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SECTION1.0

INTRODUCTION

The conventionalmethodsof performing longitudinal structure designs
of ships makeuse of accumulatedexperience from previously built ships of
similar size and function. The accumulatedexperience is mostly expressedin
the form of semi-empirical formulascontained in classification society rules
and des’ignspecifications. The designs resulting from this approachare uncertain
as to the degree of structural adequacythey afford even thoughthe ship designs
basedon these approacheshavegiven acceptable service, The uncertainty stems
from the assumptionsmaderegarding parametersaffecting the environmentand
the szt-rq-gthof the ship. Manyyears of design experiencehave shownthat by
using appropriate empirical marginsfor strength over expectedload, the unknowns
can be accountedfor and ships with acceptable risk or probability of failure’
Iev&ls designed.

With the advent of newship types, and the resultant lack of “accumulated
experienceII on ve$se~sof similar size andfunction?it has becomea professional
responsibility to look into amore,scientific, or rational, approach
to longitudinal strength design of ship hulls, in this context, various invest-
igators in the ship research communityhaveadoptedprobabilistic structural
“anaiysisproceduresfrommechanicaland civil engineering. II-I the “probabilistic
approach” since the quantitative values of manyof the factors affecting the
strength ;f the structure and the magnitudeof the load are statistically
determined, the resulting measureof the adequacyof the design is aIso
5tstistical in nature,

In the study presented in this report, various facets of probabilistic
sti-ucti~ral design were investigated with emphasison applicability to ships,

Section 2.0 gives a statementconcerningthe detailed objectives of the
study. in Ssction 3.0, probabilistic structural analysis IS reviewedfrom L:general
standpoint and its applicability to ships is noted, Section 4,0 discusse~the
possible structural modesof failure of a ship that pertain to lofigitudinal
strcn~thq The present situation with information on ship loads as ~li~y relate
to structural design is discussedin Section 5.0, and the probabilistic
structural analysis proceduresthat showpromisefor ship applications are
presented in Section 6.o. In Section 7.0, the invest~gations~analyses and
collected information performedandobta;ned as part of this study ‘n the area
of the uncertainties of hull strength with respect to the statistical description
of -thertrength are presented. Section 8.o gives samplecalculations for
different ships using a probabilistic structural analysis prccedureembodied
in a computerprogramincluded in the Appendix. Sections 9,0 and !0 O
gi’ve the conclusionsand recommendationsrespectively arrived at as a result of
these ~tudie,~.

The references cited in the report are listed in Section 11.0

-1-



SECTION2.0

STATEMENTOFOBJECTIVES

The objectives of this studywere modified by the Ship Structure Com-
mittee during the courseof the project to be commensuratewith what was found

to be available and possible within the rather small funding allocated.

The final objectives can be stated as follows:

o Surveythe existing literature on reliability analysis and proba-
bilistic design methodsin structures. Commenton the applicabi-
lity to ships.

o Developa method, or use an existing method,for the formulation
of strength in terms of the meansandvariances of its uncertain-
ties. Althougha mathematicaldistribution of strength is not re-
quired, observations are to be madewith respect to the impactof
using only meansand variances.

o Relate the existing bend’in’gmcrnentdistributions calculated from
existing data to the developedstrength distributions using an existing
methodfor structural reliability analysis. Useavailable statis-
tical strength parametermeansand variances andmakeassumptions
for any strength or load parametersfor which no statistical data
are available.

o Developa FO”RTRANIV computerproqramto perform the aboveproce-
dure with the objective of determining the safety level of a given
ship subjected to a given load.

n AppIy the developedmmputer?zedproceduri tc actual ships,

o On the basis of ob,tainedresults , suggestfurther research to
develop suitable longitudinal strength criteria for future designs.

-2-



SECTION3.0

PROBABILISTICAPPROACHTO STRUCTURALDESIGN—

3.1 General

The objectives tif this study include the analysis of uncertainties
associated with ship hull strength and the developmentof expressionsfQr
structural reliability. Suchanalyses require the adoptionof a probabilistic
structural design approachsince a purely deterministic approachcannot yield
the desired information.

In the deterministic designof structures, the strength of the structure
is always increasedabovethat whichwouldjust survive the greatest expected
luad by an empirical margin. The ratio of the latter to the former strength
is usually termedthe factor of safety. It accountsfor all the unknownsin
the load and strength and yields a structure that shouldhavean acceptable
performancebasedon past experiences.

The fundamentalaims of a probabilistic approachare to moreclearly
and rationally define the necessarymargin, or factor of safety, and obtain a
quantitative measureof performancethrougha rational rather than empirical
analysis. The measureof performanceis usually called the probability of
failure or reliability. With suchaims, it is not necessarythat a probabi-
listic analysis be exhaustive in that rationalization of evenonly one of the
unknownsin the factor of safety will put it on a sounderfooting. In this
vein, ‘the-’ultimate result of improvedprobabilistic analysis procedures,as
far as designers are concerned,will probably be rational factors of safety
basedon desired quantitative levels of performance. The probabilistic
analysis itself neednot be executedby the designers, although this could
be possible.

A completeprobabilistic structural analysis wouldproceedin the
following manner[9]*:

o Conductan analysis of failure modes.effects. and criticality.
Identify-all significant failure rmdes-of the structure.
List the causeof these failure modes.
Identify all parameterscontributing to these causes.
Determinethe criticality of all siginficant failure modes
to the successof structures.
List the n~st.ctiitical failure modesin order of priority.

‘- Formulatethe relationshi~ betweenthe critical ~aramete;sand -
the failure-governing cri~eria involved.

.

0 Determine
0 Determine
0 Determine
a Determin&
o Calculate

the failure-governing load function.
the failure-governing load distribution.
the failure-governing strength function.
the failure-governing skrengthdistribution,
the probability of failure or reliability associatedwith

* Numbersin brackets iqdicate similarly numberedreferences in Section 11.0.

-3-



the failure-governingloadandstrengthdistributionfor each
critical failure mode.

“ An upperboundcf.the total probability of failure or a lower
boundof the reliability will be the sum of the individual
probabilities of eachof the critical failure modesunder the
assumptionthat these modesare mutually exclusive events.

Becauseof the difficulty associated with the determination of
the fiji]ul-e-governingload and strength functions and di~tributions,a number
or probabilistic approachesor methodshaveevolved. Theydiffer fundamentally
in tile two primary aimsof any probabilistic analysis as mentionedabove:

0 Quantitative measureof performance
0 Rational quantification of load and strength

Actually, not all the approachesare necessarily probabilistic in
the mathematicalsense in that for some, probability densities and distributions
are not needed,and the output is not a probability.

Thesemethodsmaybe groupedas follows:

“ Classical probabilistic approach
0 Safety index approach
0 Strength reduction and load magnification factors approach

The presentation in this section is divided into three groups. The
first groupdiscussesthe general approachused in obtaining the quantitative
measureof performanceof a structure given the load and strength statistics.
T!-Icnext groupseach deal with details of the strength and load formulations
respectively, in a general sense. Morespecific mentionof these considerations,
as applicable to ships, is given in Sections 5.0 thru 7.0,respectively for

the

aria’
e~g

the

ship

yses
neer

longitudinal ”stre;gth, and for uncertainties in-the ;trength-nf-
shull.

The literature contains abundantsourcesof probabilistic structural
Mostof the work has beendone in the areas of civil and mechanical

ng but has morerecently spreadto naval architecture.

Probabilistic design conceptsfor structures were first proposedin
in 1947 [1]. Since then, several investigators have presented~.sm

further considerations for applications in civil en~ineerinq. References[2]. .
thru [6], mechanicalengineering, references [7] thru [9], and morerecentiy-

- .

in naval architecture, reference [10].

Within the frameworkof the present study, a brief review of the
numerousmethodsas cited wasperformedto identify the oneswhichwouldseem
appropriate for future consideration in probabilistic structural analyses
of ships from the standpoint of design.

3,Z Probabilistic Methods

3,2.1 Quantitative Measureof Performance——

As previously menticned, the existing probabilistic structural
analysis methodsdiffer in the output measureof performanceof the structure
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being consic!el-ed.

Thosemethodsthat are moreprobabilistic in the mathematical
5?n5e, generally, are of the classical type. Their measureof performanceis
in terms of a probability defining failure or reliability.

The other methodshaveevolved primarily due to the difficulties
associated with executing a ‘fully probabilistic procedure. Their measureof
performanceis not a probability at all, instead, it is a numberindicating
either a marginof safety or reduction and magnification factors for strength
and load, respectively. Thesenumbersdo not havea physical siqnificande
like probabil-ity of failure or reliability, but they can be comp~red
other for previous successfuland unsuccessfuldesigns to obtain lim

3.Z.2 Classical Approach

The one commonpoint in all probabilistic structural ana

to each
ting values.

vsis vro-
cedur-esis the definition of the probability of failure and reliability. “1f
the failure-governing load is Z and the failure-governing strength S, then the
probability of failure, Pf, is qiven by all probabilities that the failure-
~overning ~oadexceeds”the-fail~re-governi ng”strength:

(1)Pf = P (Z>s)

The probability df fai
the reliabil ity, R, becomes:

R = I-Pf = P (S>Z)

ure is also called the unreliability, while

(2)

Equation (1) is presented in muchof the literature. for exam~le
in [10], a~ directly applicable to ships in the following manner:

Pf = P [s<2] =P [~1] = P [Q<l] (3).
= P [(S-Z)<O] = P [M<O]

The terms “Q” and “M”of Equation (3) are functions of two randomvariables:
the stren~th, S, and the load, i?, and themselvesrandomvariables whose
probability mustbe determinedby joint probability densi,tyand distribution
functions. However,there seemsto be a universal a reementto qon~ider

ithe load and strength statistti@ly independentso t atthestatisticsaf ElandQ can
b directly determinedfrom thosd~f S and Z. This assumptionappears to be
reasonable for moststrength considerations as long as the effects on the
structure of being in an aqueousenvironmentwith wavesfor a long period of
ti’mcare accountedfor in the strength. If ~ [z,) and@&}are the probability
density and distribution functions of the load, respectively, and fs (s) and F* (s)
those of strength, then it can be shownthat the density and distribution
functions of Q are, [10]:

‘Q (d = ~~(j(z) f’s (qz) z dz (4)

FQ (q) ‘o~~(d FS (qz) dz (5)
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and the prcbabil ity of failure becomes:

~+(dF~ (z)dzPf=e (6)

= ]-j~(Z) fs (Z) dz (7)

Equations (6) and (7) are rather simple and could easily be
evaluated provided the derlsity arid distribution functions of load and
strength are known. This is where the crux of the matter lies and will
bradiscussed later in Sections 3.3and 3.1}.The methodsthat makeuse
of Equations (6)and(7)varySignifi=rrtlyincornp~exityandeffort
required for execution.

Equation (7) can be evaluated for each modeof failure and,
as nated previously, the sumof all probabilities of failure for all modes
will give an upper bound. To do better would require the joint probability
de~sity function of strength in the various failure modeswhichwould be
at’best very difficult to obtain. A lower boundorI the probability of
failure can.be determinedby assumingthat the modesof failure are perfectly
correlated.

3.2.3 Safety~—.

The difficulty in obtaining load and strength density and dis-
tribution functions has led investigators to developapproacheswhich mini-
in!ze the effort required. For instance, in,the area of ships, [13] contains
an approximate semi-probabilistic design methodwhichwasmotivated, among
other things, by the lack of data on loads and strength and by the contro-
versial status of formsof load and strength distributions. The method
requires that orIly the meansand variances of the load and strength be known.

This “approximate”approachconsiders the margino
5 safety II

of Equation (3) as a randomvariablewithmeanw andvarianceOH..
‘f = P ~M<O]= P [~w<~] = P [WY] = FG (-7) (8)CM

By using the error distribution of M, [161, discussedin moredetail in
Section 3.3, the meanand the variance of H can be written:

(9)

0H2 = ~z ~2
S+i! (10}

where:
riis, 0s= meanand variance, respectively of strength.

rn~: q = meanand variance of total load.

