If the sample does not fit the hypothes ized distribution .
b. Due to sampling variability even if the Sample is actually

drawn from a population having the hypothesized distribution .
c. If the data contain trends or are not statistica ! y independent

samples .

I tems a and b are taken care of by the testing procedure; i tem c Is not.
Sequences of max i ma or minima from band-limi ted processes are often
sequentially correlated . In the limit of an i deally narrow- band process ,
succeed I ng maxima are almost perfectly correlated .

One way to assess the magnitude of sequential correlation Is to per-
form a “Run” test, Ref’34. The run test is a non-parametric test used to
to ind i cate fluctuating trends . in this test,it is hypothesi zed that each
observat ion Is independent of Its neighbors. Under this hypothesis~ theprobability of a sample point being greater or less than the sample med;~~does no t chan ge from observa t ion to observa tion , and this makes possible
the construction of a confidence interva l on the number of “runs” of data
greater or less than the sample median.

In appl ication to short-term stress data (sequences of maxima , minima ,
or the like) , the tests were repeated usin9 every jth data point in the
sequence (J—l, 2,3...). From these resul ts, It was possible to develop a data
increment (j,say) for each record such that when every jth. piece of data
was used to form a sample , that sample would pass the run test at the 95%
confidence l evel. This procedure does not guarantee success of course, but
does seem to remove the worst effects of sequential correlation.

Tes t Procedures for “Goodness—of-Fit”
— Three types of tests were used to test the hypothesis that the data

fit some particular distribu tion. In all cases the data to be checked were
decimated to remove serial correlation according to the results of the run
tests just discussed .

The firs t type of test is not a conventional goodn.ss-of~f it test.I t was simply a determination if the larg est element in the sample lay
within the 90$ confidence bounds on ths maximum in a sample of th. given
size from a population having ths hypothes ized distribution.

C-60
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The second test is the conventiona l Chi-Square Test. In this tes;
the parameters of the hypothesized distribution are fitted to the sample data ,
the data are sor ted into class intervals and the sample chi-square statistic
computed in th€ usual way. Except as noted, all tests were performed using
the equ l—pro b abi l i ty  class interval method. In this approach, the boundaries
of the class interval are chosen so that the expected sample frequency is the —

same in a l l  In te rvals (and equal to l/(number of class intervals). The
number of class Int.rvals was chosen according to the sample size according
to an extrapolation of recommendations given in Ref. 34. for the optimiza-
t ion of CM-Square tests at the 5* level of significance. The expected
number of sample points per class interval resulting from this method is
as fo l l ows:

Expected Number of Sample
Points Failing In Each

Sample Size 
— 

C l ass In terva l

200 13
100 8
50 5
20 3

To evaluate the adequacy of the fi;an evaluation was made of the
percentage point of the Chi-Square distribution with (numb.r of class interva ls-2)
degrees of freedom corresponding to the sample Chi—Square statistic.

The third test was the Koimogorov—Sm i rnov test as outlined in Ref.
19. In this test the maximum deviation between the sample cumulative
distribution and the hypothesized cumulative distribution is computed. A
statistic approximately CM-Square distributed with 2 degrees of freedom,,
is formed by muitipy ling the squared maximum deviation by four times the
sample size. The percentable point of the Chi-Square distribution with 2
degrees of freedom corresponding to this statistic is then evaluated , and
this, in turn) is used to interpret the test.
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APPENDIX c-6

FURTHER DEVEL OPMENT OF TREND S OF VIBRAT ORY STRE SS

Introduction

The resul ts in Appendlcles C-2 and C-3 suggested that some further
examinatior’ of the statistics of the maximum vibration (maximum burst )
data conta i ned in the Teledyne data bases would be in order for the
FOT1NI—L and SL-7. In the case of FOTiNI-L the influence of the apparently
spurious data noted in Appendix C-3 was of interest. It was also of interest
to combine the maximum 51-7 vibration data from all the three recording sea-
sons since this was not possible in the early stages of the work. Finally,
it was desi rable to see if a fit of the maximum vibration data could be made
in some sense to some analytical distribut ion

Rev i sed Tren ds of Maximum Vi bra t ion Dou ble Ampl i tudes with Beaufort Number

As noted in Appendix C-l , the maximum vibration data for all three SL-7
measurement seasons was available in a later stage of the work. The com-
bined three-seasons data base invo l ves nearly 5000 records so that the el iminatIon
of the few spurious records noted in Appendix C-3 had no visible affect upon
the scatter of maximum vibration data. Since the incidence of problems in the
data sub—set is quite low,i-t appeared likel y that the Incidence In the entire
data base was also quite low. As in the descript ion of the first two-seasons
data in Appendix C-2, there are in the combined three-seasongdata base a
large number of maximum vibration double amplitudes between 3000 and 10000 psi.
The addition of third-season data increased the number of vibration double
amplitudes above 1000 psi from 5 to 7. All seven of these instances appea r
to be associated with eIther severe Beaufort winds or high wave—induced stresses.
Though there are~ndoubtedly spuriou s pieces of maximum vibration double-amplItude data remaining in the combined data base, there appeared no reasonable
alternative to assuming that the Incidence was too low to affect subsequent
operat ions. -

EssentIally the same two-way classification of data described in
Appendix C-2 was carried out upon the combined SL—7 data base. The means
in each classif icat ion cell were computed and compared with the results in
Figure C—6 and C-i.

A graph i cal presentation of these results is omitted since no
clarification of the trends relative to those already shown for the second
season (Figures C-6 and c-i) was apparent.

~n the case of the FOTINI-L data , the data sub-set had been selected
on the basis that it conta ined most of the unusually hi gh vibratory response.

II-
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As noted in Appendix C-3 a good dea l of this vibratory response was spurious.
Accord i ngly, the FOTINI-L data base was rev i sed by first discardIng the 78
records questioned in Appendix C-3, and twel ve additional records wh i ch
were not in the sub-set but wh i ch had been recorded just before or after
records in which nearly continuous malfunction was noted in Appendix C-3.
This action reduced the FOTINI-L data base from 1550 records to 1455, and
had the effect of significantly reducing the incidence of very high vibration
amplitudes. In the revised data base, there are just 19 points falling between
3000 and 8000 psi , and only one in excess of 8000 psi--- effectively 98.6% of
the vibration amplitiAes are below 3000 psI.

