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dependent effects such as deterioration due to corrosion,
cracking, wear and tear are only some of the factors that
contribute to the uncertainties associated with the actual
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tects usually treat these items in a qualitative sense as
very few attempts have been made to quantify them.
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SECTION 1.0

INTRODUCT 10N

The conventional methods of performing longitudinal structure designs
of ships make use of accumulated experience from previously built ships of
similar size and function, The accumulated experience is mostly expressed in
the form of semi-empirical formulas contained in classification society rules
and design specifications. The designs resulting from this approach are uncertain
as to the degree of structural adequacy they afford even though the ship designs
based on these approaches have given acceptable service, The uncertainty stems
from the assumptions made regarding parameters affecting the environment and
the stregth of the ship. Many years of design experience have shown that by
using appropriate empirical margins for strength over expected load, the unknowns
can be accounted for and ships with acceptable risk or probability of failure’
levizls designed.

With the advent of new ship types, and the resultant lack of "accumulated
experience' on vessels of similar size and function, it has become a professional
responsibility to look into a'more,scientific, or rational, approach
to longitudinal strength design of ship hulls, In this context, various invest-
igators in the ship research community have adopted probabilistic structural
anaiysis procedures from mechanical and civil engineering. In the "probabilistic
approach'', since the quantitative values of many of the factors affecting the
strength of the structure and the magnitude of the Inad are statistically
determined, the resulting measure of the adeguacy of the design is also
statistical in npature.

In the study presented in this report, various facets of probabilistic
structural design were investigated with emphasis on applicability to ships,

Section 2.0 gives a statement concerning the detailed objectives of the
study. In Section 3.0, probabilistic structural analysis is reviewed from ¢ general
standpeint and 1ts applicability to ships is noted., Section 4,0 discusses the
possible structural modes of failure of a ship that pertain to longitudinal
strength. The present situation with information on ship loads as they relate
to structural design is discussed in Section 5.0, and the probabilistic
structural analysis procedures that show promise for ship applications are
presented in Section 6.0. In Section 7.0, the investfgationsf analyses and
collected information performed and obtained as part of this study 'n the area
cf the uncertainties of hull strength with respect to the statistical description
of thestrength are presented. Section 8.0 gives sample calculations for
different ships using a probabilistic structural analysis proccedure embodied
in a computer program included in the Appendix. Sections 9,0 and 10 0
~give the conclusions and recommendations respectively arrived at as a result of
these studies.

The refarences cited in the report are listed in Section 11.0



SECTION 2.0

STATEMENT OF OBJECTIVES

The objectives of this study were modified by the Ship Structure Com-
mittee during the course of the project to be commensurate with what was found
te be available and possible within the rather small funding allocated.

The final objectives can be stated as follows:

o Survey the existing literature on reliability analysis and proba-
bilistic design methods in structures. Comment on the applicabi-
lity to ships.

o Develop a method, or use an existing method, for the formulation
of strength in terms of the means and variances of its uncertain-
ties. Although a mathematical distribution of strength is not re-
quired, observations are to be made with respect to the impact of
using only means and variances.

o Relate the existing bending moment distributions calculated from
existing data to the developed strength distributions using an existing
method for structural reliability analysis. Use available statis-
tical strength parameter means and variances and make assumptions
for any strength or load parameters for which no statistical data
are available,

o Develop a FORTRAN 1V computer: program to perform the above proce-
dure with the objective of determining the safety level of a given
ship subjectzd to a given load.

o Apply the developed computerized procedure tc actual ships.

o On the basis of obtained results, suggest further research to
develop suitable longitudinal strength criteria for future designs.



SECTION 3.0

PROBABILISTIC APPROACH TO STRUCTURAL DESIGN

2.1 General

The objectives of this study include the analysis of uncertainties
associated with ship hull strength and the development of expressions for
structural reliability. Such analyses require the adoption of a probabilistic
structural design approach since a purely deterministic approach canpot yield
the desired information.

In the deterministic design of structures, the strength of the structure

is always increased above that which would just survive the greatest expected
lcad by an empirical margin. The ratio of the latter to the former strength
is usually termed the factor of safety. It accounts for all the unknowns in
the load and strength and yields a structure that should have an acceptable
performance based on past experiences.

The fundamental aims of a probabilistic approach are to more clearly
and rationally define the necessary margin, or factor of safety, and obtain a
quantitative measure of performance through a rational rather than empirical
analysis. The measure of performance is usually called the probability of
failure or reliability. With such aims, it is not necessary that a probabi-
listic analysis be exhaustive in that rationalization of even only one of the
unknowns in the factor of safety will put it on a sounder footing. In this
vein, theé ultimate result of improved probabilistic analysis procedures, as
far as designers are concerned,will probably be rational factors of safety
based on desired quantitative levels of performance. The probabilistic
analysis itself need not be executed by the designers, although this could
be possible.

A complete probabilistic structural analysis would proceed in the

following manner [9]%:

® Conduct an analysis of failure modes, effects, and criticality.

- ldentify all significant failure modes of the structure.

- List the cause of these failure modes.

- ldentify all parameters contributing to these causes.

~ Determine the criticality of all siginficant failure modes

to the success of structures.

= List the most critical failure modes in order of priority.
Formulate the relationship between the critical parameters and
the failure-governing criteria involved.
Determine the failure-governing load function.
Determine the failure-governing load distribution.
Determine the failure-governing strength function.
Determine the failure-governing strength distribution.
Calculate the probability of failure or reliabiiity associated with

oo

9 o o ® o

* Numbers in brackets indicate similarly numbered references in Section 11.0.



the fajlure-governing load and strength distribution for each
critical failure mode.

An upper bound cf. the total probability of failure or a lower
bound of the reliability will be the sum of the individual
probabilities of each of the critical failure modes under the
assumption that these modes are mutually exclusive events.

Because of the difficulty associated with the determination of
the failure-governing load and strength functions and distributions,a number
of probabilistic approaches or methods have evolved. They differ fundamentally
in the two primary aims of any probabilistic analysis as mentioned above:

Quantitative measure of performance
Rational quantification of load and strength

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

These methods may be grouped as follows:

Classical probabilistic approach
Safety index approach
° Strength reduction and load magnification factors approach

The presentation in this section is divided into three groups, The
first group discusses the general approach used in obtaining the quantitative
measure of performance of a structure given the load and strength statistics.

The next groups each deal with details of the strength and load formulations
respectively, in a general sense. More specific mention of these considerations,
as applicable to ships, is given in Sections 5.0 thru 7.0, respectively for
lcadings, longitudinal strength, and for uncertainties in the strength of

the ship's hull.

The literature contains abundant sources of probabilistic structural
analyses. Most of the work has been done in the areas of civil and mechanical
engineering but has more recently spread to naval architecture.

Probabilistic design concepts for structures were first proposed in
the U.S. in 1947 [1]. Since then, several investigators have presented
further considerations for applications in civil engineering, References [2]
thru {6], mechanical engineering, references [7] thru [9], and more recently
in naval architecture, reference [10].

Within the framework of the present study, a brief review of the
numerous methods as cited was performed to identify the ones which would seem
appropriate for future consideration in probabilistic structural analyses
of ships from the standpoint of design.

3.2 Probabilistic Methods

3.2.1 Quantitative Measure of Performance

As previously menticned, the existing probabilistic structural
analysis methods differ in the output measure of performance of the structure

==



being considered.

Those methods that are more probabilistic in the mathematical
s=nse, generally, are of the classical type. Their measure of performance is
in terms of a probability defining failure or reliability.

The other methods have evolved primarily due to the difficulties
associated with executing a fully probabilistic procedure. Their measure of
performance is not a probability at all, instead, it is a number indicating
eirher a margin of safety or reduction and magnification factors for strength
and load, respectively. These numbers do not have a physical significance
like probability of failure or reliability, but they can be compared to each
other for previous successful and unsuccessful designs to obtain limiting values.