The following results are obtained by algebraic processes:



v z+vzz+’~%$ 1/2~j= 1+”~ s ), —.—-.-———
l-+f52

(12)

(13]

(,1,)

Vkre: Y =

‘s =
SH =

vz=
91 =
aN =

m =n
2 --=

‘h

indexY is

~ ..8 ~

‘sski . —
gN

safety index = m/uMM

central safety factor = m$/mZ

OS
coefficient of variation (COV)of strength = —

‘s
required section modulusof the ship hull

COVof load = rj
mZ

required section mod~lusof s-hiphull

average of failure stress of hull material

meanof the marginof safety

variance of the marginof safety

FromEquation (8),it can be seen that each vaiue of the safety
associated with someprobabil ity of failure. However,Equation (8)

cannot be evaluated since the distribution function F is not known. If
erioug~information were a“~ailable to detsrrnineF~, th% Equations (6I and (7)
fif the ciassical approachcould be useddirectly. FromEquations (11)
through (14),itcanbeseenthattheinputsneededtoobtaina hulldesign
strengtharethestrengthandloadCOV’S,meanof the bendingmoment,and
the safety index Y= The am~untof computationis insignificant.

The safety index Y is a sinqle numberthat must.be obtained
on Yhe bas,isof manyteciinf:cal~~actdrs. l.t has previously”’bee~
proposed[13]todeterminethisvaluefromexistingdesignstotakeinto
accountthevastaccumulatedexperience.Inaddition,if the probability
of failure associated with past designs is socially acceptable, then this
aspect is also considered.

3.2.4 ~h Reductionand LoadIlagnification Factors

This method, discussedin [5,62,63], is similar to the approximate
inethoddescribed above in that only meansand variances of the load and
strength are used to obtain relative and semi-probabilistic measuresof the
structure’s performance. In this case, the measuresof performanceare’the
strength reduction and load magnificatioti factors.
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The strength reduction factor. f., and load magnification factor.

‘z’can be defined as follows: s

f.~ = minimumstrength = ‘S-K$ ‘S
average strength . 1-KSVS; $< 1= (15)m~

where: K =%>= l%cto~$givi~thenumberofstandard
deviations betweenthe averageand the
minimumstrengths and the maximumloads,
respectively.

For a safe design, the minimumstrength mustexceed
the maximumload:

or equal

“mf > ms s- z ‘z (17)

The values of acceptable strength reductions factors and load
magnification factors could be obtained from past designs in a similar
-fashionto the safety index of the previous section.

In [5], this approachhas beenextendedto fatigue for both the
cocstznt rangeand the randomloads.

Similarly to the safety index approach,
to ex.ec~tethis methodare quite limited in extent and

3.3 Strength Statistics

the analyses required
tiomplexi~y.

3.3.1General

It mustbe first stated that the strength of the hull girder
mayor maynot vary with time dependingon the failure modebeing con-
sidered. Time invariant strengths will include yielding and buckling.
Time variant strengths will include fracture, fatigue, Snd reducedstrengths
due to corrosion. ‘For ships, time variant strengths will a
include randomloadingsof low or high cycles, and possibly
This scenario shouldcover the mostsignificant nmdesof hu’
which need to be addressed.

3.3.2 Strength Equation

The strength of a structure is principally

so normally
thermal loadings.
1 girder failure

described in two
different ways in the numerousprobabilistic structural design methodsto
be found In the literature.

or:

s = f (E,, ~2, ----- En) (18)

S= k,k2k3----knS’ (19)
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where: cl----en = Constituent parts of the strength which
are assumedto be randomvariables

s’ = Nominalstrength determinedunder idealized
and standard test conditions

‘i--- $ = Strength factors to convert the nominal
strength to actual strength. (Thesefactors
are assumedto be randomvariables)-

The Kfactors.account for physical variables suchas size, formingandmanu-
factut-ing processes, surface finish, load, heat treatment, direct surface
environment, temperature, timez corrosion~etc-

The approachgiven by Equation (18) has beenused in ships,
but the actual examplesdevelopedhave beensuch that only the explicit
functional strength constituents, F, have beenconsideredas random
variables or uncertainties in the strength. As the probabilistic analyses
becomemorecomprehensiveand moreuncertainties becomeidentified, some
of these maynot appearas constituents in the strength equation, and
the approachdepicted in Equation (19) mayhave to be adoptedin addition
to that in Equation (18).

3.3.3 Strength Distributions

Equations (18) and (19) give qeneral expressionsfor the
strength, but since the strength is statistical in nature, the probability
‘densityand distribution function mustbe specified to completely characterize
it and allow the probability of failure to be evaluated by Equations (6) and
(7) .

The probabilistic structural analysis approachesfound in
the literature assumethat the strength distribution can be determinedin
one of the following ways:

0 Actual componentstrength distribution determinedby
actual testing under the exact geometry,application,
andoperationalenvironmentinwhich the component
shall function.

0 Componentstrength distribution synthesizedfrom the
knowndistributions of the constituent parts and
strength factors as given in Equations (18) and (19).

o An assumptionmadeas to what type of distribution the
strength will follow, i.e. normal, lognormal,Weibull, etc.

0 An assumptionmadethat all that can be determinedof
the strength is its COV.

The first of the aboveapproachesis usedextensively in
machinedesign and someof the test equipmentrequired is described in [7].
This approachwouldhardly seemrealistic for ships becauseof the large
size of the structure, the implication of using the whole ship as a dis-
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cardable test component,and the large data samplerequired for conclusive
resu)ts. Whetheror not componentsof the ship structure could be tested
;~ndresults extrapolated to the whole ship appearsquestionable. In the
case of weldedship grillages undercompressiveload [64]:

“Further experimental evaluation of grillage strength also
has a key part to play but cannot be expected‘to provide direct statistical
descriptions of grillage strength; large-scale tests of the type described
in the present paperare too expensiveto carry out in sufficient n(~rirbers
and small-scale tests are statistically unrepresentative for the reasons
mentionedabove. It is suggestedthat the main role of further -
grillage tests should,therefore~be to guide the developmentof improved
analysis methodsand to checkthe accuracyof suchmethodsand design
data with provision of empirical corrections wherenecessary.”

The secondapproachrequires that the distributions of
the constituent parts and strength factors be known. It may, for example,
be necessarythat the distribution of the dimensionsof depth, beam,and
the area of flanges be known. Suchquantities are muchmoreamenable
to scrutiny in ships than the overall testing of the hull girder. AS

discussed in Section 7.0,however,not muchdata presently exist for many
of the variables, and consequentlythe distributions themselvescannot
be identified. This wouldseemto be a promisingarea in the future,
if an effortismadetocollectsuchdata.

If the distribution of the constituent parts arid functions
are known,there are various methodsfor synthesizing their distribution
to obtain the overall strength distribution. Reference [7] gives eight
metimds:

“ The
0 The
0 The
0 The
0 The
0 The
0 The
0 The

algebra of normalfunction method
changeof variable method
momentgenerating function method
Fourier transform, convolution, and inversion method
Mellin transform, convolutionand inversion method
characteristic function method
cumulativedistribution function
MonteCarlo method

The MonteCarlo methodwill always give results even for
of non-identically distributed randomvariables although

method

complexfunctions
the length and

complexity of the computationswill reportedly be quite extensive and
possibly unrealistic.

The third approachrequires that assumptionsbe made
concerningthe distribution of the strength. Of course the samecould be
donewith the constituent parts and factors, and the secondmethodused
to construct the strength distribution. This approachseemsto be
universal in Ihe literature for civil engineering and naval architecture.
it is natural that these two disciplines wouldmakegreater use of this
last approachbecauseof the size and complexityof the structure analyzed.
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This approachrequires the adoption of a distribution (such
as tha normal, lognormal, Weibull, etc.) and the specification of necessary
parametersof the distribution to obtain numerical values from tabulated
Je[lsity and distribution functions. The necessaryparamete~sareat ieast the
first and secondmomentsof the distribution, the meanand variance.

Most of the assumeddistributions in the literature on
structural analysis are the normaland the lognormaldistributions. It
would seemnatural for investigators to makesuchassumptionssince expe-
rimental measurementsin science and engineering seemto approximate,
rather well, the normal law. However,the integrations of Equations (6)
ancl(7)for theprobabilityof failureinvolve important constituent
parts at thetail”e~dof the distributions which can vary greatly depending
on th~ assumeddistributions. In r ference [~]}it is stated that for
the probability of”failure P 4 10“5

%
, the calculated probability is sen-

sitive to the assumeddistri ution and the results can only be used
relatively. ‘3On the other handfor probabilities of failure Pf> 10 ,
such problemswould not be too serious.

As reported in [15], the record of world ship catastrophes

-“4
ind.cate a current probability of failure for ships in the order of
10 so that these approximationsmaynot be a problemin the case of
ships if the historical safety levels are consideredadequate.

If the strength is assumedto be normally distributed
the probabil ity density and distribution functions are:

j+) =T* exp -1/2(~:) (20)
s

~ (s) ‘JsJ.@ As s“?!! (.) (21)
-z

where: ‘s = mea~of strength S

‘s = standard deviation of strength S

Ys = standard tabulated normal function.

Consequently,under suchan assumption,theonly quantities that need to be
tieterminedare the meansand variances of the strength- Then, the pro-
bability of failure given by Equations(6)and (7) can be evaluated
(provided the load distribution is known). The latter statement is not

trivial since~in fact, the meansand variances of ships strength are not
easi ly determinable.,

The
function in terms of
of t}le C(]n$tituents:

s =

approach,in general,has beento expandthe strength
its constituents in a Taylor Series about the means

f(E,, E2,---- PEn)
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) +&’’(Eif(r, rz, ----, q.
~f

= - ‘Ti) (~~)~t”
1 (22).

+ v2z-%i - ~i)2 ‘(-?!.) +.... + (Remainder)<“+ aEi2&;

in which tne derivatives are evaluatea at tne constituent means,K , v
-- G

2,--
and the remainder consists of the higher derivatives. 1

n
If it is assumedthat the higher derivatives are small

Cr zero and that th’e coefficients of variation of the constitlJents are
‘small, in
be linear

the order of 15 per cent or less [16], then Equation (22) can
zed and the following obtained:

!!?s
~ f(~], z2,----zn)

~ (23)

Where & is the correlation coefficient between:. andEj.
These assumptionsmaymot turn out to be correct for all shiDs f~r all

modesof failure. It is indicated in [14] that the inclusion of ~on-
Iinearities in the strength distribution causesvarious changesonly in
the predictions of long-term probability of failure.

Further, makingthe assumptionthat the constituent parts
are statistically independent, the corr&lation becomeszero and Equation (24)
reduces to:

(25)

..
Equations (23) and (25) have been used in ship studies to

date. The assumptionof~erc cmrelation inherent in Equation (25) may
be reasonable for manyof the constituent parts. For example, in the
case of thestrength defined by Equation (27), the beam(B ) should have
no effect an the depth (D) and similarly both D and B should have no
effect on.plate thicknesses tf and tw On the other hand, as an example,
the strengths in different fa”ilure modesof the samepaqel maybe highly
cGri-elatec! [(16].

IfEquation(25)iswritten,intermsof a coefficient of
variation (COV):

m&”6:i*

Cov

(26)

g=$=COV’sof constituent parts
4
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Equations (23), (25) , and (26) then gi,ve the strength parame~erls~lean,
variance,and CGVrespectively in’ terms of the meansand variances of
the constituent parts, ( E ). Thesemust be determinedfrom data or by
estimation as discussed in detail in Section 7.o. The definition of
the strength is then completeand the probability of failurd can then
be evaluated. The greatest amountof effort is neededin determining
the strength COV,and is only a fraction of that required by the first
~ViO approaches. Onewould,of course,havea lesser degreeof confidence
in tha results.

The fourth approachrequires only that the COVor the
man and variance of the strength be known. The procedureto obtain
these was just given above. Ttiesedatacanonlybeusedin the semi~
probabilistic methodsoutlined in Sections 3.2.3 and 3.2.4. This approach
req~ires the least computationaleffort to obtain its results.

3.3.4 Time DependentStrengths

In general, whenevera critical failure modeinvolves
a t?mevariant strength suchas it does in the casesof fracture, fatigue,
thermal effect , and corrosion, the variations with time mustbe accounted
for. If the strength can be treated as a function of time, the general
probabilisticprocedurespresentedpreviouslycan be utilized.

Mechanical reliability for componentsexposedto fatigue is
discussed in [81and [9]. The approachtherein is to use the form of
strength given by Equation (19) whichwould take care of sometime-dependent
effects through the K coefficients; this is implied but not stated.

Fromthe standpoint of fatigue, the following problemsare
djrectly addrzssed in these references:

Q Fatigue undera fixed alternating load level, given
the “cycles to failure” distribution of the component.

0 Fatigue for a specified life given the broad band
strength and load distributions for that life.

“ Cumulative fatigue under sequential groupsof stresses,
each group having a specific numberof cycles and ths
samemaximumand meanalternating stress levels.