A two-way classification of vibration double amplitudes for FOTINI-L
was done in nearl y the sa ne way as indicated in Appendix C-2. Because there
are on ly  46 instances of Beaufort 8 and above in the rev i sed data base,all
base data were grouped . Si mi l a r l y ,  Beaufo r ts 0 and 1 were g rouped. The
second part of the classification was upon ship-wave heading as in Figure
C—9, with the additiona l class ‘no heading given ” included . The mean vibration
in each classification cell was computed , counting vibration below the 1000
psi threshold as 500 psi , and the revised trends with Beaufort number and
speed are shown in Figure C-24. Relative to Figure C-9, the revised trends have
somewhat less scatter , and the means of the maxi m um burs t da ta are below
the 1 000 psi threshold for all Beaufort numbers below 6. The relativel y
high means for beam and quartering seas for Beaufort numbers of 6 and higher
aris e from the average of very few points. The revised averages of all
data ind i cate a m ilder upward trend with Beaufort number than might be
i nferred from Figure C-9.

It was seen from the results of the two-way classification that
much of the confusion in the trends with heading and Beaufort number
resul ted from too few members in each classification cell. In the FOTIN I—L
data base, there are 822 records where heading was recorded. The two-way
class ification requ i res 8 x 5= 40 cells , so that, on avera ge, there are
expected to be onl y about 20 records in each cell. In the event,
there were typically 4 to 7 records in each of the classification cells
for the high Beaufort numbers--possibly too few for firm generalizations.
Accord i ng ly ,  it appeared worthwhile to examine trends with Beaufort number
alone , that is , to ignore heading and speed. A one-way classifica tion
allows more detail for the statistics of the maximum vibration to be
indicated . An attempt in this direction is shown in Figure C-25. The
Beaufort number classifica t ion is as in the prev ious f i gure and
the mean of all vibration amplitudes for each Beaufort number is given .
In addition ,for each Beaufort number , the single maximum vibration double
amplitude is plotted along with approximate contours of constant empirica l
probability . The convention followed is that the stated percentage of all
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FIG. C—.24 -- FOTINI—L : REVISED BURST STRESS TRENDS, BEAUFORT NUMBER AND
SEA DIRE CTION
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FIG. C-25 — FOT INI-L : REVISED MAXIMUM BURST STRESS TRENDS WITH BEAUFORT
NUMBER
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record s f a l l i ng in a par t i cu l a r  Beaufor t class i f ica t ion con ta in maxi mum
vibra tory double amplitudes less than the va l ue plotted .

It is thought that Figure C—25 puts the maximum vibration amplitudes
In the FOTIN I—L data base In better rspective . 

-

The summary data Indicates that the single instance of vibration
of 7000 psi in Beaufort 1 was associated with very low wave-induced stress
and occurred wi th i n  one “burst” (see Appendix C—2), that is , the surroundin g
ev idence casts suspicion upon this point. Similarly, the max im um for Beaufor t
1+ appears suspicious. Thus It appears reasonable to assume that the 1.4%
of the data base where rea l vibration amplitudes are In excess of 3000 psi
primarily i nvol ves the higher Beaufort wind conditions (and higher waves).
Looking at the prob lem another way , about 98% of the data base implies an
allowance for dynamic addition to wave-i nduced stress not appreciably greater
than tha t suggested in Appendix C—2 for the UNIVERSE IRELAND. Elimination
of 90 questionable records from the data base has the apparent effect of
making FOT IN I—L vibration magnitudes look more like the UN I VERSE IRELAND
v ibration magnitudes. This concl usion does not solve the problem since
there must be concern for the rare occurrences. However, these rare
occurrences appear associated for the most part with the more severe wave
conditions as would have been expected prior to an inspection of the data .

In order to treat the SL-7 data in a similar way, a one-way (Beaufort
Number) c lassi f icat ion was run on the combined three—season SL-7 data base,
and means and approximate probability contours were computed as had been
done for FOT1N1-L . The results are shown In Fi gu re C-26. At comparable
levels of probability, the SL- 7 vibration magnitudes are clearly higher
than those of FOTINI-L. With the exception of the maximum va l ues experienced
in Beaufort 2 and 3,the relation between the max i mum , the var io us p robabi l ity
contours and the mean for each Beaufort grouping are consistent in appearance .
The approx i mately 12% of time that vibration exceeded 3000 psi is not associ-
ated as exc l usively with high Beaufort winds as in the case of FOTINI-L ,
Fig ure C-25. Since the arbitrary 3000 psi leve l was exceeded 12% of the
t ime , maximum vibration double amplitudes in excess of 3000 psi appear to
be 8 or 10 times more likely in SL—7 than in FOTINI-L . Part of this must
be attributed to the bias in the SL—7 data base (winter North Atlantic on l y)
rela tive to the year round service experience in the FOTINI-L data base.
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FIG. C-26 - SL-7: MAXIMUM BURST STRESS TRENDS WITH BEAUFORT NUMBER
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Investigation of the Form of the Distribution of Short-Term Vibratory Stress

The description of the stat ist ics of the maximum vibratory stress
double amplitudes by means of some semi-analytica l expression has obvious
advantages. The process of arrival at an expression based upon the data
can take many fo rms , but in the end , a l l  may be c lass i f i ed as ‘curve fit-
ting ”. Since success in practical curve fitting depends more upon the
assumed analytical mode l than upon nearl y anyth i ng else , any i nvestigation
must start with some educated guess-work on the nature of the process.
The first effort in this direction was to Investigate the short-term
Si tuat ion .

Re—ca pitulating from the descri pt ions in prev ious a ppend i ces , the
primaril y first-mode vibration is Isolated from the comb i ned stresses by
a band-pass f i l ter ing process. Each piece of data i n the da ta base i s
t he single maximum double amplitude of this vibration which was exper-
ienced in one 20-minute record . No other measure of the magn i tude of
vib ration is available in the data bases.

The vibration observed is the net result of all excitation—-
wave -induced due to slaming, fl are shock, etc. as well as propeller-
i nduced vibration . Propeller -induced vibration is ord i naril y of sma l l
magnitude-- often small enough to be disregarded by ship ’s personnel.
However strain-gage bridges are not discriminatory . Given that the first-
mode frequencies of the SL-7 and FOTiN I—L ranged from 0.66 to 0.8Hz;
i f  more or less continuous vibration due to non-wave-related sources was
large enough to be sensed, it would be expected that Detween 800 and 1000
vibration double amplitudes would be sensed in each 20-minute record
regard less of surround ing env ironmen ta l conditions. The detai led time
h istories available in the data sub-sets make possible a check of this

— hypothesis. The dig ita l time histories of vibration described in
Appendix C-3 were accessed and a count was made of the number of vibration
amplitudes in each record . The results were almost precisely as expected .
Each v ibration record in the data sub-sets from both the FOTINI-L and the
SL-7 conta i ned between 820 and 1050 vibration double amplitudes. The
number of amplitudes seemed not to vary with Beaufort wind or speed or any
of the other parameters.