3.2.2 (lassical Approach

The one common point in all probabilistic structural analysis pro-~
cedures is the definition of the probability of failure and reliability. |If
the failure-governing load is Z and the failure-governing strength S, then the
probability of failure, Pg, is given by all probabilities that the failure-
governing load exceeds the failure-governing strength: '

Pe = P (258) (1)

The probability of failure is also called the unreliability, while
the reliability, R, becomes:

R =1-Pz = P (5>2) (2)

i Equation (1) is presented in much of the literature, for example
in [10], as directly applicable to ships in the following manner:

P [s<2] = P [§<1] = P [q<1] (3).
P [(S-Z)<0] = P [M<0]

Pf

The terms '"'Q'" and 'M" of Equation (3) are functions of two random-variahles:

the strength, S, and the load, Z, and themselves random variables whose
probability must be determined by joint probability density and distribution
functions. However, there seems to be a universal agreement to consider

the load and strength statistica}ly independent so tﬁat the statistics of M-and Q can
be directly determined from those of S and Z. This assumption appears to be
reasonable for most strength considerations as long as the effects on the
structure of being in an aqueous environment with waves for a long period of

time are accounted for in the strength. If & (Z) and ¢ (Z) are the probability
density and distribution functions of the load, respectively, and fg (s) and F_ (s)
those of strength, then it can be shown that the density and distribution

functions of Q are, [10]:

f:Q (q) =o?¢(2) fg (qz) z d=z (4)
Fo () = 1#(2) Fs (q2) dz (5)



and the probability of failure becomes:
Pe = Jolz) Fg (2) dz (6)

= 1- J8(2) fs (2) dz (7)

Equations (6) and (7) are rather simple and could easily be
evaluated provided the density and distribution functions of load and
strength are known. This is where the crux of the matter lies and will
be discussed later in Sections 3.3 and 3.4. The methods that make use
of Equations (6) and (7) vary significantly in complexity and effort
required for execution.

Equation (7) can be evaluated for each mode of fajlure and,
as noted previously, the sum of all probabilities of failure for all modes
will give an upper bound. To do better would require the joint probability
density function of strength in the various failure modes which would be
at best very difficult to obtain. A lower bound on the probability of
failure can be determined by assuming that the wodes of failure are perfectly
correlated.

3.2.3 Safety Index Apprqach

The difficulty in obtaining load and strength density and dis-
tribution functions has led investigators to develop approaches which minj-
mize the effort required. For instance, in the area of ships, [13] contains
an approximate semi-probabilistic design method which was motivated, among
other things, by the lack of data on loads and strength and by the contro-
versial status of forms of load and strength distributions. The method
requires that only the means and variances of the load and strength be known.

This "approximate' approach considers the margin 05 safety M
of Equation (3) as a random variable with mean my and variance of.

Pe = P [H<O] = P [“;_:‘M —gf.] =P [6eY) = Fg (=¥ ) (8)

By using the error distribution of M, [16], discussed in more detail in
Section 3.3, the mean and the variance of M can be written:

= mg = my (9)
~ 2 .
oy2 = qg + GE (10)
where:

g , Og= mean and variance, respectively of strength.
mz. czl= mean and variance of total load.

Thé‘following results are obtained by algebraic processes:

my "Mz g1l (1)
e
M QG%L+(§2 q62V%+V22

oy =



2 2 ¢ 2
+1,-(VS +VZ -Yz\'s v3 )]/2 (12)

G =

mg =0 m, (13)

SH == (1%)
N

Where: ¥ = safety index = mﬂﬂﬁ

® = central safety factor = mS/mz

o
Vo = coefficient of variation (COV) of strength = nai
3
SM = required section modulus of the ship hull
V, = COV of load = 22
Z m
3
SM = required section modulus of ship hull

oy = average of failure stress of hull material

m, = mean of the margin of safety
oﬁ = variance of the margin of safety

From Equation (8),it can be seen that each value of the safety
tndex Y is associated with some probability of failure. However, Equation (8}
cannot be evaluated since the distribution function F_. is not known. I[f
enough information were available to detarmine F., th3n Equations (6) and (7)
cf the classical approach could be used directly. From Equations (11)
through (]4),|t ¢an be seen that the inputs needed to obtain a hull design
strength are the strength and load COV's, mean of the bending moment, and
the safety index Y. The amount of computation is insignificant.

The safety index Y is a single number thét must be obtained

on the basis of many technical factors. It has previousty been
proposed [13] to determine this value from existing desigins to take into
account the vast accumulated experience. In addition, if the probability

of failure associated with past designs is socially acceptable, then this
aspect is also considered.

3.2.4 Strength Reduction and Load Magnification Factors

This method, discussed in [5,62,63], is similar to the approximate
method described above in that only means and variances of the load and
strength are used to obtain relative and semi-probabilistic measures of the
structure’s performance. In this case, the measures of performance are the
strength reduction and load magnification factors.
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The strength reduction factor, f_, and load magnification factor,

f?’ can be defined as follows: S
f. _ minimum strength _ Mg Ke Og .
> 7 average strength mg =1~ KSVS’ f5< ! (15)
+K b
£, _ maximum load _ MZ "Z.Z _ e
average load ] *-KQEE’ Ef'] (16)
"z
where: KS >I<Z = Factors giving the number of standard

deviations between the average and the
minimum strengths and the maximum loads,
respectively.

For a safe design, the minimum strength must exceed or equal
the maximum load:

mefo > my fy (17)
The values of acceptable strength reductions factors and load
magnification factors could be obtained from past designs in a similar

fashion to the safety index of the previous section.

In [5], this approach has been extended to fatigue for both the
constsnt range and the random loads.

Similarly to the safety index approach, the analyses reguired
to execute this method are quite lTimited in extent and complexity.

3.3 Strength Statistics

3.3.1 General

't must be first stated that the strength of the hull girder
may or may not vary with time depending on the failure mode being con-
sidered. Time Invariant strengths will include yielding and buckling.

Time variant strengths will include fracture, fatigue, and reduced strengths
due to corrosion. For ships, time variant strengths will also normally
include random loadings of low or high cycles, and possibly thermal loadings.
This scenario should cover the most significant modes of hull girder failure
which need to be addressed.

3.3.2 Strength Equation

The strength of a structure is principaliy described in two
different ways in the numerous probabilistic structural design methods to
be found in the literature.

S=f (e, £, ~----.€) (18)

or: ,
S= k., k k_~---k § (19)
3 n



where: El----e = Copstituent parts of the strength which
are assumed to be random variables

§ = Nominal strength determined under idealized
and standard test conditions

Strength factors to convert the nominal
strength to actual strength. (These factors
are assumed to be random variables).

K7

The K factors .account for physical variables such as size, forming and manu-
facturing processes, surface finish, load, heat treatment, direct surface
environment, temperature, time, corrosion, etc.

The approach given by Equation (18) has been used in ships,
but the actual examples developed have been such that only the explicit
functional strength constituents, €&, have been considered as random
variables or uncertainties in the strength. As the probabilistic analyses
become more comprehensive and more uncertainties become identified, some
of these may not appear as constituents in the strength equation, and
the approach depicted in Equation (19) may have to be adopted in addition
to that in Equation (18).

3.3.3 Strength Distributions

Equations (18) and (19) give general expressions for the
strength, but since the strength is statistical in nature, the probability
density and distribution function must be specified to completely characterize
it and allow the probability of failure to be evaluated by Equations (6) and

(7).

The probabilistic structural analysis approaches found in
the literature assume that the strength distribution can be determined in
one of the following ways:

° Actual component strength distribution determined by
actual testing under the exact geometry, application,
and operational environment in which the component
shall function.

Component strength distribution synthesized from the
known distributions of the constituent parts and
strength factors as given in Equations (18) and (19).

An assumption made as to what type of distribution the
strength will follow, i.e. normal, lognormal, Weibull, etc.

An assumption made that all that can be determined of
the strength is its COV.

The first of the above approaches is used extensively in
machine design and snme of the test equipment required is described in [7].
This approach would hardly seem realistic for ships because of the large
size of the structure, the implication of using the whole ship as a dis-



cardable test component, and the large data sample required for conclusive
results. Whether or not components of the ship structure could be tested
and results extrapolated to the whole ship appears questionable. In the
case of welded ship grillages under compressive load [64]:

"Further experimental evaluation of grillage strength also
has @ 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 paper are too expensive to carry out in sufficient numbers
and small-scale tests are statistically unrepresentative for the reasons
ment joned above. It is suggested that the main role of further .
grillage tests should, therefore,be to guide the deveiopment of improved
analysis methods and to check the accuracy of such methods and design

data with provision of empirical corrections where necessary."

The second approach requires that the distributions of
the constituent parts and strength factors be known. It may, for example,
be necessary that the distribution of the dimensions of depth, beam, and
the area of flanges be known. Such quantities are much more amenable
to scrutiny in ships than the overall testing of the hull girder. As
discussed in Section 7.0, however, not much data presently exist for many
of the variables, and consequently ths distributions themselves cannot
be identified. This would seem to be a promising area in the future,
if an effort is made to collect such data.

I1f the distribution of the constituent parts and functions
are known, there are various methods for synthesizing their distribution
to obtain the overal) strength distribution. Reference [7] gives eight
methods:

4]

The algebra of normal function method

The change of variable method

The moment generating function method

The Fourier transform, convolution, and inversion method
The Mellin transform, convolution and inversion method
The characteristic function method

The cumulative distribution function method

The Monte Carlo method

4 & 0 0o 0o

Q

Q

The Monte Carlo method will always give results even for complex functions
of non-identically distributed random variables although the length and
complexity of the computations will reportedly be quite extensive and
possibly unrealistic.