‘fh~ approachestG solving these problemsare identical to those previously
discussed herein in that all analyses are performedat a given time in the
life of the componentand at a constantloadlevel.

Reference [17] reports on studies conductedto
investigate time-varying structural probabilistic strengths in the jet
engine field. The basis”of the general procedureproposedis a compu-
tational sequenceto determitm probability of failure w tin-wconsisting
of two phases: the first is a failure ~robability phaseand the second
a de~radation of strength phase. Thus, a probability of failure .calcu-
laticn is made, followed by a strength degradationcalculation reflecting
someoperation time. The sequencecan be repeated indefinitely. The
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(27)

crux of the procedurerevolves around identifying a time-varying strength
degradation scenarifi. Several types are proposedbut the analyses reported
in that paper were of a “preliminary” nature. It is noted that additional
work was.in progress at that time.

During the courseof”the study presentedherein, a po-
tential scenario for corrosion of ship hulls wasenvisioned. If the
modeof failure under consideration is that of yielding during bending
of the hu?i girder as a “free-free” beam, it can easily be shownthat
the strength equation is:

s = f(D, tf, B, tw, ~Y)

= N5y E D(@+l/3twD) s
Y

where: N = deck or bottomsection modulus

= tensile strength
‘Y
D = section depth

B = section beam

‘f = area of flanges

Aw w area of webs

‘f = Af/2B = equivalent thickness of one flange

t = Aw/2D=equivalent thickness of one webw

if corrosion is introduced, then Af, Aw, tf arid tw
becomefunctions of time as the plating corrodes.

The plate thicknesses maythen be considereda function of time as follows:

where: t(r) = Plate thickness in time -

to = original thickness at T=O

R= = Rate of corrosion, also a random

The ~tren~t~, ~ou~~ then becomea function of time and

(28)

variable

the probability of
fa;lure c~uld be estimated at various times during the ship’s life using
the probabil istic theory previously presented. Alternatively3 the original
strength at time t=o ccil~dbe multiplied by a factor kc, reflecting equation
(23), also a randomvariable, to accountfor a specific reduction in
~trengti~ at a certain time in the vessel life.

Anotherapproachto considertheeffectofcorrosion
whi~!~ C50CSnot result in a time dependentstrength is to take the total
plate Lhicknessas the sumof the thickness required for limiting stresses,
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t“, pl us

Which by

where:

a thickuess for corrosion allowance, t c [62]:

t =t”+tc (29)

Equation (26) yields:

7=22
~: = (>)2 . ~: + (~) 6= (30)

n

6t = COV of the plate thickness due to production tolerances
n

6 = COV due to corrosion
c

As pointed out in [62], the corrosion rate wil I vary from one group of

strength members to another and this has been addressed by others using
a Monte Carlo simulation technique [651 .

In [19], a method is presented for probabi 1 istic analysis

of fatigue-crack initiation at a butt-welded joint. The procedure is used

for analyzing both the longitudinal and transverse structural members of

a tanker subjected to random st i 11 water and wave loads. This reference

represents the only source found during the course of this study which

gives a probabilistic evaluation of ship structure fatigue. The strength
function given therein is based on Miners’ law and on the coefficients

of a logarithmic 1 inear approximation of the S-!1 curve, which are regarded

as random variables. A sensitivity analysis on these raridom variables
is also presented. The degradation of strength in time by factors other

then fatigue is not considered and it is noted that:

llbeca”~e of lack Of sufficient amount Of Statistic data

or quantitative information on unexpected defects in hull structure, this

study is limited to within a range of treating only a standard ship which
is built through sound workmanship of well qual ity-control led fab:-icat ion

and is put inlo service with satisfactory maintenance under normal ope-
rating conditions. [t should, therefore, be clearly born in mind that

the results obtained by this analysis will provide information on

the rel iabi 1 ity of ship structures merely on the basis of design-oriented

point of view. ” [19].

The approach used in [5] , as previously discussed in
Section 3.2.4., has been extended therein to constant stress range and
random fatigue.

3.4 Load Statistics

3.4.1 Genera 1

As discussed in Section 2.0, the objectives of this study

do not include details concerning the load distribution. However, since
the load is one of the two major considerations of any probabi I istic

structural design, it will be discussed here from the standpoint of
characteristics and mechanics that must be considered for appl i cation in

probabil istic structural design. The 1 iterature on loads does not
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address this point extensively. A qualitative appraisal of the situation

with respect to loads applied to ships is included in Section 5.o of

this report.

The types of loads appl ied to the hul 1 girder consist

or the fr,l lowing [59] :

Calm water due to weight and buoyancy.
Ship’s owrl wave train.

Thermal effects.

Quasi-static wave induced (row frequency) .

Oynamic (high frequency) : including slamming,

whipping, springing, and propelrer induced vibration.

Equations and Distributions

Equations (1) through (7) deal with expressions for

the probabil ity of failure, reliabil ity, and margin of safety. In these

expressions strength and load carry the same weight and require the same

type of expressions for their mathematical description. Hence, al 1 that

has been stated for the strength equations and distributions would apply

in most cases to the load distributions as well.

With respect to ships, th+ procedures of synthesizing

distributions of the constituent parts into that of the whole should be
emphasized. The procedure for combining sti 11 water and wave bending

moments, springing, slamming, and thermal effects should be similar to

that presented in 3 .3.3 for strength distributions.

The analyses to be found in the 1 iterature on probabil is tic

;tructur.~1 design of ships have only considered sti 11 water and wave

Lending momerits directly. This is primarily due to lack of information

appl icable to other types of loads, as discussed further in Section 5.0.

I t should be pointed out here, however, that in any complete probabi 1 istic

ana Iys is, the total load must be considered.

(n the case of longitudinal strength, this total load wi 11

include the effects of local loadings, such as that due to water head,

since this wi 11 add a random load toward increasing the. overal 1 load and

hence, the stress.

With respect to specific distributions proposed in the

1 iterature, those found in [10] have been used in probabi 1 istic structural

analyses of ships presented therein; the wave bending moments and sti 11-

water bendi ng moments have been cons idered. The ampl itudes of the wave

bending moments are assumed to fol low a Rayleigh distribution in the short
term, and an exponential probability law in the Iong. term. Using the

Weibull distribution, both the short-term and the long-term wave distri-
bution and densi ty funct ions, respectively, are given as follows:

f, (x) = (l/k) . (x/k) L-l c--(x/k) x>O (3?)

JxfL(x) dx = \-e-(x/k) ‘>0
(32)

FL (X) -
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i!.~ 2 for short term
= 1 for long term

k = ‘&for short term
k = A for long term

E = meansquare value of L taken over a short period of time
a = expectedvalueofL takenovera longperiodof time

It should be pointed out that in [60] it is shownthat the
exponential Tawunderestimatesthe data measuredonboardan
Ore/Sulk/Oil carrier. Therein, it is concludedthat mathematicalmodels
basedon the normalor general Weibull distributions give excellent agree-
ment with statistical data for the ship analyzed. Reference [61] shows
Ihat for two other ship%the Wibull distribution doesnot exactly fit
the data.

In Reference [12], “order statistics”areusedreobtain
theextremewavebendingmomentdensityanddistributionfunctionsusing
equations (31) and (32)- These extreme functions become:

4(Y) = & (y/k) L”l-e - (y/k) ‘[l-e- (y/k) ‘]n-~ y>n
Yn

Q(YL p[yn<y] =
Y,~

[1-e- (y/k)k] n y>()

(33)

(34)

where n is the numberof wave records considered.

The still-water bendingmomentisincorporatedfirstas
ciaterministicandthenasa normallydistributedrandomvariable. The
combinedstill-water and wavebendingmomentprobability density and
distribution func~ions in the deterministic case are: . .

= 0, otherwise, ~ >Me

(36)

= O-otherwise, z >mo

where m is the deterministic bendingmoment.o
The prohabil itydensity and distribution functions in the

and s9dl -mzm(z)= -,— ~/@~-i,e-(@)J (m}
k uafi o

.[~_ ~-whl m-l] j’:. ,-~~%”)’ d~v

where mand a are the meanand standard deviation of the stiil waterbending
momentrespectively.
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SECTION4.0

MODESOFHULLFAILURE

4.1 General

It is well knownthat the design of a ship’s hull girder
from the standpoint of longitudinal strength is usually performedby
considering yield failure of the hull girder as a free-free beamin bending.
The load is normally determinedby balancing the ship on an “extreme
wave”for both hoggingand saggingconditions and the resulting stress
must remainbelowan allowable level, Factors of safety basedorI
experience are contained in the loads and the allowable stresses. Ex-
perience has showntha,t suchan approachlea s to probabilities of
commercialship failures in the order of 10-9, .[15, 59], although.themodes of
the failures are not all known.,

[n turning to probabilistic structural design, as pointed
out in Section 3.0,
and accu$
Further,
calculat

remember
the only

ate distri
all potent
ens.

all conventional facto’rs of safety mustbe stripped away
utions of load and strength mustbe determined.
al modesof failure must be analyzed in separate

ast aspect mayappear subtle to some;but one must
eld failure of the hull ’girder as a beami.s not

This
that the y
potential modeof failure of a ship hull qirder. ldith the

historical conventional factor of safety approach& this yield failure
rmde, other modesof failure mayalso be automatically taken care of
but with smaller marginand,therefore,with less of an effective factor
of safety. This,of course,is the major shortcoming of the conventional
factor of safety approachand is rooted in its empiricism.

Consequently,in the probabilistic structural analysis, all
the potential modesof failure of the hull girder mustbe identified and
analyzed. The output mayagain be a factor of safety, but its determination
would be on a morerational basis.

4.2 Modesof Failure of the.Hull Girder

Modesof failure of the hull girder from a longitudinal strength
standpoint can be groupedinto the following:

0 Yield failure due to
as a free-free beam

0 Compressioninstabil
o Brittle fracture

9 Fatigue fracture

bendingof the ship considered

ty buck i,ng

0 Ult!mate plastic collapse
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As previously stated, longitudinal strengthin hull girder design
is usually basedonthe deterministic evaluation .of beambendingwith”factors of
safety to prevent a yield failure. However,it is interesting to note that
various investigators have indicated this not to be the mostsignificant
modeof failure, [21] and [23].

In [2)],itisshownthat compressiveand tensile strengths of
even poorly built ships are adequateto withstand the nmstsevere wave
bendingmoments.Mith respect to brittle fracture, it is noted that
fractures cannot initiate becausethe quality of workmanshiptoday is
high and the nominalstresses are usually low. However,if higher allowable
~~re5~e5 in hull materials are used, then meansof arresting cracks will
have to be considered. The feeling is that the brittle-fracture problem
carI be eliminated by proper use of crack-arresting steels underany
circumstances. In the future, the problemmaybe restricted to fatigue
cracks and howlarge they maybe allowed to get without leading to
unstable fracture. Fracture-mechanicsinvestigations are proposed
for this analysis. A statementmadein (21] is of interest:

“SOmuchfor the brittle-fracture problem. It is quite
possible that within 10 or 20 years it has disappearedfrom shipbuilding.
Then the level of permissible stresses will be to a large extent
determinedby fatigue considerations. In fact it do(:sso already now-
adays together with brittle fracture, ‘bucklingof bulkheadsand webs
of deep framesand bottomdamagedue to slamming. It seemsthat
not everyone is awareof this fact. There are even investigators,
dedicating theit- time to wavebendingmoments,whoare not much
interested in fatigue.”

In [22.], a methodis presentedfor the determination of the
ultimate plastic momentof the hull girder. It is stated that elastic
stresses from the conventional approach:

“maybe influenced hy residual reactiori or thermal effects
to suchan uncertain extent that the stresses thus calculated are some-
times regarded as havingonly comparativerather than absolute value-
The ultimate strength of a ship is likely to be influenced by these
uncertainties to a muchsmaller extent, so that the calculated hull
bendingmomentshouldgive a reli,able indication of thq true bending
strength of the hull. It mustbe emphasizedagain, however,that the
possibility of prematurefailure by major hull fracture mustbe guarded
against by proper designand construction details and control nf material
quality. If this is true, then overall hull girder failure can only
occur-throughyielding and buckling, in the wayassumedin this analysis.”

However,discussionsof the cited reference indicate that
buckling has beeneliminated to a very great extent and brittle fracture
is the principal hazard, [23],andthatlow-cyclefatigueleadingto
localfailureandhasteningthecomplete“breakingitsback”before
the ideal ultimate failure load is the primary probJem,[24].