I t seems clear that the sensed vibration inc l udes non-wave-induced
effects. Though the maximum vibrat ion amplitude in a record may be very
sma il ,it very nea r ly cannot be zero . (In fact ) the smal lest  max imum double
amplitude sensed In the data sub-sets was 300 psi). Because the statistic
of interest is the maximum double amplitude , it also cannot be negative .
Thu s 1 the distribution of the vibration double amp l i tudes i n a g i ven record
must be of a type which is “limited to the left”- the probability dens i ty
equa l to zero for va lues of v ibrat ion ~ zero.

The ev idence about the number of vibration double amplitudes suggests
that the vIbration is a very narrow-band process, and this~ in turn~suggests

t C-66
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the assumption that the vibration double ampl itudes are Rayleigh distribu ted ;
that is , the density of the double amplitudes (V) would be given by:

p (v) V Expt_V2/8~~ ]/l.Ic2

(For V > 0)

Where:

The- variance of the vibration

time history. (The extra factor
of two is to compensate for

double amplitudes).

Though not explicitly stated in Ref 8, the above as sumpt ion s eems im p l ic t

in the part of that work which deals with springing .

If the assumption Is made, the probability distribution of the h i ghest~
double amp litude (Vmx) In a sample of N becomes (Ref 19, 36): -

iN

~ (Vmx < x) = Ll- EXp( X2/8~~)J

Essential ly, under these assumpt ions , the va l ue of extreme Is
“scaled” by ~ , the process rms value of vibration. This fact -makes the
~.ssunip tion quite a t t rac t i ve  in view of the probability that rms vibration
rnaj be computed (Ref 8). The foregoing equation implies that in 90% of
repeated samples of 800 to 1000 double amplitudes the ratio Vrnx/0 should
lay within the approxImate range:

6.6 < Vmx/a < 8.8
Employing the failure rate philosophy of Appendix C-5, it is thus

expected that only about 10% of observed ratIos will be outside the above
range if the assumption is generally true for all combinations of speed, heading
etc , and if the 800 or 10OO amplitudes.1n~ea0h recor~ are~~hosen a~ random .
This last is unlikel y to be -true, however. The number of fluctuat ioi~s in
the envelope of the vibration in each of the SL-7 records was computed .
This num ber ranged from 100 to 200. The result implies that the extreme
In each record should be interpreted as the maximum in a sample of no
more than 100 or 200. In samples of 100 or 200 the extreme ratio (Vmx / a)
should lay within the approximate range:

5.2 < Vmx /a< 8.1

In 90% of all sampl es.
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The data sub-sets for FOTINI-L and the SL-7 were used to gain a
f ir st idea of the va l id i ty  of the short-term Ray lei gh assumption . The

t rms of the vibration , ~ was computed from the time series described in
Appendix C-3, as was the maximum double amplitude in each record, and
the ratio Vmxla was formed for each record. The results were compared
wi th the foregoing 90% confidence bounds, for samples of 100 or 200,
and the rates of failure were found .

The result of this operation was that all failures for both ships
were of the high limit of the confidence bound -- the max i mum vibration
double ampl i tude was h igher  than expec ted rela ti ve to the rms when the
test was failed . The failure rate for the SL—7 was 64%, tha t for the
FOTINI-L 37% versus an overall expectation of 10%. The data in the
sub—sets clearly do not) i n general) conform to the short-term Rayleigh
assumpt ion.

The consisten t failures of the high limit suggested that the short—
term distribution of vibration amplitudes might be closer to exponential.
A physica l or mathematica l rationale for such an assumption is not available ,
but if It is made the distr ibut ion of double amplitu’les becomes:

P(V <X) = l-Exp [ -X/2
0]

(V>0)

and the distribution of the highest double amplitude (Vmx) in a sample of N
becomes:

P(Vmx < x) (1—ExpE _X/20])N

Using this last expression , the extreme ratio of double amplitude to
rms (Vmx/°) in samp l es of 100 or 200 double amp l it udes wou ld be expec ted to
lie within the fol lowing range in 90% of repeated samples:

7.0< Vmx/a <16.5

This criterion was applied to the computed sample ratios for both ships as
had been done under the Rayleigh assumption .

The results were:

a) When a failure occurred i t  was a lways
of the lower bound In the data sub-sets

• for both ships .

b) The fail ure rate for the SL-7 data was
15% that for the FOTIN1-L was 27%.

It thus appears that the short-term distr ibution of vibration double
amp litudes may, in genera l, be c loser to exponential than to Rayle gh , but
neither assumption is particularl y convinc i ng -- something in between may
be appropriate. The results Im p ly tha t the construc t ion of long-term trends
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of vibration from estimates of short-term rms may not be within current state-
of—art, in the case of the suspected springing response of the FOTIN 1-L ,
the current state-of-art imp lies a zero mean Gaussian vibratory response,
and consequently a Rayleigh distr -ibution of maxima . For suspected slamming
or flare shock response as for the SL—7~ it Is not clear what distribution
current state—of-art Imp lies . In either case It may be suspected that
vibrations due to propeller excitation are confusing the situation.

I nvesti gation of the Form of the Lon~g-Term Distributior ’ of Maxi mum
“Burst” Stresses

The alterna te to the synthesis of a long— term distribution of
maximum double amplitudes of vibration is to treat the entire mass of data
emp i r i c a l l y. The problem is again one of making assumptions and checking
the fit. The data of interest is the extreme vibration double amp l i tude
observed in a 20-minute samp le. From the discussion in the previous
section~the short-term distribution is limi ted to the left, If the as-
sumption is made that there exists an initial long—term dist ribu tion of
vibration amp litudes , then the data availa ble can be thought of as the
resul t of the examination of a large number of samples from the (unknown)
long— term process. Clearl y, construction of the long-term initial dis-
tribution seems beyond the present state of art. However, it seems quite cer-
tain that the type of this distribution w i1i also be limi ted since , by def-
inition , no member of the entire populatio n of vibration double amplitudes
wh i ch could be exper i enced b y th e s h i p  can be negative . Extrapolating the
discuss i on of the last section slightl y, the presence of propeller-exci ted
vibration implies also that the l ower limit of the long-term initial dis-
tribution is nearl y zero.

In the absence of an expl ic i t  form for the ini t ial  long—term distrib-
ution the exact distr ibution of the extremes in 20_minute samples cannot be
constructed . However, the asymptotic distribution of largest va l ues (for
large samples) has been known to depend onl y upon the general type of initial
d istr ibution (Ref.36) . According ly, if the samp le from wh i ch the extreme
value of vibratory stress is taken is “large”, i t may be hypothes i zed that
the distribution of these date may be approximated by the appropriate asymptotic
form.

For limi ted distributions the “third asymptote” of Ref•36 is appropriate.
If the l imi t parameter is assigned the va l ue zero,both the second and third
asymptotes (Ref 36) are of the same form, and are equivalent t~ the two-parameter
Weibull distribution extensive l y used in Ref. 18. For present purposes this
distribution is written.