The third approach requires that assumptions be made
concerning the distribution of the strength. O0f course the same could be
done with the constituent parts and factors, and the second method used
ro construct the strength distribution. This approach seems to be
universal in the literature for civil engineering and naval architecture.
it is natural that these two disciplines would make greater use of this
last approach because of the size and complexity of the structure analyzed.
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This approach requires the adoption of a distribution (such
s the normal, lognormal, Weibull, etc.) and the specification of necessary
parameters of the distribution to obtain numerical values from tabulated
dansity and distribution functions. The necessary parameters are at least the
first and second moments of the distribution, the mean and variance.

Most of the assumed distributions in the literature on
structural analysis are the normal and the lognormal distributions. It
would seem natural for investigators to make such assumptions since expe-
rimental measurements in science and engineering seem to approximate,
rather well, the normal law. However, the integrations of Equations (6)
and (7) for the probability of failure involve important constituent
parts at the tail'endof the distributions which can vary greatly depending
on the assumed distributions. In rgference [4], it is stated that for
the probability of failure P_£ , the calculated probability is sen-
sitive to the assumed distri utlon and the results can only be used 3
relatively. On the other hand for probabilities of failure P > 10
such problems would not be too serious.

As reported in [15], the record of world ship catastrophes
;rdécate a current probability of failure for ships in the order of
so that these approximations may not be a problem in the case of
ships if the historical safety levels are considered adequate.

If the strength Is assumed to be normally distributed;
the probability density and distribution functions are:

£ = 5{,* exp ~1/2(535) (20)
Es'(s);j,(.s(s) ds =Y (%) (21)
wheres: me = mean of strength S
05 = standard deviation of strength $
Wg = standard tabulated normal function,

Consequently, under such an assumption,the only quantities that need to be
determined are the means and 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 means and variances of ships strength are not
zasily determinable..

The approach, in general, has been to expand the strength
function in terms of its constituents in a Taylor Series about the means
of the constituents:

S = £(5, 5, t)

2,
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1 tal (22)

<=/ 2 E;

2
s 125 (e, -ri) (L) +....+ (Remainder)
-in which tne derivatives are evaluates at tne constituent means, . Eév"
-—Gn and the remainder consists of the highar derivatives.

If it is assumed that the higher derivatives are small
or zero and that the coefficients of variation of the constituents are
small, in the order of 15 per cent or less [16], then Equation (22) can
be linearized and the following obtained:

mg & (R B C(23)
: of 2 of of
0d= E: ( ) L £ ©i % ¢i% ¢l (3_"-{) (‘:E_-i') (24)

Where e:,j is the correlation coefficient between & and £;.
These assumptions may mot turn out to be correct for all ships for all
rmodes of failure. It is indicated in [14)] that the inclusion of non-
Tincarities in the strength distribution causes various changes only in
the predictions of long-term probability of failure.

Further, making the assumption that the constituent parts
are statistically independent, the correlation becomes zero and Equation (24)
. reduces to:

7. df
= %;I o}% (3:;)2 (25)

Equations (23) and (25) have been used in ship studies to
- date. The assumption of zerc carelation inherent in Equation (25) mav

be reasonable for many of the constituent parts. For example, in the

case of the strength defined by Equation (27), the beam (B ) should have

no effect on the depth (D) and similarly both D and B should have no

effect on plate thicknesses ty and t. On the other -hand, as an example,

the strengths in different failure modes of the same panel may be highly
corielated [66].

If Equation (25) is written in terms of a coefficient of
variation (COV):

2 _ af | £.2.52. (26)
% (qgmg ...Z,/ Gsr i s €

where: i .
ere 5 = S strength COV
5 ag

O

85= = F COV's of constituent parts
- (]
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Equations (23), (25), and (26) then give the strength parameter's mean,
variance, and COV respectively in terms of the means and variances of

the constituent parts, ( € ). These must be determined from data or by
estimation as discussed in detail in Section 7.0. The definition of

the strength is then complete and the probability of failure can then

be evaluated. The greatest amount of effort is needed in determining
the strength COV, and is only a fraction of that required by the first
tvic approaches. One would,of course,have a lesser degree of confidence
in the results.

The fourth approach requires only that the CQV or the
rmean and variance of the strength be known. The procedure to obtain
these was just given above. These data can only be used in the semi-
probabilistic methods outlined in Sections 3.2.3 and 3.2.4. This approach
requires the least computational effort to obtain its results.

3.3.4 Time Dependent Strengths

In general, whenever a critical failure mode involves
a time variant strength such as it does in the cases of fracture, fatigue,
thermal effect, and corrosion, the variations with time must be accounted
for. |If the strength can be treated -as a function of time, the general
grobabilistic procedures presented previously can be utilized.

Mechanical reliability for components exposed to fatigue is
discussed in [8] and [9]. The approach therein is to use the form of
strength given by Equation (19) which would take care of some time-dependent
effects through the K coefficients; this is implied but not stated.

From the standpoint of fatigue, the following problems are
directly addressed in these references:

¢ Fatigue under a fixed alternating load level, given
the "cycles to failure"” distribution of the component.

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

Cumulative fatigue under sequential groups of stresses,
each group having a specific number of cycles and the
same maximum and mean alternating stress levels.

The approaches to solving these problems are identical to those previously
discussed herein in that all analyses are performed at a given time in the
life of the component and at a constant load level.

Reference [17] reports on studies conducted to
investigate time-varying structural probabilistic strengths in the jet
engine field. The basis of the general procedure proposed is a compu-
tational sequence to determine probability of failure vs time consisting
of two phases: the first is a failure probability phase and the second
a degradation of strength phase. Thus, a probability of failure calcu-
laticn is made, followed by a strength degradation calculation reflecting
some operation time. The sequence can be repeated indefinitely. The
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crux of the procedure revolves around identifying a time-varying strength
degradation scepario. Several types are proposed but 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 course of the study presented herein, a po-
tential scenario for corrosion of ship hulls was envisioned. |If the
mode of failure under consideration is that of yielding during bending
of the huli girder as a '""free-free' beam, it can easily be shown that
the strength equation is:

s = f(D, tg, By £, sy)

= Ns, = D(rg8+1/3¢t,D) s (27)
b Y
wherea: N = deck or bottom section modulus
sy tensile strength

D = section depth

B = section beam
Af = area of flanges
Aw = area of webs

ty = Af/ZB = equivalent thickness of one flange

n
|

Aw/20= equivalent thickness of one web

if corrosion is introduced, then A_, Aw, t

and t
become functions of time as the plating corrodes. W

f

The plate thicknesses may then be considered a function of time as follows:

() = tg "FR(7) (28)
where: t(r) = Plate thickness in time ~

to = Original thickness at t=o0

Rc = Rate of corrosion, also a random variable

The strength would then become a function of time and the probability of
failure could be estimated at various times during the ship's life using
the probabilistic theory previously presented. Alternatively,the original
strength at time t=o could be multiplied by a factor kc,reflecting equation
{28), also a random variable, to account for a specific reduction in
strength at a certain time in the vessel life.

Another approsch to consider the effect of corrosion

which does not result in a time dependent strength is to take the total
plate thickness as the sum of the thickness required for 1imiting stresses,
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tos plus a thickness for corrosion allowance, t [62]:

t o=t o+t (29)
Which by Equation (26) yields:
Gt = ("'1-{'") 6tn (w“'t ) 6c (30)
vhere:
6t = C0V of the plate thickness due to production tolerances
n
Gc = GOV due to corrosion

As pointed out in [62)], the corrosion rate will vary from one group of
strength members to another and this has been addressed by others using
a Monte Carlo simulation technique [65].

In [19],a method is presented for probabilistic 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 still 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 linear approximation of the S5-N curve, which are regarded
as random variables. A sensitivity analysis on these random variables
is also presented. The degradation of strength in time by factors other
then fatigue is not considered and it is noted that:

"because 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 quality-controlled fabr-ication
and is put into service with satisfactory maintenance under normal ope-
rating conditions. 1t should,therefore,be clearly born in mind that
the results obtained by this analysis will provide information on
the reliability 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 General

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 probabilistic
structural design, it will be discussed here from the standpoint of
characteristics and mechanics that must be considered for application in
probabilistic structural design. The literature on loads does not
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address this point extensively. A qualitative appraisal of the situation
with respect to toads applied te ships is included in Section 5.0 of
this report.

The types of loads applied to the hull girder consist
oi the foliowing [5G]:

Calm water due to weight and buoyancy.

Ship's own wave train.

Thermal effects.

Quasi-static wave induced {low frequency).

Dynamic (high frequency): including slamming,
whipping, springing, and propeller induced vibration.