It is proposedin [11] that the fracture modesof failure
can be avoided providing care is taken in material selection and inspec-
tions are madeperiodically. In conclusion, it is in eff,ect stated that
only adequatesafeguardagainst the occurenceof plastic collapse need
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be provided. This ‘is.tantamount’to the considerations of compression
instability whichare summarizedas strut-panel and tripping of
stiffeners locally as well as overall grillage buckling.

In [18], the importanceof analyzing various modesof
failures and damageto ship structuresispointedout. Resultsofa
20-year-lifetimeprobabilityanalysisaregivenwithrespecttoyielding,
localbuckling,totalcollapse,andfatiguetypefailures.Effectsof
localwatarpressurearealsoincluded.The results, quoting from
the afore-mentionedstudy~were that “The probabilif

Y
of fatigue crack

initiation is comparatively high, whereasfor ductl e failures,
probabil
followed
probabil’

remember

ty of local collapse of bottomlongitudinal is fairly significant,
by the yield failure of deckor bottomplating, and very low
ty of total plastic collapse of the hull girder.”

As a further complication to the problem, one mustalso
that manyof the proposedmodes of failure have been inves-. .

tigated from a “stress at a point” view and due to primary hullstresses
only,However,the hull girder has the capability of redistributing
stresses once it yields at a point. The total principal stress must,
~herefore, be determined by the superpositionof primary, secondary,
and tertiary stresses. Again these considerations are not important
in the ilsual empirical approachto longitudinal strength but are of
Great concern in any precise structural analysis.

4.3 Conclusion

It is obvious from the foregoing that the modeof failure
for a ship hull girder is not specifically known. In fact, it seems
perfectlyplausiblethatthe modeof failure mayvary dependingon
the clesign as is generally experienced in structural design. Furthermore,
the overall probability of failure requires that all probabilities
of failure of individual modesof failure be knownandcombined,and
that the total stresses including any local stresses mustbe considered.

As opposedto this situation, in the examplesof
probabilistic structural design for machineparts, suchas the one
in [8], the modeof failure and various stress componentsacting on
the parts are exactly known;and it is emphasizedthat ~his mustbe
the case. Section 3.0 discussesthis subject in moredetail.
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SECTION 5.0

LOADINGS

The present study is not concernedwith any investigation
of loadingsonthehullgirderotherthantoobtain,froma review of
the literature, data on loadings needed to perform an example calculation.
Yet, this point must be addressed in principle, since it shares an
equal portion with the strength of structures in the probabilistic
structural design theory. In other words, in order to performpro-
babilistic structural analyses, all mustbe knownabout both the load
arid the strength.

It wasstated in Section 3.0thattheloadconsideredmust
bethetotalloadactingonthestructuretocausetheparticular
failurein question. in relation to the longitudinal strength of
a ship hull girder, such loads would include still-water bendingmoments,
wave-inducedbendingmoments,springing induced bendingmoments,
slamminginducedbending moments of all types, transient deck loads
due to weather, thermal effects, and bendingmomentsdue-to the ships
ownwavetrain, Except for the waveloads, there is very little
in the literature concerningthe statistical data for these various
loadings.

From the
wave loads, Reference
extreme values of the
andassumingthat the

standpoint of analytically determining lifetime
[12] presents a procedurefor determining the
wavebendingmomentusing “order statistics”
distribution of the maximumsis of the Weibull type.

Several investigators havepresentedstatistical ful i-scale
data measurementsof wavebendingmomentsfor actual vessels,[25],[26],
[~~”f, ltered out

In the measurements presented, thee ffects of springing and whipping. . The results are curves of cumulative long-term
distribution of the averagebendingmomentsWhiCtIshow the probabilities,
per cycle of load [27], of exceedingdifferent levels of these bending
nmmentsduring a ship’s lifetime. Figure 1 is an examplereproduced
From[26].A methodfor converting these loads per cycle to a cumulative
probability curve for the ship’s lifetime is indicated in [28].Followinq
this procedure, a form of long term distribution mustb: assumed.
As discussed in Section 3.4, the different assumedIong-term-distribut
shapesfit the measureddata differently [10, 60, 61].

Th&redoesnot appear to”’beenoughdata nor any analytica
method~in the literature for determining the statistical distribution
of the other loads mentionedabove. The ship structural reliability
studies presented in [1o] assumedboth deterministic and normally
distributed still-water bendingmoments. Reference [29] discussesthe
computationsof waveslammingand springing bendingmomentsin the

on

context of a probabilistic structural a,nalysis, but it is painted out ’that
muchverification mustbe madewith respect to slammingand springing
before the procedurescan be used. [t is also noted that with regard
to the structural probabilistic analysis, springing and slammingwere
not incorporated although they might easily be.
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In conclusion, it is to be noted that the total loadsceriario for a ship is not clearly established, particularly in the
probabilistic sense. An absolute or completely rational probabilistic
analy~i~, from the standpoint above, does not seem possible at thistime.
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SECTION6.0

PROBABILISTICSTRUCTURALANALYSISOF

SHIPHULLLONGITUDINALSTRENGTH

6.1 General—“

All of the mostessential considerations for probabilistic structural
design, discussedin precedingsections, wouldapply to transverse and
torsional hull strength as well as longitudinal. Howevzr, transverse and
torsional hull strength are beyond the scope of this study (Section 2.0).

It is clear that there are significant problems concerning the
data, theory, and techniques that stand in the way of a completely rational
probabilistic hull girder longitudinal strength analysis. This is to say
that the probabilities of failure from suchan analysis could only be used
in a relative sense; and even then the comparisoncf malesof failure
might be questionable due to possible better input to one modeof failure
analysis than the other.

Other investigators havediscussedthis point. It is stated in
[18] that the relative assessmentof probabilities of failure maybe one of
tha useful methodsof evaluation of ship structures. In Reference [13], one
of th~ motivations behind the approximateapproachpresentedtherein was
that “probabilistic analysisofstructuralsafetyfor ships is difficult at
the present time becausethe available data are too limited to provide the
exact formsof the probability distributions of the bendingmomentand
th~ ship strength.” Reportedly, the samplesize required is of the order
of mllltimil lion pieces of recordsor data [30]. Twomorerecentpapers,
[62]and[63], also discuss this point.

Oneother aspect of probabilistic designwhichhas received mentian
but not muchanalysis is the problemof determining the acceptable limiting
value ~f the. probability of failure. It wasmentionedprevious-lythat the
cur-rent level, basedon actual occurrences,wasdeterminedin a study [J5, 59J.

The two emergingproblems, i.e. the lack of available data and
techniquesto performan accurate probability of failure analysis and the
absenceof an acceptable limit to the probability of failure, point to a
need for the following three overall efforts:

0 Continueto develop techniquesan~ obtain data for both
load and strength for probabilistic analysis.

0 Performabsolute probability of failure analyses for
different ships, compareand update the results as
better data and techniquesare developed.

0 Fromthe data presently available on ship failures of all
types for all types of ships, performsemi-probabilistic
analyses to identify safety factors of current and
past ships.

The first of the above
structural analysis methodology.

is neededfor the advancementof probabilistic
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The secondis necessaryto obtain results using the latest col]~~ted
data and the theoretical and testing methodsin a developinganalysis
procedure, and to comparethese results with what is known and with each
other. Ultimately, the results of sucha procedurecould be used, in
conjunction with non-structural aspects, to obtain an acceptable limit for
th~ probability of failure. This would lead to the determination of the
resulting factors of safety tO be usedby designers.

The third and last effort is neededto reap immediatefruits from
the probabilistic design approach. AS mentioned earlier, current ]ongjtUdina] ~
strength proceduresonly consider ductile yielding of”the hull girder due
to an equivalent wave imposinga vertical bendingmoment. An extensive
analysis of ships, particularly those that have failed in longitudinal
strength, considering all the modesof failure and using knownloads, can
producea better understandingof whichmodesof failure are most significant,
what the factors of safety are for these modes,and possibly indicate trends
with respect to ship type, size, area of operation, etc.

It should be noted that the factor of safety discussed in conjunction
with the secondeffort above is different from that discussedin the third.
Factors of safety that comefroiman exact probabilistic analysis are to be
basedon the exact knowledgeof the load and strength. ‘This would be the
case with the seconditem but in the case of the third, uncertainty concerning
the load and strength would be tied into that sq.fety factor but it should involve
less uncertainty than in current procedures. As morebecomesknownabout
the strength and load, the results of the third item can of course be updated.

The proposedapproachesfor the abovethree areas of effort are
presented below in greater detail.

6.2 Developmentof a.ProbabilisticstructuralAnalysisMethodology

in Sections 3, 4 and 5, the areas were identified where more
theoretical studies need to be performedand data collected from full-scale
experimental rne’asurernents,These.areas can further be divided into strength
and load distributions, str&gth equations, and time-dependentanalyses.

6.2.1 Strength and LoadDistribut@

As discussed in Section 3.0, if the exact form, and the
magnitudesof the strength and load distributions are known,it is simple
to determine the probability of failure. The problemis that for both
strength and load, these distributions do not exist. The problemsfor load
are discussed in Section 5.0, and will not be elaborated uponhere since this
is not the specific area addressedby this project and is being addressed
elsewhere [32].

‘In the case of the strength, the procedurehas been to
synthesize the distribution either by estimating only the coefficients of-
variation of strength. variables, i.e. constituent parts whosedistributions
are not known,or by makingan assumptionas to what type of distribution the
strength follows. Higher level synthesesdiscussed ih Section 3-3.3 consist
of the determination of strength statistics from the assumeddistribution of the
ccmstituent parts, .frornthe knowndistribution of constituent parts, or the
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cletermil~ationof strength statistics from actual testing. The latter would
give the greatest accuracybut, as discussedpreviously, is very nearly
impossible due to its extent.

6.2.2 Strength”Equations

A simple strength equation for ductile yielding due to bending
of the hull girder is given in Section 3.0, Equation (27). Thewhole structural
description rests with equations like these and the variabies they include,.
since it is the statistics of these variables whichare Usedtc synthesize the
overall strencjth distribution. Suchan equation can be lacking in the simplifying
assumptionsassociated with its derivation or in the numberof variables it
c.dritains. Equationscan have the samesimplifying assumptions,which contribute
to subjective uncertainties as discussed in Section 7, but a difercnt number of
variables, For instance consider the following:

S = f(N,sy) = Nsy (39)

,N= g(D,t .,, B, tw) (40)

s = f[g(a, tf? B, tw)~,sy]=@B+l/3t;,4@sy (4! )

where: N = deck or bottomsection modulus
Sy= tensile strength
D = section depth
B = section beam
Af= area of flanges
I&e area of webs
tf= Af12B= equivalent thickness of one flange
tw= Aw/22= equivalent thifkness of ot~eweb
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Equation (39) only considers the section modulusand tensile strength and is
basedon the simplifying assumptionsof engineering beamtheory. TO
synthesize a distribution from these, one wouldneedthe statistics of the
section modulusand of the tensile strength. The former wouldbe nearly
impossible10 obtain accurately since ships or structural modelswould
have to be tested. By breaking the section modulusinto variables as in
Equation (40), the strength also becomescomposedof morevariables
amenableto moredirect scrutiny as far as their statistics are concerned,
Equation (41). This can naturally be extendedto muchmoresubtle
varisbles.

The objective of suchan approachis to define all the variables
which can more easily be measuredand for which statistics can be determined.
The methodsdiscussedin Section 3.3.3shouldthen enable one to synthesize
,Gnaccurate strength.distrihutlon.

The exampleof Equation (41) is usually intended for elastic
bendingof the hull girder as a beam. In the casesof fracture, fatigue,
and ultimate strength, moreworkwill probably have to be doneto obtain an
accurate expressionfor hul1 strength for these modesof failure.

6.2.3 Time-DependentStrength Analyses

It wasdiscussedin Section 3.3.4thatthereisnotmuch
availableintheliteratureregardingtime-dependentstrengthsofships.
Itis,therefore,suggestedthatresearchbeperformedto developan accurate
pi-obability of failure procedurefor the analysis of time-variant ship
strengths, i.e. in the case of fatigue, corrosion, etc.

6.3 Application of Probabilistic Structural Analysis Methodology

6.3.1 General

In order to obtain an immediateand clear idea of ship longitu-
dinal strength from the practical standpointsof modesof failure, safety
margins, and probability of failure, the probabilistic structural design
approachcan be usedmost fruitfully in a semi-probabilistic type of analysis.

The semi-probabilistic analysis approachwouldbe the easiest
to apply and be consistent with the assumptionsthat Gouldbe necessary.
Applyinga morerigorous and time-consumingtechniquewith an equal amount
of additional assumptionsmaynot add insight or accuracy, and it mayeven
detract from the efforts.