P(Vmx < x) = l-ExpC-- (X /a)m]

(x> o)

Where the parameters m and a are, in general, unk nown.
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To try out this assumption , the semi-graph i cal approach of Ref. 18
was utilized . This i nvolves constructing an empirical probabilIty distribution ,
plo tt i n g i t on a spe c i a l l y  cons truc ted probab i l it y paper , fitting a straight
line and mak ing a judgement upon the deviations of the empirical data
from this straight lin e to assess the fit. First , all the maximum vibration data
in the SL-7 and FOTINI-L data bases were sorted into class intervals , the
cumulative count was computed , and the results were divided by one plus
the tota l number of records to produce the empirica l cumulative distribution .
(Division by N+1 allows the maximum double ampli tude in the data base to be
plotted.)

Uniform class intervals were utilized . In the case of FOTIHi— L )
vibration amp litudes be low 1000 psi are classed as zero in the basic data
reduction (Appendix C-2). Thus class interva ls 1000 psi in width were
dictated by this fact. This results in 90% of the data be i ng classified
in the lowest class -- not an optimum situation , but one which had to be
accepted . A choice of 1200 psi intervals for the SL-7 (twice the origina l
anal ysis threshold) resulted in 14 non-null class intervals with reasonable

— numbers of points in the upper interva ls , and roughly 60% of data in the
lowest class interval. After plotting on the probability paper , straight
lines were fitted by a least-squares method to the empirica l data wh i ch
corresponded to probability l evels of 0.999 and lower.

The results of this analysis are shown in Figure C-27 for both ships.
The large spots indicate the maximum values in the data sets. The fitted
values of the two We i bull parameters are ind i cated in the figure. Visually ,
the fits of the data to the straight lines appears as adequate as the
examples of similar fits shown in Ref . 18.

Ch i-Squa re tests for goodness-of-fit of these emp irica l distributions
to the fitted Weibu ll distributions were made with the result that the
FOT1N1-L data passed at the 34% l eve l of significance and the SL-7 data at
the 2% level of significance . Inspection of the fits in Figure C— 27 would
have suggested the opposite results; the SL—7 fit essentially fails the
Chi-S quare test though the visua l fit looks better than tha t for FOTINI-L
which passes the test handily. Wha t the results would have been had it been
possible to sort the data into equi—probabi lity class intervals IS
prob l ematical. It is  thought ,however, that a serious problem with the
Chi-Square test in the SL-7 data has to do with independence of the data
itself. Since four data samples per watch were recorded , a significant
amount of sequential correlation could be present. The techniques noted
In Appendix C-5 could not,for var i ous reasons , be run on the entire SL-7
data base. It is suspected ~U-’at decimation of the SL-7 data base toabout every fourth record would be sufficient to produce a passing
Chi-Square test. It seems reasonable to accept the Weibull distribu tion
first shown in Figure C-27 as a reasonable long-term representation of
the empirical data .

It was of interest to see if the fits to the W eibull distribution
could be made for vario us sub-groupings of the data base -- tha t is for the
various headings , Beaufort numbers , etc.; and whether the parameters of the

- - fitted distributions would make any sense. Efforts were made in this -

direction . The results for each of the two ships must be discussed
separately.
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In the case of the FOTIIII-L,a two-way classification on Beaufort
number and heading was made just as described in conjunction with Figure
C-24; the data within each cell was sorted into 1000 psi class Intervals ,
and fits to the Wei bu ll dis tribution and Chi—S quare tests were attempted for
each of the 40 resulting sets of data. The results of this effort were a —

complete, blank. When the data are split 40 ways, the 140 poInts in the da ta
base which exceed 1000 psi are scattered so widel y tha t, In very few cases,
were there more than two points through which to draw a straight line , and not
enough class intervals were present to perform the Chi-Square test. No credance
at a ll could be placed in the few results obta i nable.

The next trial was two one—way classifications of the data , the
f i rst upon headin g , a,id the second upon Beaufort n umber. The problems
were ameliorated but essentiall y persis ted so that this effort also
produced no cred ibl e answers. The situations for both the head in g and
the Beaufort n umber classifications were the same . Figure C—28 for the
heading classificatio n illustrates the problems . In this figure the
fitted and empirica l distributions are plotted for the five nominal
ship—wave headings in Figure C-24. Owing to the 1 000 psi class
i nterva l (which cannot be altered), there are only 3 to 5 points on the
empirical distribution for each heading . Though each set of points
lies in an approximatel y straight line ,there can be very little confidence

-
- i n the resul ts. The most which may be sa i d is tha t the fitted parameters

for the one-way headin g cJ-assification scatter around the result for all
the FOTINI-L da ta , Figure C-27.

The prospects for making reasonable fits to sub-groups of the SL-7
burs t data were somewhat better owing to the larger number of records and
the larger amount of data above the 600 psi threshold. Nevertheless it
was cons i dered prudent to revise the classification methods in the direction
of providng for more records in each classifica tion cell.

The results of the first attempt at group i ng are shown in Figure C—29.
To produce these rebults)the da5a were suB-div1de~ 

Into four heading classes;
0 to 300 , 30 to 60 ‘a60 to 120 , and 120 to 180 . The i dea was to pro duce
one class (120 to 180 ) where both nomina l quartering and follow i ng seas
would be expected to fall , one broad class where seas on the beam wou ld f a l l
and two narrower ranges for head and bow seas. This firs t sub-division is a
one-way classifica tion-- all ship speeds and wave seven ties are included .

In the figure, the numbers in parentheses are the number of records In
each head i ng class. The fi ts to the distribution are fair , onl y that for the
30 to 60 head i ng passes ChI—Squa re testing at 5% l eve l of signif ica n~~.
However, the variation of slope (ii) and scaling parameter (a) seems to make
sense. Vibration magnitudes would be expected to be largest in head seas
and this is the direction of the trend.

The next one way classification scheme invo l ved wave severity. In
some ways the results of Ref ’37 can be construed to suggest that the visua l
estIma tes of wave heighi made during the recording of the data are not im-
possibly far wrong-- at l east on average . This point of view was adopted
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and the data-were separated Into five visual wave height classes; ~ave heights
— 0 to 5 feet, 6 to 14 feet, 15 to 24 feet , 25 to 34 fee t, and above 34 feet.

Empirical distributions were computed and fitted to the Weibul distribution
w ith the result shown in Figure C—30. As before , the total number ’of records
is shown In parentheses after each label. To a point , the trends are as would
be expected the slope Cm) and scaling parameter (a) increase with wave height.
The results for the highest waves are signIficantly out of trend. Examination
of the detail of the results indicates practically no ship speeds above 15
knots In the above 34-feet class wh ile ship speeds In excess of 15 knots are
about half the total in the 25-34.feetclass, and are practically non-existant
In the l ower classification .