3.4.2 . Equations and Distributions

Equations (1) through (7) deal with expressions for
the probability of failure, reliability, 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, all 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 still 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 literature on probabilistic
structural design of ships have only considered still water and wave
tending moments directly. This is primarily due to lack of information
applicable to other types of loads, as discussed further in Section 5.0.
It should be pointed out here, however, that in any complete probabilistic
analysis, the total load must be considered.

in the case of longitudinal ‘strength, this total load wil}
include the effects of local loadings, such as that due to water head,
since this will add a random load toward increasing the, overall load and
hence, the stress.

With respect to specific distributions proposed in the
literature, those found in [10] have been used in probabilistic structural
analyses of ships presented therein; the wave bending moments and still-
water bending moments have been considered. The amplitudes of the wave
be nding moments are assumed to follow a Rayleigh distribution in the short
term, and an exponential probability law in the long term. Using the
Weibull distribution, both the short-term and the long-term wave distri-
bution and density functions, respectively, are given as follows:

f, (x) = (/%) - (x/k) 71 e~ (x/K) x30 1)

- 20 (32)
FL (x) = 'OIXfL(X) dx = }-a (x/k) Xz
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short term
1 for long term
vE for short term
A for long term

where:

x

i i
[t
-
o]
-

mean square value of L taken over a short period of time
expected value of L taken over a long period of time

It should be pointed out that in [60] it is shown that the
exponential Taw underestimates the data measured onboard -an
Ore/Bulk/0il carrier. Therein,it is concluded that mathematical models
based on the normal or general Weibull distributions give excellent agree-
ment with statistical data for the ship analyzed. Reference [61] shows
that for two other ships, the Weibull distribution does not exactly fit
the data.

In Reference [12], “'order statistics' are used to obtain
the extreme wave bending moment density and distribution functions using
equations (31) and (32). These extreme functions become:

oly) = Ef'( Ik 1 o= (y/K) *[1- o~ v/ Byn-1 y,0 (33)
n
oY) = PIY <) = -~ (/4" ys0 (34)
N

where n is the number of wave records considered.

The still-water bending moment is incorporated first as
deterministic and then as a normally distributed random variable. The
combined still-water and wave bending moment probability density and
distribution functions in the deterministic case are:

_(.,.___Q.)R‘ n-1

0z (2) = o ETa . o " (35)
= 0, otherwise, & 2 m,
z-m L

ozn(2) = [,_e~(~tf9) 1" (36)

= 0 otherwise, & 2m,
where m is the deterministic bending moment.
The probability density and distribution functions in the

noimally dlstrnbuted case are.
~ -3 (2=m)°

$2.(2) = ¢- \/21r f w/k)-1-e (37)
1 = =B |a-1gy

and

an(z = 'ﬂ"-z'

T 121.[. (y/k) =1 e~ Wt} (38)
»V 0
L~ emomin-l, f ’ (":L-_) didy

where m and o are the mean and standard deviation of the still water bending
moment respectively.
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SECTION 4.0

MODES OF HULL EA1LURE

L. General

it is well known that the design of a ship's hull girder
from the standpoint of longitudinal strength is usually performed by
considering yield failure of the hull girder as a free-free beam in bending.
The load is normally determined by balancing the ship on an "extreme
wava'' for both hogging and sagging conditions and the resulting stress
must remain below an allowable level. Factors of safety based on
experience are contained in the loads and the allowable stresses. Ex-
perience has shown that such an approach leads to probabilities of
commercial ship failures in the order of 1072, [15, 59], although the modes of
the failures are not all known.

In turning to probabilistic structural design, as pointed
out in Section 3.0, all conventional factors of safety must be stripped away
and accurate distributions of load and strength must be determined.
Further, all potential modes of failure must be analyzed in separate
calculations.

This last aspect may appear subtle to some; but one must
remember that the yield failure of the hull girder as a beam is not
the only potential mode of failure of a ship hull girder. With the
historical conventional factor of safety approach on this yield failure
mode, other modes of failure may also be automatically taken care of
but with smaller margin and, therefore,with less of an effective factor
of safety. This,of course,is the major shortcoming of the conventiocnal
factor of safety approach and is rooted in its empiricism.

Consequently, in the probabilistic structural analysis, all
the potential modes of failure of the hull girder must be identified and
analyzed. The output may again be a factor of safety, but its determination
would be on a more rational basis.

4.2 Modes of Failure of the Hull Girder

Modes of failure of the hull girder from a longitudinal strength
standpoint can be grouped into the following:

® Yield failure due to bending of the ship considered

as a free-free beam

Compression instability buckling

Brittle fracture
Fatigue fracture

Ultimate plastic collapse
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As previously stated, longitudinal strength in hull girder design
is usually based on the deterministic evaluation of beam bending with factors of
safety to prevent a yield failure. However, it is interesting to note that
various investigators have indicated this not to be the most significant
mode of failure, [21] and [23].

In [21], it is shown that compressive and tensile strengths of
even poorly built ships are adequate to withstand the most severe wave
bending moments. With respect to brittle fracture, it is noted that
fractures cannot initiate because the quality of workmanship today is
high and the nominal stresses are usually low. However, if higher allowable
stresses in hull materials are used, then means of arresting cracks will
have to be considered. The feeling is that the brittle.fracture problem
can be eliminated by proper use of crack-arresting steels under any
circumstances. In the future, the problem may be restricted to fatigue
cracks and how large they may be allowed to get without leading to
unstable fracture. Fracture-mechanics investigations are proposed
for this analysis. A statement made in (21] is of interest:

“So much for the brittle-fracture problem. It is quite
possible that within 10 or 20 years it has disappeared from shipbuilding.
Then the level of permissible stresses will be to a large extent

determined by fatigue considerations. In fact it does so already now-
adays together with brittle fracture, buckling of bulkheads and webs
of deep frames and bottom damage due to slamming. It seems that

not everyone is aware of this fact. There are even investigators,
dedicating their time to wave bending moments, who are not much
interested in fatigue.'

In [22), a method is presented for the determination of the
ultimate plastic moment of the hull girder. It is stated that elastic
stresses from the conventional approach:

"may be influenced by residual reaction or thermal effects
to such an uncertain extent that the stresses thus calculated are some-
times regarded as having only comparative rather than absolute value.
The ultimate strength of a ship is likely to be influenced by these
uncertainties to a much smaller extent, so that the calculated hull
bending moment should give a reliable indication of the true bending
strength of the hull. It must be emphasized again, however, that the
possibility of premature failure by major hull fracture must be gquarded
against by proper design and construction details and control of material
quatity. |If this is true, then overall hull girder failure can only
occur through yielding and buckling, in the way assumed in this analysis."

However, discussions of the cited reference indicate that
buckling has been eliminated to a very great extent and brittle fracture
is the principal hazard, [23], and that Jow-cycle fatigue leading to
local failure and hastening the complete "breaking its back'' before
the ideal ultimate failure load is the primary problem, [24].

It is proposed in [11] that the fracture modes of failure
can be avoided providing care is taken in material selection and inspec-
ticns are made periodically. In conclusicen, it is in effect stated that
only adequate safeqguard against the occurence of plastic collapse need
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be provided. This is.tantamount to the considerations of compression
instability which are swmmarized as strut-panel and tripping of
stiffeners locally as well as overall grillage buckling.

in [18], the importance of analyzing various modes of
failures and damage to ship structures is pointed out. Results of a
20-year-lifetime probability analysis are given with respect to yielding,
local buckling, total collapse, and fatique type failures. Effects of
local water pressure are also included. The results, quoting from
the afore-mentioned study, were that "The probability of fatigue crack
initiation is comparatively high, whereas for ductire failures,
probability of local collapse of bottom longitudinals is fairly significant,
followed by the yield failure of deck or bottom plating, and very low
probability of total plastic collapse of the hull girder."

As a further complication to the problem, one must also
remember that many of the proposed modes of failure have been inves-
tigated from a ''stress at a point' view and due to primary hull stresses
only. However, the hul! girder has the capability of redistributing
stresses once it yields at a point. The total principal stress must,
therefore, be determined by the superposition of primary, secondary,
and tertiary stresses. Again these considerations are not important
in the nsual empirical approack to longitudinal strength but are of
great concern in any precise structural analysis.

4.3 Conclusion

it is obvious from the foregoing that the mode of failure
for a ship hull girder is net specifically known. In fact, it seems
perfectly plausible that the mode of failure may vary depending on
the design as ic generally experienced in structural design. Furthermore,
the overall probability of failure requires that all probabilities
of faijure of individual modes of failure be known and combined, and
that the total stresses including any local stresses must be consideréd.