A potential basis for suchan approachhas beenpr$sented in
[13].Itisimpliedtherethattheproceduremightactuallytieused in
structural design. Fromthe standpoint of a designer, this seemshighly
unlikely in the near future since mostship longitudinal strength
determinationsare presently basedon classification society,rules, or
specifications which have beendevelopedthroughyears of experience,
and in all likelihood they wouldnot be changeduntil a different approach
that offers advantagecould be established andwell proven.
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However,in the interest of obtaining improvedanalysis methods
and insi~ht, it is important for researchers and designers to have a
better appreciation for the basic structural phenomenaassociated with
hull girder longitudinal strength. As pointed out, the present procedure
of designing for ductile yielding of the hull girder in vertical bending
may be mythical in some cases; and only coincidentally, an adequate
strength for other modesof failure mayhave been accounted for.

6.3.2 IdethodofApproach

The “ApproximateProbabilistic Method”of Reference[13]does
i;otrequireassumptionsconcerningthetypesofdistributionfor load
and strength. This methodis a candidate for the semi-probabilistic
probability studies discussedfor the short term. The details of this
procedureare presented in Section 3.2.3.

The procedurewaspresentedspecifically for vertical bending
of the hull girder as a beam. But it seemsplausible that the approach
might be extended, with somemodification, to other modesof failure.
Far the specific purposesof obtaining better knowledgeon morerational
factors of safety andon critical modesof failure, this procedureyields
the safety index as given by Equation (11) of Section 3.0. If this
inciexcan be evaluated for existing ships, including those that have
failed, for various modesof failure, then the safety factors of ship
longitudinal strength will be better understood. The results of limited
analyses of this type are presented in [13]and[31]foroiltankersand
[63]for naval designs. It is of interest to note that Figure 2,
reproducedfrom [13], gives an indication of the probability of failure
fo~ a given safety- ind~x whendifferent distributions are assumed.

The procedurefor arriving at the
be as follows:

0 Determinethe meanstrength for
in question

m5 = ONS

safety indexwould then

the mo”deof failure

(42)

whzre:
‘N = average failure stress

S = hull strength in question
ms=meanof strength

o
Determinecentral safety factor.

(43)

where:
‘z = meanof total load
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0 Ileterminesafetyindex.

where: v~ = Cov

‘z=Cov

The quantities
calculations of the ship.

(44)

of strength

of load.

ONand S shouldbe obtainable from the design
mZcan be determinedby measureddata, emp;rica]

procedures,or by an analytical approachsuchas the one in [!101. A correction
for loads not consideredby theseapproachesand the COV’Sof load
and strength can be determinedfrom existing data. Anexampleof this
procedurealong with a computerprogramare presented in Section 8.0.

The safety index Ywill be directly indicative of the
safety factor, and since it will be derived from statistics of both
the load and the strength, for various modesof failure, it will give
muchmore information than the singular approachof current design
basedon vertical bendingonly.

-28-



SECTION7.0

UNCERTAINTIESIN HULLSTRENGTH

7.1 General

As mentionedrepeatedly in the precedingsections, a suitable
approechto ship probabilistic structural analysis requires the determination
of strength variable meansand variances. The ratio of standard deviation to
meanis termedthe coefficient ofvariation or, COV.

The statistical nature of the variables has led to their being
termed“uncertainties.”

Reference (3] classifies the uncertainties into two types:

o Objective - “Measurableor quantifiable, suchas observed
statistical variabilities and deductive,,probabilisttc
information.”

o Subjective - “No factual information is available or the
uncertainty is not amenableto quantitative description
and mustbe described and handledsubjectively on the
basis of judgementand intuition.”

Oncethe means and variances of
uncertainties have beenestablished, they can

%‘m
v. = Cov of xwhere:

the objective and subjective
be combined as follows: ‘

(45)

ll~o= C,OVof objective uncertainties of x
VX5= COV of subjective uncertainties of x

7.2 Objective Uncertainties

7.2.1 General-—

The objective uncertainties of the hull longitudinal
strength are divided into three groups: mill practice, shipyard practice,
and operational occurrences.

o Mill Practice

- Variation in physical properties of materials including
ductile, fatigue and fracture characteristics.

- Variation in material thickness and shapedimensions.

o ShipyardPractice

- Variation5 in material scantlings.
-“Variations in fabrication tolerances.
- Variation in weldments.
- Residual stresses.
-initial Deflections
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o Operational Occurrences

- Corrosion
- Wear and Tear

With the goal of collecting data for these various
uncertainties, requestswere madeto steel mills-and the-literatuie was
surveyed. Fromthe steel mills, statistical data in the form of either
d;~tributi~ns, meansand variances, raw data points, or tolerances for at
least the following quantities were requested:

o Tensile, Yield, and Ultimate Strength
o Young’sModulus,TangentModulus,and ShearModulus
o Ductility
o CorrosionResistance
o Dimensionsof ManufacturedItems (Plate Thicknesses,Shape

Dimensions,etc.)
o Poisson’sRatio

Elevenmajor steel pmdwcers in the U.S. were contacted.
The responsesreceived [34] did not include any newdata, but instead made
reference to [35] through [39]. Gen&rally speaking,the steel producers
indicated that they do not collect the type of data requested. Manufacturing
of steels is controlled within the limitations of References[37] and [39].

The literature survey disclosed a numberof pertinent
references. that are of value. Thesereferences contain information on
strengths, fatigue, corrosion, dimensionalaccuracy, andwelding stresses.

makeuse of crr
COV’5, someof
of several COV
poss{ble t,o un

Since mostship-related probabilistic structural analyses
y a few uncertainties and usually assumevalues for their
the references cited were used to obtain moreaccurate estimates
s. Although there is not an abundance of data, it may be
over morenumericalvalues and do morecomprehensivean

s reported here. This work should, thereforejbe continued.amalysis than what

7.2.2

study fell into

o
0
n

Formsof Existing Data

The data for the uncertainties considered in this
three categories:

Meansand Variances
Data points
Tolerances

For eachof these a different approachwas usedto computethe respective COV.

In the first case the COVcan simply be computed by
dividing the square root of the.varian.ce by the mean.,

directly computethe
woulddirectly yield

Irl the secondcase, the data points can be used to
meanand variance of the uncertainty, whichof caurse
the COV:
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H
~=+~%

n

;= : ;-.&~.,N-1

Cov = ;

wh~re: N = number of data points
x =n n~ data point
p = mean of variable x
a;= variance of variable x

III the third case, if it is assumedthat the uncertainties
arise becauseof manyindividual variables, it can be shownby the “Central
Limit Theorem” that the uncertainties will be normally distributed. [t has
beendeterminedfor someship-related uncertainties that the tolerance limits
cjenerally encompass99.7%of the events [531. For a normally distributed
randomvariable, this correspondsto the following:

(46)

(47)

148)

p+ t~l p+t 1

I !7 -(x-v) 2Pr = ~(x)dx= ~exp[=l—]dx (49)
p-tol ~- tol =0.997

~fi~r~: p (x) = probability density function and tol = tolerance limit.

By the changeof variable t = ~,equation (49) reducesto:
+2;1

I
(50)Pr= , & e~,.{-t2/~)dt = 0.997

.%

E~:uation(50) represents a zero mean,normally distributed processwith a
standard deviation o~ 1.0. It is knownthat the .957 probability level
is containedwithin - 3 standard deviation. Therefore;

+tol_+3 (51).—. .
0

~ .~ol (52)
r

It is mentionedin [54] that tolerance limits are usually taken to be
1.lt3u. Consequently,on the basis oftheforeqoing,themean,u,canbe
chosenfromthecontextandthestandarddeviationc~mputedbydividing
the tolerance by 3.

The uncertainties whichwere analyzed
Fn groupscorrespondingto the type of data that were avai

are 1isred below
able:
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o Means and Standard Deviations

- Depthof stiffener web [53]
- Breadthof stiffener flange [53]
- Breadthand length of plate [53]
- Yield strength [35]
- Tensile strength [35]

Initial deflections in plates [67]
o Data Points

- Depthof ship [40]
- Beamof ship [40]
- Flange breadth [401

, 0 Tolerances

- Depth of ship [40]
- Beamof ship [40]
- Thicknessof plate (receipt inspection) [40]
- Thicknessof plate (undercut) [40]

7.2.3 ~termination of COV.s

The meansand standarddeviations from [35] are presented
i~ Tables 1 through 3 along with the computedCOVS.

II-I the case of the meansand variances available for
flange breadth, webdepth, arid length of plate, it is assumedthat the variance
is not a function of the absolute size of the membersince lt is not presented
in t!lis manner. Consequently,the meanand the COVof a dimension“L” are
given by:

!J = %1,

& =Cov=:

(53)

(54)

Figures 3 through5 give the data baseand expres’!ons
for the uncertainties.

The d~te-rminationsof COVSfrom data points for flange
breadth, ship depth, and ship beamare shownin Tables 4 through6. Note
that the results of Table 4 and .Figure4 agree well in that they bothshow
Cov around 1%for flarlge breadth. It shouldbe noted that the COVSfor
ship beamand depth are extremely small. Reference [10] assumeda value
of zero which appears reasonable.

The determination of COVSfrom tolerances for ship
depth, ship beam,thickness of plate (receipt inspection), and the thickness
of plate (undercut) are given in Tables 7 throl~gh10.

7.2.4 COV~ FromLiterature Survey

Reference[II] presents someresults for objective
uncertainties for materials , scantl ings, and manufacturingimperfections.
Theseare shownin Table 11,
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TABLEI - CARBONSTEELPLATES

TfH21LtSrMSGTtt.
OffJctfilTenalteStrength,k.1
UrAr+0 60-7G●XC). lo-m2I?Xct. 00*d overr

Wmbrat Tdots ;19 1,119 703 152
Offlclal TmstAv.raga,psl 57:J:: 65,)?1 74,513 ah,W
Awarag.DOff. r.nce.PSI +$06 ●I5 -367
Standardvevlat~m,p-l 1,51? 2,1E%
Corn

5,245 3,0s6
.020 .0)1 .044 ,016

71[10POIW

OffJclil Y1.ldPol,nl.k,l
UnderJO 30-40excl. 40-50.Ilcl. 50andovnr

tJAcrof Tasts 1,26s n!} 16S
Offlcl.1r*ttAwr.g*,P*1 18,55 35,65! U,$ll 5s.61GA“eragaDliferrxm,ptr +?3z -lh2 -8,421 -:,:W;Sttnd,rdOaW1.tlcm,PSI 1,711
cW

I,67J 3,251
.095 .075 .or5 :072

TABLE11- AS-ROLLEDPLATE
TABLE111- CARBONSTEELWIDEFLANGESHAPES

IiAverageOlfference.PSI
S1.ndardD.vl.tlo., psi

IICov

NumberorT.st! 1,170 .“ 150 oFflclalTcitAverage,pat
Of(lcls!TestWcragt,PST 16.015 “44,R 55,8)6 AVer.9eolffertnca,PIT
AverageDIlferance,p,! +)0? -196 -360 SI.ndardOev{.tlcm,PSI
51.mdirdDevlnLlom,pql 1,020 z,la] 2,171 Cov
cOv .056 .049 .039...—

TENSIU SIRINGTH I YIELDPoINT
Indcr651 65-7o 70LOver Under+0]40-45145-50[ 50.2over

T159 156
62:jfl 6>,170

-1,142
2,512 2,690

.04 .04
f

FLMIGETESTS

IL4 i 18
72,?26 37,608
-3,357 +161
3,632 2,649

.05 .07
—~

UEOTESTS—.

311 I10
42,19347,011
-2,247 -4,1119
3,600 ]a~a]
.0a5 .060

160 362 167 111 ]]6 145
62,67) 67,182 71,769 37,697 42:~f; 47,010
*I ,966 +161 -2,133 +1,344 -606
1,627 3,11] 4,257 2,314 z.an3m60J
.042 .046 .059 .061 ,ofia .077

.-—.—
89

52,497
-5,845
>,86]
.074

—— ..

52,5::
-2,015
4,o69
.07?



FIGURE 3

~-ETERMINATIONOF COEFFICIENTOFVARIATION

FORTHEUNCERTAINTY

DEPTHOFSTIFFENERWEE

(Data from reference 53)

-1

.26’mm

ahk =1.98mm

(1)

! -;, I-fi-q-y,
r ..—- fl..<.:X1I

-h:X:“-?5.0----——------——–— S.o1:.rwl .
-3.0 3.0

~!.2U-2.?0— 5.z2

50

40

m

20

0d
-J.-3-2

—

—
o

—

1

—

—
23

,s213
i l.x-
a-1.93

k

where:. ~web=: stiffener depth
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where:

FIGURE 4

DETERMINATIOhlOFCOEFFICIENTOFVARIATION

FORTHEUNCERTAINTY

BREADTHOFSTIFFENERFLANGE

(Data from reference 53)

..