These results suggested that the parameters of the fitted distributions
vary w ith ship speed as well as heading and wave height. A three-way class-
Ification of data was accordingly attempted by add ing three speed groups to
the wave and heading groups just described . The three speed ranges adopted
were; 0 to 15 knots , 15 to 25 knots and over 25 knots. As in the previous
analyses , the data were sorted into the resulting (5 x 4 x 3=60) cells , the
data within each cell were sorted into class intervals and f i t s  to the
We lbuii distribution and Chi—Squa re tests were attempted for each of the —

60 subs-sets of data. The results of this effort were not too credible for
the same reasons discussed in conjunction with the FOTIN I-L data .

The best tha t could be done in this directi on was to make two,
two-way classifications. The first was speed-heading for al l wave conditions 

—

and the second was wave he i gh t-keading for all ship speeds. The resulting
fitted va l ues of slope (m) and scale (a) are summarized in Table C-9 and
C— b . The majority of the fits shown are as good or better than those
shown I n Figures C-29 and C-30 when the smaller amountof data are taken into
account. The dashes In Table C-b ind i cate cases where no remotely credible
fi t could be obtained . In both tables,a cons$stent upward trend of slope
and scale is shown as heading tends to head seas, as speed red uces , and as
wave heigh t increases .
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TABLE C-9

Fitted W elbuli Parameters (rn/a) for Maximum Burst Stresses
In SL—7 Data Base: Results for Various Head i ng and Speed
Ranges In alt Wave Condtlons:

Ship— Wave Head i ngs, Degrees
Speed Range, kt 0-30 )o-60 60-120 120-180

0-15 1.46/3705 1.55/2879 .60/417 59/227

15-25 1.44/2969 1.14/2014 .85/960 .75/589

>25 0.92/1934 0.94/1460 .85/ 1037 .77/612

All Speeds 1.03/2259 1.01/1623 .83/980 .77/590

(Dimension of “a” is psi)

TABLE C— b

Fitted Weibu liPararneters (rn/a) for Maximum Burst Stresses

In SL—7 Data Base: Results for Variou s Head ing and VIsua l
Height Ranges for All Ship Speeds.

V i sua l Wave Ship-Wave Head i ng, Degrees

Height Range 0-30 30-60 60-120 120-180

-~~~~
- 0—5 Ft 1 .09/1179 .76/682 .62/416 .51/210

6-14 Ft 1.35/3529 1.35/2098 .95/1315 .83/717

15~2L. Ft 1.71/5395 2,15/4620 1 .13/1828 .89/1124

25-34 Ft 2.61/4661 4.89/3877 — 1.52/1574

> 34 Ft 2.20/4235 - - -
-, 4-

(Dimens ion of ‘&‘ is psi)
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APPENDIX C-i

I NVESTIGATiON OF COMBINED STRESSES

Introd uction

As pointed out in Ref ~1 , a knowledge of the maximum double
amplitude of vibration in a record does not necessaril y enable the estima-
tion of the maximum combined (wave-induced p lus vibra tory) stress in the
record even if the wave-induced situation is well in hand . The maximum
vibra tion may not occur at a maximum In wave -i nduced tension or comr’ression--
and even in the event that it does coincide with a maximum of wave-induced
stress , there is no guarantee that the particular wave_induced maximum
will be the largest in the record. Accord i ngly, the data sub-sets described
in Appendices C—I and C—3 were utilized In an i nvestigation of the statistics
of the increment to wave-induced stress caused by vibration .

Def i n it ion of Comb i ned Ma i n Ex tremes of Stress

As was noted in Appendix C-k, the descriptors of a wave-induced
cycle of stress wh i ch have the most pertinence to structural des i gn are the
“mai n extremes” in tens ion and compression as illustrate d in Figure C— l 8b.
Us i ng the samp l e mea n as a reference , a main extreme in tension was defined
as the largest tensile stress observed during a stress excursion in the
tensile direction , and a main  extreme i n compress ion was def i ned as the
largest compressIve stress observed during a stress excursion in thecom-
pressive direction . When combined stress is considered , some additiona l
definitions must be established . The typ ical situation is illustrated in
Figure C-3l , wh ich indicates a vibration (solid line) superimposed upon
the wave-Induced stress (dashed line) of Figure C—18b . The main extremes
of wave-induced tension and compression are denoted “lu” and “CD” . Essenti-
ally, these are the l argest values of combined stress observed Uuring a

— wave-induced stress excursion . It should be noted that the particular vibration
wh i ch establishes the ma in  combined stress extreme may occur at a dif feren t
t im e than the maximum wave-induced stress in the excurs ion. The increments
to the wave-induced main extremes are denoted 6+ for tension and ~~ - for
compressi on, Fi gure C— 3l .

in—so-far as the dynamic additi on to stress during any stress
excursion is concerned-, these definitions are In line wi th those employed
in Reference I. The intended approach of the present work differed from that
In Reference I in that whereas 100 or so selected impact events were selected
for anal ysis in that reference and its background studies , i t  was the in ten t
of the present work to look at all available events (excursi ons) in each record ,
and to repeat this for all the records available in the FOTINI-L and SL-7

-- 

- 
data sub-sets.

It was noted in Appendix C-3 that the digita l filtering procedure
adopted resulted in c lose time correlation between the filtered (wave..
Induced) stress time history and the origina l (combined) stress time
history. Accord ingly , it was a simple matter to extract the main extremes
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of combIned stress at the same t ime as the main extremes of wave-induced
stress described in Appendix C-4 were devel oped . At the end of the process)
there was available (to the computer) for each record of the data sub-sets:

a. An array of main extremes of comb i ned tensile stress
(T
R
) in the order found .

b. An array of main extremes of combi ned compressive stress
(CR) In the order found.

c. An array of wave-I nduced main extremes in tension (T )
correspnding to a. 

W

d. An array of wave-induced mai n extremes in compression
(C
u
) corresponding to b.

Statist ical Symmetry of Dynamic Increments to Wave-Induced Stresses

The analysis of dynamic increments to wave -induced stresses in
Reference 1 ind i cated that the Increments to tension are not statisticall y
symmetrical with those in the compressive d i rec ti on for the rela ti vel y
small cargo ships studied. In the case of the present ships)inspection of the
portions of the records in the data sub—sets shown in Figures C-l4 andC— 15
suggested an opposite conclusion . (The valid vibratory response for the
FOTINI—L appears similar to springing, and that for the SL-7 appears to be
a combination of slamming and flare shock.)