As opposed to this situation, in the examples of
probabilistic structural design for machine parts, such as the one
in [8], the mode of failure and various stress components acting on
the parts are exactly known; and it is emphasized that this must be
tne case. Section 3.0 discusses this subject in more detail.
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SECTION 5.0

LOADINGS

The present study is not concerned with any investigation
of loadings on the hull girder other than to obtain, from a 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 perform pro-
babilistic structural analyses, all must be known about both the load
and the strength.

It was stated in Section 3.0 that the load considered must
be the total load acting on the structure to cause the particular
failure in question. |In relation to the longitudinal strength of
a ship hu)) girder, such loads would include still-water bending moments,
wave-induced bending moments, springing induced bending moments,
slamming induced bending moments of all types, transient deck loads
due to weather, thermal éffects, and bending moments due to the ships
own wave train, Except for the wave loads, there is very little
in the literature concerning the statistical date for these various
loadings.

From the standpoint of analytically determining lifetime
wave loads, Reference [12] presents a procedure for determining the
extreme values of the wave bending moment using 'order statistics'®
and assuming that the distribution of the maximums is of the Weibull type.

Several investigators have presented statistical fulil-scale
data measurements of wave bending moments for actual vessels, [25], [26],
[27]. In the measurements presented, the effects of springing and whipping
were filtered out. The results are curves of cumulative long-term
distribution of the average bending moments which show the probabilities,
per cycle of load [27], of exceeding different levels of these bending
moments during a ship's lifetime. Figure 1 is an example reproduced
from [26]. A method for converting these loads per cycle to a cumulative
probability curve for the ship's lifetime is indicated in [28]. Following
this procedure, a form of long term distribution must bé assumed.
As discussed in Section 3.4, the different assumed long-term-distribution
shapes fit the measured data differently [10, 60, 61].

_ There does not appear to be enough data nor any analytical
methods in the literature for determining the statistical distribution
of the other loads mentioned above. The ship structural reliability
studies presented in [10] assumed both deterministic and normally
distributed still-water bending moments. Reference [29] discusses the
computations of wave slamming and springing bending moments ip the
context of a probabilistic structural apalysis, but it is pointed out that
much verification must be made with respect to slamming and springing
before the procedures can be used. [t is also noted that with regard
to the structural probabilistic analysis, springing and slamming were
not incorporated although they might easily be.
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In conclusion, it is to be noted that the total load
scenario for a ship is not clearly established, particutarly in the
probabilistic sense. An absolute or completely rational probabilistic

analysis, from the standpoint above, does not seem possible at this
time.
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SECTION 6.0

PROBABILISTIC STRUCTURAL ANALYSIS OF

SHiP HULL LONGITUDINAL STRENGTH

6.1 General

A1l of the most essential considerations for probabilistic structural
design, discussed in preceding sections, would apply to transverse and
torsional hull strength as well as longitudinal. However, 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 such an analysis could only be used
in a relative sense; and even then the comparison of mcdes of failure
might be questionable due to possible better input to one mode of failure
analysis than the other.

Other investigators have discussed this point. It is stated in
[18] that the relative assessment of probabilities of failure may be one of
the useful methods of evaluation of ship structures. In Reference [13], one
of the motivations behind the approximate approach presented therein was
that "probabilistic analysis of structural safety for ships is difficult at
‘the present time because the available data are too limited to provide the
exact forms of the probability distributions of the bsnding moment and
the ship strength.' Reportedly, the sample size required is of the order
of multimillion pieces of records or data [30]. Two more recent papers,
{623 and [63], also discuss this point.

One other aspect of probabilistic design which has received mention
but not much analysis is the problem of determining the acceptable limiting
value of the probability of failure. It was mentioned previously that the
current level, based on actual occurrences, was determined in a study [15, 59].

The two emerging problems, i.e. the lack of available data and
techniques to perform an accurate probability of failure analysis and the
absence of an acceptable Timit to the probability of failure, point to a
need Tor the following three overall efforts:

© Continue to develop techniques and obtain data for both
load and strength for probabilistic analysis.

Perform absolute probabiltity of failure analyses for
different ships, compare and update the results as
better data and techniques are developed,

© From the data presently available on ship failures of all
types for all types of ships, perform semi-probabilistic
analyses to identify safety factors of current and
past ships.

The first of the above is needed for the advancement of probabilistic
structural analysis methodology.
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The second is necessary to obtain results using the latest collected
data and the theoretical and testing methods in a cdeveloping analysis '
procedure, and to compare these results with what is known and with each
other. Ultimately, the results of such a procedure could be used, in
conjunction with non-structural aspects, to obtain an acceptable limit for
the probability of failure. This would lead to the determination of the
resulting factors of safety to be used by designers.

The third and last effort is needed to reap immediate fruits from
the probabilistic design approach. As mentioned earlier, current longitudinal ’
strength procedures only consider ductile yielding of the hull girder due
to an equivalent wave imposing a vertical bending moment. An extensive
analysis of ships, particularly those that have failed in longitudinal
strength, considering all the modes of failure and using known loads, can
produce a better understanding of which niodes of 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 second effort above is different from that discussed in the third.
Factors of safety that come from an exact probabilistic analysis are to be
based on the exact knowledge of the load and strength. This would be the
case with the second jtem but in the case of the third, uncertainty concerning
the load and strength would be tied into that safety factor but it should involve
less uncertainty than in current procedures. As more becomes known about
the strength and load, the results of the third item can of course be updated.

The proposed approaches for the above three areas of effort are
presented below in greater detatl.

6.2 Development of a Probabilistic Structural Analysis Methodology

in Sections 3, 4 and 5, the areas were identified whera more
theoretical studies need to be performed and data collected from full-scale
experimental measurements, These areas can further be divided into sirength
and load distributions, strength equations, and time-dependent analyses.

6.2.1 Strength and Load Distributions

As discussed in Section 3.0, 1f the exact form, and the
magnitudes of the strength and load distributions are known, it is simple
to determine the probability of failure. The problem is that for both
strength and load, these distributions do noi exist. The problems for load
are discussed in Section 5.0, and will not be elaborated upon here since this
is not the specific area addressed by this project and is being addressed
elsewhere. [32].

In the case of the strength, the procedure has been to
synthesize the distiribution either by estimating only the coefficients of
variation of strength variables, i.e. constituent parts whose distributions
are not known, or by making an assumption as to what type of distribution the
strength follows. Higher level syntheses discussed in Section 3.3.3 consist
of the determination of strength statistics from the assumed distribution of the
constituent parts, from the known distribution of constituent parts, or the
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determination of strength statistics from actual testing. The latter would
give the greatest accuracy but, as discussed previously, 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). The whole structural
description rests with equations like these and the variabies they include,
since it is the statistics of these variables which are used tc synthesize the
overall strength distribution. Such an equation can be lacking in the simplifying
assumptions associated with its derivation or in the number of variables ft
contains. Eguations can have the same simplifying assumptions, which contribute
to subjective uncertainties as discussed in Section 2, but a di.ferent number of
variables. For instance consider the following:

S = f(N.Sy) = Nsy (39)
N= g(D, t, B t) | (40)
S =.f[9(9’ Y B'_tw)?.. sy] ED(thH/nwD)Sy (41)

deck or bottom section modulus

tensile strength

section depth

section beam

area of flanges

area of webs

Af/2B = equivalent thickness of one flange
A,/2D = equivalent thigkness of onz web

where:

~
I 1 d & 0 i

St >>DoTOn =
—h

53



Equation (39) only considers the section modulus and tensile strength and is
based on the simplifying assumptions of engineering beam theory. To
synthesize a distribution from these, one would need the statistics of the
section modulus and of the tensile strength. The former would be nearly
impossihle toc obtain accurately since ships or structural models would

have to be tested. By breaking the section modulus into variables as in
Equation (40), the strength also becomes composed of more variables

amenable to more direct scrutiny as far as their statistics are concerned,
Equation (41). This can naturally be extended to much more subtle
varisbles.

The objective of such an approach is to define all the variables
which can more easily be measured and for which statistics can be determined.
The methods discussed in Section 3.3.3 should then enable one to synthesize
= .81 accurate strength.distribution,

The example of Equation (41) is usually intended for elastic
bending of the hull girder as a beam. In the cases of fracture, fatigue,
and ultimate strength, more work will probably have to be done to obtain an
accurate expression for hull strength for these modes of failure.

6.2.3 Time-Dependent Strength Analyses

It was discussed in Section 3.3.4 that there is not much
available in the literature regarding time-dependent strengths of ships.
It is,therefore,suggested that research be performed to develop an accurate
pirobability of failure procedure for 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 immediate and clear idea of ship lJongitu-
dinal strength from the practical standpoints of modes of faiiure, safety
margins, and probability of failure, the probabilistic structural design
approach can be used most fruitfully in a semi-probabilistic type of analysis.