..

Is&
= 2.18

0.51 + Lflange

(2)

breadth of stiffener flange
‘flange=
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FIGURE 5
DETERMINATIONOFCOEFFICIENTOFVARIATION

FCJRTHEUNCERTAINTIESBREADTHAND

LENGTHOFPLATE

(Data from reference

- .

‘At = -0.33 mm(breadth of plate)

‘A& =-2.36 ~

= -0.95 nmn(,length of plate)‘AE

‘At = 2.69 mm

53)

fl:I.r!

&L m:=gA~ = 2.69
FL ‘~q+fl -0.95 +~L

FL.~]ffj-r.?,> I FL

30 (It!:
-s.05 —“ ~!2#

I K

Freauency Distribution —— 4.39
20~ For&aJth of PJa~e ,

10 .1

where: $L .=iength “fPL Plate

I ‘1,-ti-7-6...4.~.2-.2-lo ] 2 3 4 5 6 ? R 9

[J:i

-1” -6.33 **2- .
4.43

,Frequency Distribution
m. n .Fo~L~~gth Of plate

10.“I
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.—
Data

l?~int

1

2

3

4
—.-

E
.——

—— .—

x (inch)

1/8

1;8

1/4

1/8

5/8
.—

TABLE 4

FLANGEBREADTHUNCERTAINTY

(x- ;)2——.
0.000961

0.000961

0.008836

0.000961

0.01172

flange breadth

5/8—-= 0.1561’4

if N<25
0.0625’1

‘flange
=

breadth

*

x-l-l+f = o.156+wf

For Wf = 6“ :

Comparison with Figure 4:
CompareA ~ 1.02% with that using formulation from Japanese standard data

‘f
~ @t = 152.4 mm (1 inch = 25-46

= 2.18
0.51 + 152.4 =

mm}

0.0143or 1.43%
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TABLEV - DETERMINATIOriOF6D(COVOFDEPTH)FROMTHEMEANANDSTD.
DEV.OFMEASUREDDATA

Data

DEPTHUNCERTAINTY—

Depth
Paint

.%@ Hess’. I)ev.

1 36‘ 1.5”
2 46’ 1%= 0.55211

3 16’ 5/8”
4 83‘

NON-DIHENSIONALIZEABOVEDATA

P&1 N Yi
— [xi

- a

S+* = 1 + 0.003472 I 1.003472 0.000896
2 1.001 -0.001576

8.02816~ 10-7
24.8378x 10-7

p~. 2
3 1.G03255 o.ooG67y 4;610+I X 10-7

.—= 1 + 0.001~g+g;5;2
1=3.007727 z=~

r+ 3
#L3.007727 ./,902576

$+ ~ * I + 0.003255

.=[~ ./+ ;.00,3,,8,

&=~=o;o:o;;;% 0.0D13G5O. 0.!365%
x
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TABLEVI- ‘B(COVOFBEAM)FROMTHEMEANANDSTDDEV.OFMEASUREDDATA

Data Point #1

55’+ 2!I
w- 55x 12

DataPoint #2

Data Beain
Point Beam He.asurecl llev.

,.— 55‘ +-=,,,? (2ships - measureddata)

2 95’ 0.1%or 1.14”

3 75‘ 1/2”

4 i4s’ -4”

NCIN-DIHEN510NA1.IZEA30’JED.4TA— ——--

DataPoint:3

~ 0.003 75’+ 0.5L 1 75‘ 75x 12= 1+ .000555

DataPoint1#1

1.1425+.—.= 145’ 41 1. 0.001 w --—-=1-
95

0.00229955x 12 145x 12

~ xi (xi -~) (xi -11,2
=6

1 1.001 0.001z481.5575x 10

0.6448X 10-62 1.000555 0.000803
-6

0.9977013 -0.002051 4.2o66X 10
-6

z-2.999256 z=6.4089X 10
n

Exix =—= 2.999256= 0.999752N — 3

“=Fs”d”408~x‘f6=0-oO’7’0‘“~:’g;:;;;=o‘-’’”%
“39-



TABLE 7

Data Tol .
Point (Inch)

1 “ 1/4”

2 1/2”

3 0.1%

4 1/2%

5 3/8

6 1/2

,-. -.— .—— .- -

UN

(Fe~t)

0.00694

0.0139

0.012

0.0139

0.0104

0.0139

ERTAINTY- DEPTHOF SHIP

~

2C.O 0.000347

36.0 0.000386

36..0 I 0.000333

26.0
1

0.000535

50.0 I 0.000278

——

L-uvg.= 0:’2:
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Table 8
.— ——— .—s

UNCERTAINTY- BEAMOFSHIP

IT
(~ee~, I :

Coef of
p (Mean) Variation

I ~o;nt (In;h) (F~et) 3 (Pe~cent)—..—$

111

i .1% 0.024 ~~1, 0.000333 0.0333

2 1/2 0.0139 200 0.0000695 0.0069s

3 1/2 0.0133 75 0.000177 0.0177

4 1/2 0.0139 96 0.000145— 0.0145
II 6 Wg = .0181

Table 9
.—,—

UNCERTAINTY- THICKNESS

(RECEIPTinspection)

~~ i“

Point..—
1

2

3

4

5

+-
1/8

I
0.0417

;J”t Io.0333t

1/32 0.0104’

1/64 I 0.0052

]/8 I 0.0417

p (Mean)
(Inch)

t

t

t

t

t

6

o.0417/t

0.0333

o.olo4/t

O.oowt

o.0417/t

d(%)
4.17/t

3*33

1 .04/t

o.52/t

4.17/t.——
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TABLE 10

UNCERTAINTY- THICKNESS.— —. ——.

—

Data
Point——

1

2

3

4

5

6

Tol .
, (Inch)

1132

1/16

1/32

1/32

1!32

1/32

1/15

1/32

1/16.——

_ (I n~h)

0.0104

0.0625

0.0104

0.104

0.0104

0.0104

0.0625

0.0104

0.0625

v (Mean)
(Inch)

t

t

t

t

t

t

t

“t

t
——.———

(UNDERCUT)—.

6

o.loVt

o.0625/t

o.olo4/t

o.olo4/t

o.olo4/t

o-olo4/t

f).0625/t

o.olo4/t

o.0625/t———
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TABLE11: Objective Uncertainties

Tv~e

Material

Scantlings

—

Manufacture

lmperfec-
tiarls

———

Variable

Moduluso-f Elasticity, E
------------.-----------------
Yield Strengths (Royal

NavyB Steel)

Plate thickness

(0.25” plate)
.-- - -- -- -. - - - - -- - _- ___--- _-- - .

Plate thickness
(2” plate)

---- - - - - - - -- - -- - -- -- - - --- - - - - .

Plate thickness
(All)

Residual WeldingStress

Source

Unknown
. -+-- . -- - --------

histograms
(two)

[551--------- ----- ---

[551. - -- - - . -- -- --- . - .

[56]

Unknown

Cov

2.5%
---------- .

6-8%

3.6%
. - -- ----- - .

0.72
------- - - - .

4%

10-15%

Reference [10] gives identical information on objective
uncertainties as ~hownin Table 12.

TABiE12: Objective Uncertainties

TVDe

Material

Variable

Yield Strength (23 ksi steel)
- - - -- - --- -- - - - -- - ---- --- -- - - -

Yield Strength (32.6 ksi
meanyield)
-- - --- - - -- . -- -- -- - - - -- - - . - - - -

Yield Strength

Source

[571,----------- - -- - -

[41]
!-- -- - - -- - - - - - - - -

[58]

Cov

6-8%.“-- - - - -- - -

6.7%.- - - -- -- - --

7.9%



Reference[67] gives information on initial lateral deflections in
plating in the bottom of a universal bulk carrier and a tanker as shownin
?ahle 12-A. It was shownby analysis of the histogramsby the X2 - criteria
that the initial defections obey a GaussianlaIw.

ship
typE
— .—

UBC-.—-

Tanker
. —— .

Dead Ia TyPeof
weight ~ IStructure (m;)

25,000 I 2.0 I bottom 118

100,000 I’”’H

5UBJECT
.—

‘T–-T–-”—r————

37.5 I 1.41810.136 I 0.0618

TABLE 13

VEUNCERTANTIES[II]
-—.

k]dnOf Fai]ure
——.—.-.,..— — —. .—.,,——...—.—--

“ensionyield . . . .** ● * . . . . . . . . .** . . . . .

‘late Buck’

Strut

Be-am

ing

Panel -

\
. . . ...** .****.. . .

Column

;rlllage B“ucklinq. ..*..... .-..***= ● **-*

.“——.—

-—

Ship bending~

3

4

4

.—

,-.—

q
‘~,

-
F--<.-.

0.15
—. -
0.43

F4;
—.

Grossf’ane]?:~— — .—.—.——
0

* C.O.V. of subjective uncertainties in strength arising from ship bending
actions. (%)

-,.J-

●. . . C.o.v.ofStibjective Uncertainties in strength arising frolmgross pa~el
actions. [%)
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7.3 Subjective Uncertainties

The subjective uncertainties, quoting from [3], “include
the non~neasurable inaccuracies of engineering analyses, any non-measured
variances of construction and fabrication, and the unavoidable and non-
dc+terminable errors associated with the prediction of future conditions.”

In Reference [10], which contains ship longitudinal
strength analyses, for tensile yield ductile bending and inelastic
compression buckling, the COVof the subjective uncertainties was taken
as 3%and 5% respectively. In the case of bending, the uncertainty was
attributed to:

II 1. The use of the simple beam theory which is based on Navier
hypothesis. This hypothesisexcludes any shear lag or
shear deformation effects.

2. The presence of small cutouts and openings in the deck.
3- The residual stresses due to welding.
h. The cracks, voids, and other flaws in the material.’!

For buckling, in addition to the above, the’uncertainty
in initial deflections of the plate was added. No mention of how the
t.~,~certainties were specifically determined is made.