The results of a simple i nvestigation i nto the symmetry of the
dynamic increments ( ~ + and ~-) to 

wave-induced stress are summariZed in
Figures C—32 for the FOTINI-L and C—33 for the SL-7. The maximum dynamic
Increi~ents to wave-induced stress were found 

for each record , and the maximum
for tension was plotted aga i nst the maximum for compression on logarithmic
scales. Without attem pt i ng any arithmetic , the maximum dynamic additions
to wave-Induced stress appear to be quite symmetric for both ships . In
any given record In the sub-sets, there appears to be roughl y an even
chance that the maximum increment to compression will be greater than that
to tension . As in the case of simil ar comparison plots of maximum wave-
i nduced stresses, Figure C-16, C-17, there is likel y to be a significant
scatter due to the fact that isolated max i ma are beIng compared . The
mean increments to tension and compression were computed for each record
and plotted in a similar fashion. As expected, the scatter was much
reduced and the apparent symmetry confirmed.

— Short-Term Distributions of the Dynamic increment to Wave-Induced Stresses

The Imp lication in Reference 1 is that the dyna m ic i ncremen t to
compression may be exponentIal in the short term whi le the dynamic increment
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to tension may be Rayleigh. However, p r ev ious ly  presen ted da ta ind i ca te
the increment to be statistically symmetrica l in the present case. Accord-
ing l y, the increments to tension and the increments to compression were
subjected to tests for fit to both the exponential and Rayleigh dist ributions.
The procedures utilized , inc l u d i n g deci ma t io n to reduce the effec ts of
sequen t ia l  correla ti on, were the same as those described in Appendic es
C—k and C-5.

In the exponential distribution tests on the SL-7 data , the distribu-
tion parameter was fitted to the data using the maximum likelihoo d method .
The Chi-Square test on the increments to wave- i nduced tension was failed in
92% of the records , and the Chi-Square test on the Increments to wave-induced
compression was failed 84% of the time at th-e 5% level of significance .
The fail ures were overwhelmingly at or be low the 1% l evel of significance .
The tests on the sample extremes failed in 60% of all cases. The results
suggest that the exponential distribution is. in genera l, not a reasonable
assumption for either the inc rements to tension or the increments to
compression found in the SL—7 data .

Next the dynamic increment data were checked for fit to the
Rayleigh distribution. The distribution parameter was fitted to the data .
Fa ilure rate results are summarized in Tables C—Il and C-l2. The failure rate
wi th respect to the Rayleigh distribution is quite high. In this case,a pattern
different than that for wave-induced main extremes (Appendix C-k) is apparent;
that is , the Rayle ig h assum pt ion for the i ncrements im proves for fo l low ing
seas ra ther than degrades , the f a i l u r e  ra te for head seas a ppears very hi gh ,
and no significant correlation with stress l evel is apparent. There are
a great many instances of failure at 1% l evel of significance in these
resul ts. With overall fallure rates 8 to 10 times that expected,i t i s also
quite difficult to accept the short-term Ray l e i gh hypo thesis  as be i ng
generally applicable to the dynamic increments to the wave-ind uced stresses
in the SL—7 data sub-set.

The d ynamic  increments found in the 90 valid records of the
FOTINI-L data sub-set was checked for fit to the exponential and Rayleigh
d istributions in the same way as had been done in the case of the SL—7.
The results of this procedure were essentially the same. The dynamic increments
to tension and compression failed the Chi-Squa re tests at the 5% l evel of
significance for fit to the exponential distribution in more than 9C% of the
records. The failur es in the FOTINI-L tests were also overwhelmingly or be low
the 1% l evel of significance. In checking the fits of the dynamic increments
to the Rayleigh distribution )both the CM-Square and Kol mogorov-Smirnov
tests were performed . Overall f a i l u r e  ra tes of these tests were in  the
range of 55 to 60% at the 5% l evel of significance . With faIlure rates 10 times
that expected , correlation of failures- with the various known parameters
was not attempted .

it appears that the distributions of vibratory stress additions
found app l icable for the small cargo ships of Reference I are not overwhelmingly

h attractive assumptions in the cases of the FOTINI-L and the SL-7.
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I ndependence of Wave-Induced Main Extremes and Dynamic Increments In the Short Term

One of the operations In the background work to Reference I was an
examination of the correlation of slam-Induced stresses with wave-induced stress-
es for a small cargo ship. It was of Interest to perform a somewhat parallel
Investigation in the current case. In previous work herein,It was found that
the maxi mum vibration amplitude tends to Increase wl th wave severity . If the
vibration Is a direct result of Individua l wave cycles it would be more or
less expected that the dynamic increment to wave-Induced stress would vary in
the short term with the magnitude of wave—induced main extremes.

The simplest firs t check on the short—term interdependence of the wave-
Induced main extremes and the dynamic increments Is to compute the correlation
coefficients of the data for each record. This was done for all the good
records in the SL-7 and FOTINI-L data sub-sets. The great majority of the
correlation coefficients computed were within the range ± 0.20 wI th the
largest magnitude in either data set bei ng about 0.5.

This result suggested that the dynami c Increments and the wave-induced
main extremes tended to be i ndependent In the short term. A further check on
this was attempted by means of standard contingency table anal ysis techniques
(Reference 38,39). In order to avoId the problems which arise because
the short-term distribut i ons of neither the dynamic Increments or the main
extremes are known with any certainty the distribution— free approach sugg.sted
in Reference 39 was used. This approach amounts to finding the median of the
incremen ts and main extremes in each record and then classify i ng each of the
i ncrement-main extreme pairs into one of four classes: l)both elements above
their respective medIans , 2) both below, 3) the first of the pair above, the
second below, and 4) the reverse of third category. The result of this operation
Is the number of pairs falling. In each cell of a 2 x 2 contingency table which
may be analyzed with standard methods. In these rnethods,the hypothesis is made
that the two sets of data are lndependent~ a statistic is computed,whlch Is
approximately Chi-Square 4lstributed with one degree of freedom In  the case
of a 2 x 2 table, and the acceptance or rejection of hypothesis Is made in
much the same way as described for the goodness-of—fit tests In  Appendix C-5.

The results of carrying out this procedure on all good records In the
SL-7 data sub-set were that the hypothesis of i ndependence of Increments to
tension and main tensile extremes was rejected In only 9% of the records
at the 5% level of significance. The corresponding rejection rate of increments
to compression and main compressive extremes was 12*. In the case of FOTINi-L~
the rejection rates at the 5% level of significance were 14% for tension and
26% for compression. As in the previous tests, an approximate l y 5% rejection
rate at the 5% leve l of significance can be accepted as the result of vari-
ability . An Inspection of the details of the results disclosed that highl y
significant failures (corresponding to levels of significance below 2%
say) were i nvolved In less then ha f the total , and that In abo ut half
the cases of fallur .)the vibratory stress levels were extremel y low .