The semi-probabilistic analysis approach would be the easiest
to apply and be consistent with the assumptions that would be necessary.
Applying a more rigorous and time-consuming technique with an equal amount
of additional assumptions may not add insight or accuracy, and it may even
detract from the efforts.

A potential basis for such an approach has been présented in
{13]. It is implied there that the procedure might actually ‘be used in
structural design. From the standpoint of a designer, this seems highly
unlikely in the near future since most ship longitudinal strength
determinations are presently based on classification society rules, or
specifications which have been developed through years of experience,
and in all likelihood they would not be changed until a different approach
that offers advantage could be established and well proven.
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However, in the interest of obtaining improved analysis methods
and insight, it is important for researchers and designers to have a
better appreciation for the basic structural phenomena associated 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 modes of failure may have been accounted for,

6.3.2 Method of Approach

The "Approximate Probabilistic Method' of Reference [13] does
sot require assumptions concerning the types of distribution for load
and strength. This method is a candidate for the semi-probabilistic
probability studies discussed for the short term. The details of this
procedure are presented in Section 3.2.3.

The procedure was presented specifically for vertical bending
of the hull girder as a beam. But it seems plausible that the approach
might be extended, with some modification, to other modes of failure.
Far the specific purposes of obtaining better knowledge on more rational
factors of safety and on critical modes of failure, this procedure vields
the safety index as given by Equation (11) of Section 3.0. If this
index can be evaluated for existing ships, including those that have
failed, for various modes of 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] for oil tankers and
[63] for naval designs. ~ It is of interest to note that Figure 2,
reproduced from [13], gives an indication of the probability of failure
for a given safety index when different distributions are assumed.

The procedure for arriving at the safety index would then
be as follows:

© petermine the mean strength for the mode of failure
in question

m, = o\S. (42)

where:
Oy = average failure stress
S
m

= hull strength in question
s~ mean of strength

Determine central safety factor.

m
0= S (43)
mz
where:
m, = mean of total load

2

27~



$ - NORMAL
v, = 0.13 Z - EXPONENTIAL + NOPMAL
«q] Vv = 0.10
‘10 * $ - NORMAL
2 - ASYMPTOTIC EXTREME IT

10”8
.y
Py S - NORMAL
8 T = EXTREMZ (n=3) + NOPMAL
3 s -
E %0
- $ - ASYMPTOTIC EXTPEME I
; _sE 2 -~ ASYMPTOTIC EXTREMZ II
£ 10 _
-t
L o]
E .
§
& 10 t_
£
m'?Fm
E; | ] M | J | -
1 2 3 4 s 6

SAFETY INDEX ¥

FIG,. 2 - PROBABILITY OF FAILURE VERSUS THE SAFETY INDEX

Determine safety index.

_ o-1 (hh)
where: Vg = COV of strength

\Iz = COV of load.

The quantities oy and S should be obtainable from the design
calculations of the ship. m; can be determined by measured data, empirical
procedures, or by an analytical approach such as the one in [10Y. A correction
for loads not considered by these approaches and the COV's of load
and strength can be determined from existing data. An example of this
procedure along with a computer program are presented in Section 8.0.

_ The safety index Y will be directly indicative of the
safety factor, and since it will be derived from statistics of both
the load and the strength, for varicus modes of failure, it will give
nuch more information than the singular approach of current design
based on vertical bencding only.
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SECTION 7.0

UNCERTAINTIES IN HULL STRENGTH

7.1 General

As mentioned repeatedly in the preceding sections, a suitable
approach to ship probabilistic structural analysis requires the determination
of strength variable means and variances. The ratio of standard deviation to
mean is termed the coefficient of variation or, COV.

The statistical nathe of the variables has led to their being
termed '""uncertainties."

Reference [3] classifies the uncertainties into two types:

o Objective - '"Measurable or quantifiable, such as observed
statistical variabilities and deductive probabilistic
information."

o Subjective - '"No factual information is available or the
uncertainty is not amenable to quantitative description
and must be described and handled subjectively on the
basis of judgement and intuition."

Once the means and variances of the objective and subjective
uncertainties have been established, they can be combined as follows: -

v=N_ 24y 2 (45)
A _

Ve = COV of x
Vyo™ COV of objective uncertainties of x
Vys= COV of subjective uncertainties of x

where:

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 shape dimensions.

o Shipyard Practice

-~ Variations in material scantlings.
~"Variations in fabrication tolerances.
- Vartation in weldments. '
Residual stresses,

-ipitial Deflections

1
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o Operational Occurrences

- Corrosion
- Wear and Tear

With the goal of collecting data for these various
uncertainties, requests were made tosteel mills .and the literature was
surveyed. From the steel mills, statistical data in the form of either
distributions, means and variances, raw data points, or tolerances for at
least the foilowing quantities were requested:

Tensile, Yield, and Ultimate Strength

Young's Modulus, Tangent Modulus, and Shear Modulus
Ductility

Corrosion Resistance

Dimensions of Manufactured Items (Plate Thicknesses, Shape
Dimensions, etc.)

Poisson's Ratio

C000C¢C

o

Eleven major steel praoducers in the U.S. were contacted.
The responses received [34] did not include any new data, but instead made
reference to [35] through [39]. Genérally speaking,the steel producers
indicated that they do not collect the type of data requested. Manufacturing
of steels i5 controlled within the limitations of References [37] and [39].

The literature survey disclosed a number of pertinent
references. that are of value. These references contain information on
strengths, fatigue, corrosion, dimensional accuracy, and welding stresses.

Since most ship-related probabilistic structural analyses
make use of cnly a few uncertainties and usually assume values for their
COV's, some of the references cited were used to obtain more accurate estimates
of several COV's. Although there is not an abundance of data, it may be
possible to uncover mere numerical values and do more comprehensive an
analysis than what is reported here. This work should, therefore, be continued.

7.2.2. Forms of Existing Data

The data for the uncertainties considered in this
study fell into three categories:

© Means and Variances
o Data points
0o Tolerances

For each of these a different approach was used to compute the respective COV,

In the first case the COV can simply be computed by
dividing the square root of the.variance by the mean.

In the second case, the data points can be used to

directly compute the mean and variance of the uncertainty, which of course
would directly yield the COV:
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| N
wEg T o (46)
mel
N z
2z -t)
P (47)
me=l
cov =2 (48)
u
where: N = number of data points
xn= nth data point
p = mean of variable x
oi: variance of variable x

In the third case, if it is assumed that the uncertainties
arise because of many individual variables, it can be shown by the '"Central
Limit Theorem'" that the uncertainties will be normally distributed. [t has
been determined for some ship-related uncertainties that the tolerance limits
generally encompass 99.7% of the events [53]. For a normally distributed
random variable,this corresponds to the following:

A W M e L k9
Pr = gp(x)dx== mexp[—z‘gz—“]dx (3)
wtol - Yi-tol  «0.997

where: p (x) = probability density function and tol = tolerance limit.

By the change of variable t = Eéguequation %t9) reduces to:
i kel

Pr =,(72—3r' e):g:(-tg/g)dt = 0.997 o)
14

Equation (50) represents a zero mean, normally distributed process with a
stapdard deviation oi 1.0. 1t is known that the .9597 probability level
is contained within - 3 standard deviation. Therefore!

+ 10l _+ 4 G1)
)
o = 1ol (>2)
3

It is mentioned in [54] that tolerance limits are usually taken to be
3o, Consequently, on the basis of the foregoing, the mean, u, can be
chosen from the context and the standard deviation computed by dividing
the tolerance by 3.

The uncertainties which were analyzed are listed below
in groups corresponding to the type of data that were availabile:
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o Means and Standard Deviations

- Depth of stiffener web [53]

~ Breadth of stiffener flange [53]

- Breadth and length of plate [53]

- Yield strength [35]

- Tensile strength [35]

- Initial deflections in plates [67]

o Data Points

- Depth of ship [40]
- Beam of ship [40]
~ Flange breadth [40]

-0 Tolerances
~ Depth of ship [40]
~ Beam of ship [40]

~ Thickness of plate (receipt inspection) [40]
-~ Thickness of plate (undercut) {[40]

7.2.3 Determination of COVs

The means and standard deviations from [35] are presented
in Tables 1 through 3 along with the computed COVs.

In the case of the means and variances available for
flange breadth, web depth, and length of plate, it is assumed that the variance
is not a function of the absolute size of the member since it is not presented

in this manner. Consequently, the mean and the COVY of a dimension "' are
ajven by:
no= X+, ‘ (53)
§ = Cov =ﬁ- (54)

Figures 3 through 5 give the data base and expres<ions
for the uncertainties.