In Reference [11], subjective uncertainties are given for
variatis strengths, including ultimate tension, bending, and compression
fai~ure due to plate and grillage buckling. The discussion therein
~~~e~ a nljmher of references from which data was obtained and the Ccvls
estimated. The results are presented-in Table 13.

7.4 Conclusions

Future efforts, in the long and short terms, should
be directed towards identifying and quantifying more uncertainties. Host
subjective uncertainties are really “as-yet-unquantified” objective
uncertainties. They possess the property of being Ineasllrable although
data may not exist or may be sparse and difficult to locate.

The data presented herein verifies thie assumption in the
literature that the variability in principal ship dimensions is small.
The additional results for material yield strength also agree well with
what has beer] presented before.
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SECTI’OIJ8.0

SAMPLECALCULATIONS

8.1 General

[t was stated in Section 6.3.2 that the “ApproximateProbabilistic
Structural Analysis Method”of Reference [13] can be used to obtain more in-
sight into ship hull longitudinal strength throughdetermination of the safety
index, Y“.

In this section, the methodis applied to the ten different
ships in vertical hull bendingmodeof failure whichwere analyzed using the
methodfound in Reference [3”1]. Table 14, reproduced fron this reference, gives
the input data and the safety index results.

TITis section presents a computeralgorithm whichembodiesthe subject
method. An equation for the strength COVfor ductile yield vertical bending
is developedin terms”o,f the COV’Sof the uncertainties. Results of the com-
putations with the computeralgorithm are presentedfor nine ships using the
data from Table ]4. In the casdof Ship #10, the formula developedherein
for the strength COVis utilized along with the ramainingdata of Table 14 to
obtain the safety index.

8.2 Canputer Algorithm

The computeralgorithm represents the canputational sequenceof Equa-
tions thru (44) of Section 6.3,2. Within this framework,all quantities in
the e~uations are input. However,in the case of the strength COV,theoption
exists of evaluating it from the strength COVequation and the input COV’Sof
TI-W.strel~gth unc~rtainties.

The algorithm is structured as shownin Figure 6. The main program
consists of Equations (42) thru (44) noted above. The subroutinesfoi- the
strength COV’Sare basedon individual derivation of the strength COVdetermined
by the techniquegiven by Equation (26) of Section 3.3..3 ~nd the strength equa-
tion. Only the ductile yielding of the hull girder due to vertical bendingis
consideredhere. Equation (20) of Settion 3.3.3 is the strength equation for
this modeof failurq of the hull girder. If the areas of the flange and the
web, Af and Aw, at-e respectively expressedas functions of additional variables,
the following equationswould result:

Af = 2[Btd+Mft5(tv,,+tf,)] (55)

Aw= 4[Dtw-I-Mw(kiti2+lf2)] “(56)

[DBtd+DMft~(~w,+gf, )+(2/3) D2tw (57)

+(2/3)DMwt@v,2+tf2) ISy
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26

,.-.—= ..—-:
SHII’

——.——

1

z

3

4

5

6

7

8

~

10
—.—

NOTE-..— .;7

——.
~,Bp

(ft)

F’

(ft:ton) ‘:—. —

594.00

656.20

700.65

719.10

754.70

775.00

800.00

206,000

328,500

396,500

357,500

519,500

610,000

613,500

1,000.00 1,474-,500’

I
1,069.25 1,718,300

L,076.00 1,906,500

(f;-ton);’

34,500

42,500

51,500

48,850

60,500

61,000

65,500

113,250

118,400

131,400

Vz

0.1595

O.ldoo

0.1402

0.1444

0.1325

0.1229

Om~268

0.1105

0.1068“

0.1068

TABLE14: “APPROXIMATEPROBABILISTICMETHOD”
(input and Results from Reference [31])

m = Meanof Still Water Bending Moment
A = Average Value of LongTermWaveBendingMoment
Assumed:m~= m+A
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5.619

5.840

5.796

5.769

5.993

5.856

6.10:

6.152

6.279

6.314



—.

INPUT
For i=], . . . . ..s

Si, aNijm~i, ~Ei, 6i””””3-IN* Ai

J-——
MAIN

J~ 2+Ai2
‘i

m~i = uNiSi

rolJrPuTYi

-1HULLDUCTILEYIELDING

Is51 = fl(dll””””dlN)

HULLULTIMATE
* ~

%2 = fz(dz]””””dzt~)

-1-HULLFATIGUE

d~~= f3(~31”-” ’d3N)

r —.— —-.4 .HULLBUCKLING

d~h= f4(~h~-”””d4N)

OTHERTIME
DEPENDENTSTRENGTHS

Figure 6: “ApproximateProbabilistic Method”Algorithm

-48-



where al 1 terms are as previously noted and in addition:

B = Beamof Ship
D .= Depthof Ship
t~ = thickness of deck plating
ts = thickness of stiffeners

t~ = thickness of webs (side plating on longitudinal bulkheads)
Lw, = length of deckor bottomstiffener web
tw~ = length of side or longitudinal bulkheadstiffener web

~f1 = length of deck and bottomstiffener flange
af2 = length of side or longitudinal bulkheadstiffener flange

Mf,~ = numberof stiffeners along deckand side plating, respectively

‘Y = tensile yield strength

The coefficient of variation of the bendingstrength as given by Equation (57),
is shownin AppendixA to be:

6S2= (3A+3B+~C+2D)~[1/5 (3A+3B+4c+2D)2~D2

+~2(dB2+dtd2)+E26~w1

-49-



hicIattemptha”sbeen madetO include strength equations for hull ultimate, cclm-
pression, fatigue and other time-dependentstrengths due to the limited nature
of this project. As mentionedin Section 6.c, it is consideredplausible that
stre~gth equation can be adoptedfor eachof these stre~gths whichwouldconform
to an analysis by the “Approximate Probabilistic Method”.

AS the additional strength equations and the expressionsfor strength
CGVare developedfor differe~t modesof faili~re, t!ley can be addedto the al-
gcrithm presentedherein as suhrout!nes. It IS noted, however,that the alqc]-
rithm 15

isgiven

5*3

Table 14

simple and could be codedquickly for any type of computingmachine.

A listingaf thealgorithmwrittenirrFORT’RAH-IVforan IBMcomputer
in AppendixB along with the docu.ment.ati~rl.

Analysi~,~~l@ul IS

The computera“lgoriti-rmwasverified by re-ccmputirrgthe result~ of
with the input data given therein, including Vc, thz strength GO’J.

In the case of Ship ~10, scan~ling plars were avai?=~le-andV~ wasalso computedby
th~ s.ubrairtinerepresenting Equation(58).

ship #lo, the IIU~jV~~s~ lREL/A.?~D”is a large oil tafiker which has
bserrusedas a subject in many research studi~s. Tabls 15gives the prirl-
cipal ch.aracteristlcsofthe“UNIVERSElREL~ND”.

Figure7 representstheapproximatemidship5ect~orItisedtosimplify
theapplicationofeqdation(58).Since the vessel is full at midships, the
error- introducedby this assumptionshould not be significant.

Table i6 gives structural variables determinedfrom the drawings.

The next few steps of the calculatiGrr were actually performedby
the computer. The process, however, consists simply of inserting the
above values into Equation (58) to yield the following:

+0.0C04521F (59)9,-
Table !7 gives the uncertainty COV’Sdeterminedfrom the data

presented in section 7.0.

Equation (59) yields 8S = .0849. Assumingsubjective uncertainties to
he 3%, tbe totaI strength COVbeccmes

n—”— ‘“-C(IV= i’&5 + Asz = ~084g)2 -r- (,o~)~ =0.09 &dl)

It is interesting to note the relative importance of u~lcertainties
as given by equations 69’) and (6c)). First, the a~~umed3%Co\] for
subjective uncertainties does not significantly affect the urlcertainty
that would be obtained from objective csnsidei-ationsu,nly. Table 18
gives the values of the individual terms OF eqUation {~~).
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As can be seen in the case of the “UNIVERSElRELAflD”, theyield
strength of the material far outweighs the consideration of other var-
iatlles, Additional variables of some importance are thickness of deck
pldting and :jtiffen~rS and the length of flanges on side and lonni-
turlinal bulkhead stiffeners.

Tt;e resijl~s of the safety index computation employing the comptiter
pr>gram are piotted in Fi~ure 8.

TABLE15: UNIVERSEIRELANDCHARACTERISTICS

TYP:——.— -——. .-—— —

Apgroxif::ate dwt, ton:+

Overall Iengkb, H.

~Bp, ft.

Breadth, ft.

Dept. ft.

Design draft (keel), ft.-in.

8uilder

i310ck coefficient (LWL)

Section rra~ulus, top, in2-ft.

Maximumstillwaterbending~iom~nt in

load cond”iticm (long voyage)

Fhximum stillwater bending moment in

full

(sagging)

full

load conclitior, (short voyagej [saggi~g)

Maximum stillwater bending moment in noi-fial

ballast (hogging)
.

—— .—

326,585

1,135.17

1,076

1?4.87

IshikawajirnaHarima

0.86

556,794

= l,~&0,00CI LT-FT

I= ,2,355,000“u-i-r

=“J,858,000 LT-FT
.- ,-- --- —. .-
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If.. >,:;!: GSHIP
ITLONG’LS 11 LONG’$ “I ‘1

~~i p=35mm

L

TOP DECK—.
~––– II–-––– ‘ ----- 1– - –––––-r

1
A\ 1,

II
1
1“

I
I

*+

I!
I

1“ It ‘- -..’J--’
‘1 I r .. ..1
i I .- .,.. I
1“ I ..# 1 I

I “’ 32m... . . . I
, I [

I
I .I “.

T?-L
I L,+ I ~6

I ‘3 I ‘b Id
5 IJ-

‘1. . I 1,
1. I I ‘ “’- ““”[

L T .<[”,=? “1. 1 ~“,

1 - ----i --
‘1 ““ 1“ 1 i.. ~’ ,’ : I.-1 I I t“ ““’tI “-
; 4 I ....I A7i“ II ~~--- ‘i 130TTOM1
~—

L.
15-— ..11[o=

-+: ? ““53 “m --
* Typical longitudinal: Web764 x 17.5mm, flame 328x !Opm . . ,..,
.L A. . ,. Theselongitudinalhavenoflanges

FIG.7-APPROXIMATEMIDSHIPSE~TIONFOR“UNIVERSEIRELAND”
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SECTION9.0

~O}lCLUSIONS

The conclusions reached in the courseof this study are summarized
belowunder the major subheadings from which they were derived.

General Probabilistic Structural Analysis:

o t4echanical, Civil, and Ship probabilistic analyses of structure
have all utilized similar methods which differ in the assumptions
concerningload and strength distributions.

o Strengths can be described from knowndistributions, synthesized
from known distributions of constituent parts, synthesized from
assumeddistribution of constituent parts, or synthesized in terms
of meansand,variancesfrom those of the constituent parts. The
sccuracydecreasesfromtheformertothelatterapproaches.

o Sinceprobabilityoffailure,marginofsafety,andreliability
involveintegrationunderthetailsofdistributioncurves= the
shapesof

O Notmuch
dependent

ModesofFai

th~ distribution maybe important.

s available in the literature c~ncerning time
strength”analyses in general.

ure:—.

o The most significant mode of failure of ship hulls from a lonqitud
strengthstandpointisnotknown.The probable modesinclude duct
yield bendingof the hull as a free-free beam,ultimate plastic co’
buckling, fatigue and fracture.

o Modes of failure may vary according to ship type, size, etc.

o Local stresses must be superimposed on primary stresses when
considering modes of failure i.e. principal stresses must be
known.

o The lack of knowledge of ship modes of failure for longitudinal
strength point to the need to obtain more insight into these types
of failures to be better able to establish guidelines for new a~d
structurallydifferentshipsofthefuture.

Loadings

o The total load scenario for a ship at sea is not clearly known in
terms of statistical distributions-

Structure Statistics:

na1
le
lapse

o Strength and uncertainty distributions for ships are not available
except for limited cases of the latter. Assumptions are made in
analyzing individual structures.
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o Strength statistics in terms of means and variations have been
gznerated for ships usincjan approximatemethod to obtain the
mean and variance from those of the u~certainties in the strength.

o Little has been done with strenqths other than static bending
strength and plate buckling strength.

Strenqth Uncertainties:

o It is difficult to obtain data on strength uncertainties.

o Dimensional uncertain’
appear negligible.

o “Strength variations in
appear significant.

es in principal characteristics of ships

yield and tensile properties of steels

o It is difficult to estimate subjective uncertainties; not much
data.are available.

o Uncertainty statistics can be obtained from tolerances in production.

,ShipAnalyses:.—

0

Most ship probabilistic structural analyses have been concerned
with vertical bending and yielding.

Due to the lack of statistics concerning ship stregths and loads,
the development of an analysis approach which does not require a
distribution shape appears warranted. This would, therefore,be a
skmi-probabilistic approach.

Analyses using an approachof thela~ter type could be used to
comparepastandpresentdesigns,modes of failure, etc, ,to obtain
more insight into ship longitudinal strength.
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SECTION10.0

RECOMMENDATIONS

An overallrecorrunendationis that investigations should continue
in the area of ship longitudinal strength so that any structurally
different ship of the future can be properly designed with confidence.
Although the probabilistic structural analysis of ships will probably
have to remain at a moreor less simplistic orsemi-probabilistic level
for the near future due to lack of methodsand data, the efforts to im-
prove the approachshouldnevertheless be undertakenif technology is
to Forge ahead.

Somespecific recommendationsare presentedbelow for both the
short-and long-term goals:

LongTerm——

o Continueto develop techniques and obtain data for
both load and strength for probabilistic analysis.

0 Performclassical probability of failure analyses
for different ships; compare and update the results
as better data and techniques are developed

Strength and LoadDistributions:

o Determineconclusively whether it would be practical
or not to determine strength distributions from small
scale structural models.

0 Obtain accurate coefficient of ‘var!ation estimates
for strength variables.

0 Synthesize strength distributions using coefficients
of variationofstrengthvariablesand assumeddis-
tributions of these variables.

0 Determinethe exact distributions of strength vari-
ables and synthesize strength distributions by the
methods,discussedearlier, to obtain a moreaccurate
distribution than otherwise-available with the assumed
distribution approach.

“ Determine
tions are

Strength Equations:

whether or not specific tabulated distribu-
accurate for ship strengths.

0 Developaccurate strength formulas for hull f~ilure in
ductile beambending, compressionbuckling, ultimate
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strength failure, fracture and fatigue.

0 Incorporate into these formulasas manyuncertainty
variables as possible.

Time-DependentAnalyses:

0 Developan accurate probability of failure procedurefor
the analysis of time-variant ship strengths for the cases
of fatigue, corrosion, etc.

Short Term

o Using a
comp1ex’
analyze
have fa’

probabilistic structural analysis methodof
ty consistent with required assumptions,
past and current ships, including those that
led in longitudinal strength, for various modes

of failure. This methodshouldembodya semi-probabilistic
approach. Determinethe correspondingsafety factors.

0 Compareresults of the analyses to gain more insight
into ship longitudinal strength.
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APPENDIXA

DERIVATIONOFEXPRESSIONFORSTRENGTHCOVFORDUCTILEYIELDOFTHEHULLD
VERTICALBENDING

Yielcl Strength= :(Af+ 1/3

D= section depth

B= section beam

Af= total area of

&= total area of
s.=yield stress

Aw) Sy (,1)

(betweenneutral axes of combined plate an
beams of- deck and bottom)

flanges (deck and bottcm)

webs (sides and Imgitudal bulkheads)

8Take into acc unt the following uncertainties in the abovestrength form

o DSB:asdescribed above

o td : thickness of deck plating

o t~t thickness of stiff&ner

o tw: thickness of webs(side plating or longitudal bulkhead

o IL: length of stiffener web

o If: length of stiffener flange

M = numberof stiffeners alongf, Mw deck and numberof stiffene

alongside plating respectively.

Af=[Bt~+Mft$ \lwl+ l@]02 (2)

AW=Q[Dtw+ Mw(lq+lf2)]c 4 (3)

INSERTINGINTO(1):

‘+ ]/3[Dtw+ ‘Wts (IW2+ lf2}l*4} Sy+{[( Btd + ~~+ts(lw, + lf,)]Z

S=lDBt~+ DMft~(I,wl+$)+ 2/3D2tw+ 2/3D~~t~(1w2+ lf2)lsj (41

FROMSECTION3.3.3:
2

&~= En
(?J , 2)2. d:i

i=l i ‘5
(5)
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let: A=Btd ‘= M$ts’w,

B= Mft~(lwl+ lf )
1

F= Hft5&$,

c= Dtw G=Mwt~1W2

D=Mwt~(1w2+ 1+2) H= MWt31f2

—----+ 629 ]:.&\
+ (3A+ 3;(+~c-1-2D‘(A+; +2/JC+2/3D w

E ):&z)2 2 +- (p,+ B + ~!3C+ 2/3D+ ‘r+B+ 2/3C+ 2/3D●~<
‘%

2G ):#1 2H 21)# f2‘(3A+ 3B+2c +20‘~~A+3B+2c+2D ‘2

~2 9 .[1/9 (3A+ 3B+4C+2D)2fi2D ‘A2
s ‘(3 A+3B+2C+2D)~. -

2 22 + 62
+ D lsl 2 + F ~lf ~1/9(3E + 2G)2&:~ 3

1
~(c262t + ~2621 + H2621~2)

w
+

‘2

(3A+ 3B+2C+2D)2

‘f,

(18)

Equation(18)is the final expression for the strengthCOVasa functionOf

theCOV’Softheuncertainties.
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APPENDIXB

LISTINGANDDOCUMENTATIONOFCOMPUTERPROGRAM

INTRODUCTION

The computer algorithm was developed as described in Section 8.o. The
prograin has several features that should be noted. Any number of ships may
be analyzed for any number of modes of failure. Each ship and mode of failure
requires its own data set, however. Further, ~:ith respect to modes of failure,
there is an option to input the strength COV or have it computed by inputting
the uncertainty COV’S and computing the strength COV by ~ubroutines for that
purpose. Although the only such subroutine pt-esently included in the program
is that for ductile yielding of the hull girder in vertical bending, the
program has been structured to allow for additional subroutines to be added
for other modes of failure.

Tables B-l and B-2 give the input cards and format for the program and
Table B-3 a listing which should be self explanatory.

‘f{)k,le B-4 contains a listing of the data cards for the analysi~ discussed
in Section 8.0, and Table B-5 presents the computeroutput.
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TABLEB-1: INPUTCARDSANDFORMAT

._—-
CARD

I
.—

2

.————
3

.——
4

.——

5

——— -.—
6

7

8
.——

9

.——

——
‘ORHAT

13

13

4FI0.4

13

13

10F7.5

7FI0.4

-—
7FI0.4

FIo.5

NUMBER
OF CARDS

I

1 per
ship

——.
1 per
ship

1

I

I

I

1

1

SYMBOL

NS

NMF

SD, DS,
ZH.COWL

I FLAG
O-Input
strength
Cov
2-compute
strength
Cov

NTS

see notes

Cov

NOTES

Numberof Ships

Number of modes of failure, each ship
must have this card repeated. Input
all data cards for edch ship before
repeating.

SD = Actual Design MOO
0S = Average Design Stress
ZM= Mean of Load
COVL = COV of Load

Flag to indicate whether strength
COVwill be input or computed.

This card to be filled out only if
card 4 is “2”. This directs card
given the direction of which mode of
failure is being analyzed and hence
one is needed for every mde of
failure. The next card should come
after card 6. Currentlyonly ver-
tical bending is available in the
program so that NTS= 1.

—.
These cards to be filled out only if
card 4 is “2”. The following
variables in order, as defined in
Section 8~6, are required:

6D, 6B, 6td, 61W:1,~lf, , 6ts, ~5y,
6tw, 61W2,61f2, Depth, Beam,td! ts,
Mf, IW1* lf2, twi %* lW?
lf2s Sy, SUBCO(Subjective

Uncertainties COV)

This card to be filled out only if
card 4 is “O”. In that case the
strer,gth COV is input and is given by-:

Cov= )&2+ A:
6s = objective uncertainty COV
As = subjective uncertainty COV
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TABLEB-3: LISTINGOF COMPUTERPROGRAM

cM%IIER ALGORITH’4TOOETERMINESHIP HULLLoNGITu51NALSTREMTHSAFtTY
c.
c
c
c

c
c



TABLEB-3:LISTINGOFCOMPUTERPROGRAM(cONT.)

LINCEQNTAI/4TYCOVfS

CCIMPUTESTREN5THCOV

flX*’AVElA5E DESIfJNFAILuI?ESTf~tiS5=itF20s41
‘4,14) IRS1
(lx,IMEAN OF STRENGTH= ‘oF20m4fl
M*15} 2M
(1x,I!4EAN OF LOAD= 4,F2U041
M,16) Cov
(lX*ICGVOF STRENGTH= I,F1(Js4)
P!917) coVL
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c
c SUgROUTINETOcwwv THE13UCTILEYIELDINGSTRENGTHcov F“o(tA SHIP Id
c vFRTIcALgENolNG,FORMuLATJONACcOJ7DJNGTO THATGIVEN IN SR-241,
c

SUBROUTINEVERTSlAtDEpTH~BEAMtTD$TS*14F*LWl*LFl*TWt’4W~LW2tLTzt
lx(w)
RFAL MF)LWI$LFI$MW*LV12$LT2
DIMENSIONA(10)
A1=9FAM*T0
q=t.IF*TS*lL#l+LFl)
c.DEPTH*Tw
l’)x’.l!#*Tsit[Lw2+LT2)
Es?~FttTs*Lwl
F=~~FitTs*LFl
G8!Jw4tTs*LN2
HX’4:**TS*LT2
cOVl=(3cO*Al+300*9+4SO*C+2,0*D)**2*A(l)**2/9o0
COV2=A1**2E(A12)**2+A(3) **2)
CC)V3=E**2*A(41**2
COV4=F**2*A(5)**2
COV5=(300*E+200*5)**2*A(6)**2/9c0
COV6=900/(300*Al+30u*P+2tO*C+20C*D)**2
COV7=CCIV5*(COV1+COV2+COV3+COV4+COV5)
COV9=A(7)**2
cOV9=~t,0*(c**24Ald)**2+G**2*A (9)**2+H**2*A 11J)**2)
COVl@*(30’l*Al+3.0*n+20(J*C+2tO*DI**2
covll=cov9/covlo
XOV=SC::TICW7+COV8+C!)V11)
?:TLJ:/tq
Ev!l
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TABLEB-4:LISTINGOF DATACARDS

15.2

15*Z

15*2

15.2

15D2

15,2

15.2

15.2

15.2

15=2

15.2

15.2



TABLEB-5:COMPUTEROUTPUT

SH1!C NIJM~EQ = 1
VC)DFOf FAILIII?ENIJ,MBEKR 1
ACTIJALDESIGN M3DuLU5z 512(!oqO07Y
AV??A5EDTSIGNFAILURECITkES5= 1502000
VEAP;~F 5THENCITH= 7713240*OU17
vr4y of LOAD. 24!3500,0316
COVnc ST?ENGTli* 0,1100
C(WOF LOAD= 001595
sAFETY11’J13EX= 5.7323

SHIP hJuYRE3= 2
‘.OnF!lF FAILURENU,MBER= 1
ACTUALDESIGN MODULUS= 81320sG154
AVFRAGEDESIGNFAILURESTRESS= 15.2000
v~A~lOF sTRENGTH= 1236064.0034
ME4kIOF L3AD❑ 371000m3632
C9V OF ST?ENGTH= O*11OO
C(IV OF I.OA~ = 0.1400
sAFETYINDEX= 5.9434

5H1p NUMRFR = 3
‘.’!I’)E OF FAILURENUM~ER= 1
lCT!JALDEsIGN MODULUSz 970Qll*o15t)
AVZnA5FDESIGNFAILU:?EsTREsS= 15m2303
‘~f;AvOF 5T7SNGTH= 1/+7/.405,0034
‘~FA?JOF LOAD= “ 44!!000.3632
C(IV 5F STPENGTH= O*11OO
CT3VIIF LOAC= 0.1492
5AFETY.IXDEX= 5*9915

SHIP NUMRER= 4
y.~~EOF FAILURENuMBER= 1
ACTUALDESIGN VQDuLusa 87950.0153
AVF?AGE9ESIGNFAILURESTRESS= 15.2303
“’TAN3F jT17F~J5TH= 1335?40,0029
“.’EA’d3F L(IA> = hrJf,350aL)53’j
C~V OF 5T~ZNGTH= 0,1100
Cgv oF LoAD= 0.144+
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TABLEB-5:COMPUTEROUTPUT(CONT.)

sAFETYINDEX= 5.l?71D

S}+lD~(p.lq~~= 5
vi)!)E OF FAILURENUMRER= 1
ACTUALDESIGN MODULUS= 131600,0316
AVERAGEDESIGNFAILURESTRESS= 15.2000
MEANOF STRCNGTH= 2000320,0034
V~4N OF LOAD= 5dOOOOi1264
COVOF ST7ENGTH= O*11OO
cOl/ oF LOAD= 0.1325
$AFETY INDEX = 600939

slilP wut?~EIJ= 6
‘.lWIEOF FAILuREWMnEi?= 1
ACTUALf)ESIGIJ WODULUS= l~300000316
hVFQAGEDESIGNFAILURESTRESS=
“4EANOF STRENGTH=

15,2000
2173600-0058

671OOOSL267
x O*11OO

0,1229
509410

7
..~Jo~~F FAILu~~ ~+IJM~E:~= 1
ACTUALDESIGN ~0DuLu5z 1513000,0316
AVERAGED~51GNFAILURESTRESS= 15,2COU
,yEA5]OF STPENGTti❑ 2401600,a068.
‘.!F.ANOF LOAD= 6791J03m1267
CW OF 5T17ENGTH= 3,1100
C’3VOF LOAC= o.126a
sAFETYINDEX= 6,1997

----
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TABLEB-5: COMPUTEROUTPUT(CONT.)

ACTUALDESIGN ~oDuLiJ5= 439600,?53?
AVE?AGED5SIGNFAIL1J7ESTRESS= 1502220
.#FA\jOF sTRCNGTH= 6691920mal17
Y?ANOF LaA5 = lB3b7D9.2534
COV5F ST?ENGTH‘= 9.1100
COVaF LSAD= (3-1069
sAFETY“INDEX= 6,3591

= 1
= 493750.0633
STRESS= 1592300

75053COtO136
2037900.2523

2bI!6400,505ti
= 9*11OO

rl.lDsY
5*737!)

AC”ilJALDESIGN ;4C)OULuss 49?75c*obj3
hVE;lAGEDESIGNFAILURESTRESS~= 15.2000
:,!EANOF sTRENGTH= 75059G0.0:.36
.,!rA\j OF LaAD= 24H64L19w5G5Y
CnVO= qTl?EyGTH8 9.03/40
C’)VOF LOALI= 00136H
sAl=FTyIqfjEx = 7.3332

*u.S. QOVERMENTPRINTINGOFFICE:1981-0-72>969/1541
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