If the failure s for extreme l y low-stress levels are discounted , the
rejection rates for the SI—i data may be cons i de red in line with that cx-
p.ct.d, and it seems reasonable to accept the prop osition that the dynamic
Increments and wave -i nduced main extremes in the SL-7 da ta are stati stically
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i ndependent in the short term. On the same basis~ the short-term i ndependence
of dynamic Increments to tensions and main extremes in tension for the FOTINI-L
may be accepted. Independence of compressive Increments and compressive main
extremes In the case of FOTINI-L is apparently a more tenou s assumption .

Short-Term Distribution of Comb i ned Stresses

Concurrent with the Investigation of wave-Induced main extremes
noted In Appendix C-4~ ft was convenient to test the main extremes of combinedstress (TR.CR, Figure C—31) for fit to Rayleigh distribution . This was carried
out on the possibility , as asserted in Reference 40 on the basis of a fairly
elaborate phase-plane argument , that the main extremes as derived herein
follow the Rayleigh distribution regardless of spectral broadness. The
tests were carried out In an Ident i cal manner to those described in Appendix
C-4. Failure rates of the tests on the SL-7 combined stress main extremes
were very nearly the same as those shown in Tables C-4 and C-5 for the wave-
induced main extremes. Overall failure rates for the comb i ned-stress main
extremes of the FOTINI-L data were in the neighborhood of 50*; a significant
Increase over those shown for wave-Induced main extremes in Table C-6.
Including the vibra tion of the FOTINI-L data produces an apparent broad-band
process. The results do not bear out the philosophy of Reference 40.

Another posstble approach to the short-term distribution of combined-
stress amplitudes is to cons i der the comb i ned stress as a zero mean
Gaussian process which Is the sum of two like processes, the wave-induced
stress and the vibratory stress. (This Is the point of view Implied In the
analysis of short-term vibration in Appendix C—6).

As In the case of the Increments to stress, It was convenient to
Investigate this assumption concurrently with the tests of the SL—7 wave-
Induced maxima against the CLH distribution , Appendix C-4. The procedure
involved finding all the maxima and minima of the combined-stress records
in the SL-7 data sub-set. The results were decimated to reduce serial
correlation , a fit to the CLH distribution was made, and the Chi-Square,
and Kolmogorov-Sm l rnov tests as well as the tests on the extreme in the
sample were carried out as in Appendix C-k.

The first result of the procedure was not too surprIsing . Ninety—
four percent of the fitted broadness parameters were above 0.8, the remain-
ing six percent were between 0.7 and 0.8. The fitted va l ues of RMS and
broadness parameters appeared symmetrica l in that the values derived from
maxIma and mInima were nearly the same. The overall failure rates of the

$ Chi-Square tests at the 5% l evel of significance were 9% for maxima and 12%
for minima. Those for the Kolmogorov-Smlrnov tests were 3% for maxima and 5%
for minima . There were no particularly significant differences in failure
rate between head or bow seas and quartering or fol lowing seas. The failure
rates of the goodness-of—fit tests are near enough to that expected, and the
broadness parameters are so high In general that the results imply that the
short-term maxima and minima of the combined stresses In the SL—7 data sub

- - - 
- set are generally nearly normally dIstributed .
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On the other- hand, the tests on the sample extremes of the short-term
minima (compressive stress or sagging momect) implied a somewhat different conclusion .
The overal l failure rates on the tests on the extremes of the samples were
32% for combined minima and 15% for comb i ned maxima . The former Is three
times the rate expected. In the tests on sample extremes, there are four
possible modes of failure: the larges t element of the samole can be either
larger or smaller than expected , as can the smallest element In the sample.
It was found that the failure mode In the tests on extremes of the minima
was such that the largest valut was larger than expected In 80% of the —

failures. (The largest compressive Ti~gging) comb Ined stress was larger
than expected). These failures were, moreover, concentrated in the head and
bow-sea cases and in the severest nomina l weather in the data sub-set. The
Impl ication Is that while the combIned maxima may be nearly normally distri-
buted , severe wave-Induced vibratory response may upset the upper “tail”
of the distribution . This indication Is consistent with the analysis of the
isolated vibration In Appendix C-6. There, it was found that the maximum
vibrat ion was also fairly consistently higher than expected relative to the
RMS vibration .

As has been noted previously, the Idea that the RMS combined stress
may be synthesized in the short-term by adding the squares of RMS wavy-
induced stress and vibratory stress is most attractive. The results ror
the SL-7 Just cited are encouraging in this respect, at least for average
conditions . However1 i the data do not provide a very good check on the

U 

Idea of addition because the difference between process RMS wave-induced
stress computed from the data and the correspondingly computed process RMS
combined stress are extremely small.

Statistica l Relationships Between the Maximum Vibration Double
Amplitudes and the Maximu m Dynamic Increments in Each Record

Since the prospects for the synthesis of the combined stresses in the
short-term for the two ships appeared mixed at best, it was of interest to
investigate possible relationships between the maximum vibration double
amplitude in each record and the maximum dynamic increments.

The results in Appendix C-6 include empirica l approximations to the
distribution of the maximum double amplitude of (isolated) vibration in the
relatively long term ( over the data bases for each ship). If the data
sub-sets for each ship are reasonable samp lies of the long-term situation
(as suggested in Appendix C-i), then It might be hoped that relationships
between maximum vibration double amplitudes and maximum dynamic increments
observed in the data-sub-sets would be applicable In the l ong term. -