The dzterminations of COVe from data points for flange
breadth, ship depth, and ship beam are shown in Tables 4 through 6. Note
that the results of Table 4 and Figure 4 agree well in that they both show
COV  around 1% for flange breadth. It should be noted that the COVs for
ship beam and depth are extremely small. Reference [10] assumed a value
of zero which appears reasonable.

The determination of COVs from tolerances for ship
depth, ship beam, thickness of plate (receipt inspection), and the thickness
of plate {undercut) are given in Tables 7 through 10. .

7.2.4 COVe From Literature Survey

Reference [11] presents some results for objective
uncertainties for materials, scantlings, and manufacturing imperfections.
These are shown in Table 11,
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TABLE I - CARBON STEEL PLATES

TENSILE STRENGTH
offictal Tenalte Stremgrh, kul
—mm{_]m. 80 and over
| —
Humber of Tants 123 Lin Joi 152
Officlal Tast Avarage, psl 57,187 65,021 74,519 B4, 48
Averaga DIffarance, psl E11} +i08 *15 -367
Standard Devlation, psl 1,517 1,166 3,245 3,068
cov .028 .03 JOhk 016
* YIELD POINT
Officlal Yiald Polnt; kil .
. _Under 30 30-50 excl, ~R0-50 excl. 50 and over -
Nuster of Tosts 50 )V, 268 131 168
Offlcisl Test Average, psf 28,557 15,65} 4,652 55,646
Averags Dlfference, psl +132 =1h2 -1,427 =1,9%5
Seandard Daviatlon, psl 2,711 1,673 3,253 4,017
oV .09% .675 +07S 7k
TEHSILE STREMGTH
Tanzlle Strength At Ho, 2 Corner Positlon, ksi
Under b2 o-72 | Jo-S0 8 € Over TENSILE STRENGTH . TIELD POINT
Hombar of Tasts a7 1174 368 120 Under 5-70 | 70 & Over | Under %0] %0-R5| %5-50 | S0 & Over
CFFiclal Test Average, pal 55,74k 64,579 74,152 43,925 '
Average Dffference, p;l +39% +1p0 I-23 -38 - FLANGE TESTS
Standard Deviatlon, psl 1,506 1,80} 1,823 2451 Rusher of Tests 159 i
f 56 JLL] 1L 33} 138 a9
cov -0z 024 -925 02 1| official Test Average, pe) | 62,248 [ 67,170 | 72,726 37,698 | %2,193) w00 | 52,097
Average Difference, p3l +79h [ -1, 142 -1,157 +162 | -2,247 | &, 19 =5.845
Stondard Devlatjon, pail 1,512 2,690 3,632 2,649 3,600 1,182 3.863
cov ' .0h .04 .05 .07 085 . 068 074
YIELD POINT - -
Tield Polnt At Ho, 2 Corner Posltlen, kil MEQ TESTS
Under 30 1 . A0c5 30 & Over Huaber of TesLs 160 62 167 n IR %
CEficlal Test Average, pal 52,8671 | 67,182 72,769 37,637 k hz,191 | 47,020 52,56
Humber of Tasty 1,170 a3 150 M M M M
OFflctal Test Average, pal 36.015 4,226 55,836 fuersge Difterence, pri 3 IR 1 (LTl BT B e B T
Average Dlfference, psf +1o7 -1% ~360 cov e e 0wz | iokd e fair | Todst Tonr | on
Standard Devlatlon, pal 2,020 2,183 2,171 . . -053 . . . :
cov 056 .04y .0}



FIGURE 3
DETERMINATIdN OF COEFFICIENT OF VARIATION

FOR THE UNCERTAINTY

DEPTH OF STIFFENER WEB

(Pata from reference 53)
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where: & . =-stiffener depth
web :
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FIGURE &

EEIERHINAT!ON OF COEFFICIENT OF VARIATION

FOR THE UNCERTAINTY

BREADTH OF STIFFENER FLANGE

(pata from reference 53)
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where: % = breadth of stiffener flange
flange
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FIGURE &

D'ETERM!NATI.QN OF COEFFICIENT oF VARTAT 0N

FOR THE UNCERTAINTIES BREADTH AND

LENGTH OF PLATE

(Data from reference 53)
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TABLE &

FLANGE BREADTH UNCERTAINTY

We= flange breadth

Data - 2
Paint | x (inch) (x - x)
] 1/8 0.000961 X = §£§-= 0.156"
2 1/8 0.000961 b
' o= {z (x - ,) {o_wg} 2
3 1/4 0.008836 _
4 1/8 0.000961 if N<25
: - c = 0.0625"
T 5/8 _ 0.01172
Mflange =x+wf=0.156+wf
breadth

S=£=~' 0.0625

K 0.156 + w
1 f
For we = 6" .

. 0.0625 —
é’o—ﬁm 0.0102 wr-lOZ./

*Comparison with Flgure L.

Compare 2 = 1.02% with that using formulation from Japanese standard data
we = 6" = 152.h am (1 inch = 25.40 mm)

2.18 . 2.18

. = 0.51 + & = 0.51 + 152.5 = 0.0143 or 1.43%

flange
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TABLE V_- DETERMINATION OF ¢p (COV_OF DEPTH) FROM THE MEAN AND STD
DEV. OF MEASURED DATA

DEPTH UNCERTAINTY

Data bepth
Point Depth Meas. Dev.
l‘ 36! 1.5"
2 Lo 1% = 0.552¢
3 16! 5/8"
L] 83" -

NON-DIMENS IOMALIZE ABOVE DATA

PL 1 N Y i - %) i - 0?2
§2'+'§gl§575‘= 1 + 0.003472 1 1.003472  0.000896  B.02816 x 10”7
2 1.00) -0.001576  24.8378 x 107/
P 2 3 1.603255  0.0006679 4.61041 x 1077
TL:'E + ggatyy = 1+ 0.001 £ =3.007727 £=37.47637 x 107/
w3 >

;ﬂi;ff:': 3:007727 _ 1. 002576
;:_2, + T‘g"‘% = 1 + 0.003255 3

N 2 7 )
= > (Ko~ %) = [37.47637 x 10/ = 0.00136887
{:=/ N—‘ 2 '

- :9=‘3-T°9()L032_%’3€;7'= 0.001365 o O.12365 %
- 5

-38-



TABLE VI - %p (COV OF BEAM) FROM THE MEAN AND STD DEV. OF MEASURED DATA

Data Beam
Point Beam Mezasured Dav,
1 55! :é" (2 ships - measured data)
2 95! 6.1% or 1.14"
3 75' 172"
L 145" AL

NON-DIMENS1ONALIZE ABOVE DATA

Data Point #1 Data Point #3
- 55ty 20 g % 5 . _05
Gsr - xaz o | - 0003 B+ g2y = 1 + 000555
Data Point #2 Data Point #4
95 1.dh T T
55 Yygxaz ' v oo Ter " TR Tz = | - 0-002299
N X; *i - %) i - %2
i 1.001 0.001248  1.5575 x 10°°
2 1.000555 0.000803  0.6448 x 10°°
3 0.397701 -0.002051 5.2066 x 10°°
I =2.999256 £=6.4089 x 10 °
xn
x = Bl = 2.999256 = 0.999752
' 3
o= {e%i-0% = T6.4089 x 1078 = 0.001750 § =22 g_-g.cl'_;@_;: 0.00(79} or 0.1791 %
N1 3 x 0-939975
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TABLE 7

UNCERTAINTY - DEPTH OF SHIP

-40-

. Coef. of

Data Tol. g u (Mean) Variation S

Point{ (Inch) (Feet) (Feet) [ (Percent)

] /4" 0.00694 2.0 0.000347 0.0347

2 1/2" 0.0139 36.0 0.000386 0.0385

3 0.1% 0.012 36.0 0.000333 0.0333

4 1/2% 0.0139 26.0 0.000535 0.0535

5 3/8 0.0104 91.0 0.000114 0.6114

6 1/2 1 0.0139 50.0 0.000278 0.0278
o 8§ avg. 0.8332%




I

Table 8
UNCERTAINTY - BEAM OF SHIP
Coef. of
Data Tol. S p (Mean) Variation 5
Point i (Inch) (Feet) (Feet) 3 (Percent)
i A% 0.024 72" 0.000333 0.0333
2 1/2 0.0139 200 0.0000695 0.00695
3 1/2 0.0133 75 0.000177 0.0177
4 1/2 0.0139 96 0.000145 0.0145
) .0181
Table 9
UNCERTAINTY - THICKNESS
(RECEIPT INSPECTION)
iData | Tol. $ u (Mean)

Point ! (Inch){ {(lInch) (Inch) 5 8(%)

1 1/8 0.0417 t 0.04517/t b7/t
2 gt 0.0333t t 0.0333 3.33

3 1/32 0.0104’ t 0.0104/t 1.04/t
I 1/6% 0.0052 t 0.0052/t 0.52/t
5 1/8 0.017 t 0.0417/¢ 4.17/¢
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TABLE 10