Perha ps the most conservative attitude In developing the extremes
of combined stress in a record is to postulate that half the (Isolated) maxi-
mum vibration double amplItude Is added to the maximum main extremes of
wave-induced tension and compression . If this is true, the maximum dynamic
Increments to wave- i nduced stresses would be equa l in magnitude to half the
vIbration double ampl i tude. Thus, half the maximum vibration double ampl i-

-
~~~~ tude appears to be a reasonable scalIng parameter for the maximum dynamic
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Increments to stress. Similarly, a reasonable scaling parameter for the
wave-induced maIn extremes which are associated with the maxImum dynamic
increments in the record appeared to be the maximum wave-induced main extremes
In the record.

The procedure Implied above was carried out upon each valid record In
the data sub-sets for both the SL-7 and the FOTINI-L. For each record, the
maximum dynamic increments to tension and compression were found and
divided by half the maximum vibration double amplItude in the record. To
each of these maximum Increments there corresponded wave—Induced maUi ex-
tremes. These main extremes in tension and compression were divided by
the maxImum wave-induced main extremes In the record.

The first question to try to answer from the above results was that
of the relative magnitude of maximum dynamic increments. HIstograms were
formed for each of the two data sub-sets of the ratio: (the max imum dynamic
increment) half the maximum vibration double amplitude) . These resul ts are
shown in Figure C-34 for the FOTIHI-L and in Flgure C-35 for the SL-7.

Considering the results for the FOTINI-L , Figure c—34, it appears
that the maximum Increment to tension or compr~ssion may be expected torange from about 0.5 to 1.2 times half the ma .Imum vibration double ampli-
tude. The most probable value of the ratio appears to be about 0.9. Since
there is no guarantee that the maximum vibration double ampl i tude as de-
rive d from data Involves a sytmnetr ica i osc illation , the ratio need not be
unity or less. It should be noted tha t the 3% of records which produced
the non-zero histogram values between ratios of 1.3 and 1.6 i nvol ved very
low overall stress magnitudes or very low lev l v ib rat ion, and accordin gly
their validity Is dIscounted. On the whole , the resul ts In Figure C34
for the FO T IN I—L suggest that it would not be terribly conservative to assume
that the maxImum dynamic increment to tensIon or compression In a record
is approximately equa l to half the maximum vibration double ampl i tude.

The correspond ing results for the SL-7 (Figure C—35) show that the
max imum increment to tension or compression may be expected to range from
about 0.5 to 1.3 tlmss half the max imum vibration double amplitude . The
few records which produc.d no~ -zero value s of the histogram between ratios
of 1.3 and 1.6 Invo l ve low stress levels end , as in the case of the FOTI$I-L,
are discounted . The shape of the histogram for the SI-i (FIgure c-aS) is
clearly different from that for the FOT1NI-L (Figure c-31.). The most probe-
ble value of the SI-i maximum dynamIc increment ratio appears to be slightly

• lower but the dispersion appears greater. In about 25% of the records the
maximum dynamic increment to te~isIon or compression was greater than h~%f
the maximum vibration double amplitude . It appears reasonable to assume
that the differences In shape of the histograms for the two ships ref ect
the probable differences in origin of the vibratIon . (SpringIng for FOTINI-L

• sl amming or flare shock for the SI-i).
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The next port of the maximum combined stress problem is the question
of the magnitudes of wave-Induced main extremes when the maximum dynamic Incre-

• ments occur. As previously noted, the wave-i nduced main extremes In tension
and compression which were assocIated with the maximum dynamic increments
were found and divided by the maxlmun wave-induced main extremes found In
the record. HIstograms of the resulting ratio were formed from each of
the two data sub-sets, and the results are shown in Figures C-36 and C-37.

Considering Figure C-36 for the FOT1NI-L , it is apparent that when
• - the maximum dynamic increment to stress was experienced , the wave-Induced

stress wasmost likely to have been less than half of the maximum wave’~lnduced
extreme In the record. The corresponding histogram for the SI-i (Figure C-37)
is nearly uniform; the wave-induced main stress extreme at the time of maximum
dynamic Increment is about as likely to be one fraction of the record maximum
as another.

The general conclusion from this investigation was the addition
of half the maximum double amplitudes of vibration to the maximum wave-
induced extremes ~n tension and compression would quite likely be an
overly conservative procedure. Though thIs addition can and did occur, it
does not appear highly probable. Essentially, while the maximum dynamic
Increment in the record is approximately half the maximum double amplitude
of vibrat1on,th~ data indicate that it.ma y Increase wave-Induced excursions
of any magnitude.

The ComposItion of the Maximum Combined Stress In the Record

The results of the last section implied that perhaps the problem was
not being approached from an advantageous direction . In the present con-
text the real interest is In the maximum combined stress in a record. The
maximum combined stress in tension or compression, within the definition of
Figure C-3l , is the sum of a wave-induced main extreme and a vibration in-
duced dynamic Increment. Accordi ngly, It appeared reasonable to investigate
the wave-induced stress and the dynamic increments “associated” with the
maximum comb i ned stress in each record.

The procedure fol lowed was similar to that of the last section, and
was carried out upon each valid record In the data sub-sets for both the
SL-7 and the FOTINI-L . First , the maximum main excursion of combined
stress: In tension and in compressIon was found for each record. Once this
is acccmpl1

~ hed, two “associated” components may be found for both ten-
sion and compression:

1) The wave-Induced main extreme which Is associated with the
maximum main excursion of combined stress (one value associated
with maximum combined tension , and one associated with compres. -
sion)

2) The dynamic increment associated with the maximum main excursion
s . of combined stress (again , one value each for tension and corn—

pres~ Ion).

A -
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The sum of i tems 1) and 2) for tension and compression Is , by definition
the maximum main extreme of combined tensile or compressive stress In the
record. In order to camper. the results from all records; the associated
wave-induced extremes in tension and compression were dtv~ded by the maxi-
mum wave-induced main extremes found In the record; and the assocIated
dynamic Increments were divide d by half the maximum Isolated vibration
double amplitude.

As before, histograms of the various ratios were formed for each of
the two data sub—sets. FIgures C—38 for the SI—7 and C-39 for the FOT1NI—L
indicate the statistics of the ratio of the wave-induced main extremes
associated with maximum combined stresses , to the maximum wave-induced main
extremes in the r cord.

In the case of the $1—i, Figure c— 38 , the conclusion Is obvious. In
about 95* of all records in th. data sub-set , the wave-Induced main extreme-
associated wi th the maximum combIned stress is either within 5% of the maximum
wave-induced main extreme In the r.cord or exactly equal to It. (Actually
the associated wave-Induced main extreme and the maximum were Identica l In
85% of the data sub-set). No values of the ratio were found to be less than
0.85. The resul ts i nd icate that, with very little conservatism, the maximum
combIned stress in a record could be generally assumed to result from the
add i tion of vibration to the maximum wave-Induced stress.

The situat ion for the FOTINI-L , Figure C-39, is similar but not as
clear cut. In about 65* of the records in the data sub-set , the wave-Induced
main extreme associated with the maximum combined stress Is within 10% of the

• maximum wave-induced maIn extreme In the record. The detailed results show that

• the associated wave-induced main extreme and the record maximum were Identical
In about 50% of the data sub—set. In the case of the FOTINI-L., the assumption
appears within reason, though somewhat conservative , that the maximum combined
stress In a record Is , in general , the result of the addition of vibration
to the maximum wave-induced stress.

• The corresponding histograms of the dynamic increments associated
wIth the maximum combined stress main extremes are shown In Figures C-4O

• and C-~l. In the case of the FOTINI-L , Figure C-4O, the ratio of the
associated dynamic Increment to half the maximum vibration double ampl i tude
scatters reasonably un i formly between zero and Just above un i ty. The
two records in the data set wh ich produced ratios between 1.2 and 1.3 Invo l ved
very low stress levels and are discounted as before. The results for the
SI-i, Figure C-Ill , show a reasonably unifo rm distribution of ratios
between zero and about 0.7, and a lessening of Incidence of higher ratios .
Figures C—l.0 and C—Ill suggest that it may be reasonable to assume that the
ratio of the associated dynamic increment to half the maximum vibration
double amplItude Is un i formly distributed between zero and about 1 .1 for
both shIps. As may be noted from the figures , the assumption is conserva-
tlve , but not overly so.

3~
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