UNCERTAINTY — THICKNESS

(UNDERCUT)

Data Tol. 8 p (Mean)
Pointi (lnch)| (Inch) (Inch) 8 & (%)
1 1/32 0.0104 t 0.104/¢ 1.04/¢
2 1/16 0.0625 t 0.0625/t 6.25/¢
3 1/32 0.0104 t 0.0104/1t 1.04/¢
L 1/32 0.104 t 0.0104/t 1.04 ¢
5 1/32 0.0104 t 0.0104/t 1.04/¢
6 1/32 0.0104 t 0.0104/t 1.0h/t
7 1715 0.0625 t 0.0625/¢t 6.25."t
8 1/32 0.0104 t 0.0104/¢ 1.04/t
9 1/16 0.0625 t 0.0625/t 6.25/t

2.78/t
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TABLE Il: Objective Uncertainties
Type Varijable Source cov

Material Modulus of Elasticity, E Unknown 2.5%

Yield Strengths (Royal histograms

Navy B Steel) (two) 6-8%
Scantlings Plate thickness

(0.25" plate) [55] 3.6%

Plate thickness

(2" plate) [55] 0.7%

F ————————————————————————————————————————————————————————————

Plate thickness

(A11) [56] 5%
Manufacture | Residual Welding Stress Unknown 10-15%
Imperfec-
tions

‘Reference [10] gives identical information on objective
uncertainties as shown in Table 12.

TABLE 12: Objective Uncertainties

Type Variable Source cov

Material Yield Strength (23 ksi steel) [57] 6-8%
Yield Strength (32.6 ksi

mean yield) [41] 6.7%

Yield Strength [58] 7.9%
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Reference [67] yives information on initial lateral deflections in
plating in the bottom of a universal bulk carrier and a tanker as shown in
Table 12-A. 1t was shown by analysis of the histograms by the X - criteria
that the initial delfections obey a Gaussian law. ‘

TABLE 12-A
Ship Dead a Type of t _ o
type weight & Structure | (mm) | b/t B g Ug "
hl z

UBC 25,000 2.0 bottom 18 k6.0 | 1.74%0 0.194 | 0.0287 |0.15

deck 22 40.9 | 1.547 | 0.145 | 0.0624 | 0.43
Tanker 100,000 L. b :

bottom 24 37.5|1.418 10.136 | 0.0618 | 0.45

TABLE 13

SUBJECTIVE UNCERTAINTIES [11]

e

Moda of Failure ' Ship Bending~ Gross Panal®#*

TenSinn yielld...b.....'lb..hl....U.-. 3 o

Plate Buckling

Strut Panel -
g-..---.too.-o---h '* . 6

Beam Column
{6riliage Buckling,,........ Cetesevens L 7.5

¥

c.0.v. of subjective uncertainties in strength arising from ship bending
actions. (%)

%= ¢,0.v. of subjective uncertainties in strength arising from gross panal
actions. (%)
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7.3 Subjective Uncertainties

The subjective uncertainties, quoting from [ 31, "include
the nonmeasurable inaccuracies of engineering analyses, any non-measured
variances of construction and fabrication, and the unavoidable and non-
determinable 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 COV of the subjective uncertainties was taken
as 3% and 5% respectively. In the case of bending, the uncertairnty was
attributed to:

"I. The use of the simple beam theory which is based on Navier
hypothesis. This hypothesis excludes 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.
L. 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
uacertainties were specifically determined is made.

In Reference [11], subjective uncertainties are given for
various strengths, Including ultimate tension, bending, and compression
failure due to plate and grillage buckling. The discussion therein
cites a number of references from which data was obtained and the COV's
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. Most
subjective uncertainties are really "as-yet-unquantified' objective
uncertainties. They possess the property of being measurable although
data may not exist or may be sparse and difficult to locate.

The data presented herein verifies the assumption in the
titerature that the variability in principal ship dimensions is small.
The additional results for material yield strength also agree well with
what has been presented before.
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SECTION 8.0

SAMPLE CALCULATIONS

8.1 General

It was stated in Section 6.3.2 that the "Approximate Probabilistic
Structural Analysis Method" of Reference [13] can be used to obtain more in-
sight into ship hull longitudinal strength through determination of the safety
index, Y-

In this section, the method is applied to the ten different
ships in vertical hull bending mode of failure which were analyzed using the
method found in Reference [31]. Table 14, reproduced from this reference, gives
the input data and the safety index results.

This section presents a computer algorithm which embodies the éubject
method. An equation for the strength COV for ductile yield vertical bending
is developed in terms of the COV's of the uncertainties. Results of the com-
putaticns with the computer algorithm are presented for nine ships using the
data from Table M+, In the casé of Ship #10, the formula developed herein
for the strength COV is utilized along with the remaining data of Takle 14 to
obtain the safety index.

8.2 Computer Algorithm

The computer algorithm represents the computational sequence of Equa-
tions (52) thru (4h4} of Section 6.3.2. Within this framework,all quantities in
the equations are input. However, in the case of the strength COV, the option
exists of evaluating it from the strength COV equation and the input COV's of
the strength uncertainties.

The algorithm is structured as shown in Figure 6. The mzin program
consists of Equations (42) thru (44) noted above. The subroutines for the
strength COV's are based on individual derivation of the strength COV determined
by the technique given by Equation (26) of Section 3.3.3 and the strength equa-
tion. Only the ductile yielding of the hull girder due to vertical bending is
considered here. Equation (20) of Se¢tion 3.3.3 is the strength eguation for
this mode of failure of the hull girder. |f the areas of the flange and the
web, Af and A, are respectively expressed as functions of additional variables,
the following equations would result:

Af = 2[BtgtMets (b, +25,)] (55)

Ay = BIDE My (2,+ 26,)] (56)

S = [DBtd+DMft5(QWI+zfl)+(2/3)D2tw (57)
+(2/3)pMyt (;zwznfz) ] Sy
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—

> 3
on

Assumed:

mz = m+A

Mean of Still Water Bending Moment :
= Average Value of Long Term Wave Bending Moment
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SHIFE I.BP m & by & VZ VS Y
- (ft) (£t~ton) (ft-ton)
1 594.00 206,000 | 34,500 0.1595 0.11 5.619
z 656.20 328,500 | 42,500 0.1400 0.11 5.840
3 700.65 396,500 | 51,500 0.1402 0.11 5.796
4 719.10 357,500 | 48,850 0.1444 0.11 5.769
5 754.70 519,500 | 60,500 0.1325 0.11 5.993
6 775.00 610,000 | 61,000 0.1229 0.11 5.856
7 800.00 613,500 | 65,500 0.1268 0.11 6.103
|
8 (1,000.00f 1,474,500 113,250 0.1105 0.11 6.152
¢ |1,069.25( 1,718,300 |118,400 0.1068 " | 0.11 6.279
16 }1,076.00{ 1,906,500 [131,400 0.1068 0.11 6.314
TABLE th: "APPROXIMATE PROBABILISTIC METHOD"
(input and Results from Reference [31])
NOTE

26



e——— et

INPUT
For i=l,-:--,-5

HULL DUCTILE YIELDING
MAIN ..
8sy = frls1)° =" 81p)
Vg, = Vg 2+a? I S—
|
Ms; = ON;Si HULL ULTIMATE
g, = T2(897°° "6
_mg; sp = T2(82] 2N)
1 " gy
|
Yi = = HULL FATIGUE
l G
9?V§i+\/zi >
8§53 = f3(831° - -83N)
HULL BUCKLING
e
85y = Fu(byy---84N)
OTHER TIME
OUTPUT DEPENDENT STRENGTHS
vi So5 = F5(657- - dsp)
Figure 6: ‘'Approkximate Probabilistic Method" Algorithm

-48-



where all terms are as previously noted and in addition:

B
D

lfz

MgsM,,

s

Y

Beam of Ship

Depth of Ship

thickness of deck plating

thickness of stiffeners

thickness of webs (side plating on longitudinal bulkheads)

length of deck or bottom stiffener web

length of side or longitudinal bulkhead stiffener web

length of deck and bottom stiffener flange
length of side or longitudinal bulkhead stiffener flange
number of stiffeners along deck and side plating, respectively

tensile yield strength

The coefficient of variation of the bending strength as given by Equation (57),
is shown in Appendix A to be:

where:

I & Mmoo O o >

2 - 9 2. o
8s% = 3T3BTaciap) 2 [1/9 (3A¥3B+4C+2D) “6p

+nZ (8524842) +E26 5,

o
foe)
~7

2
+F262f1+l/9(3E+2G)26%s]

2 2 2
N 62 h(czatw+6262w2+H2§2f2)
sy” T(3AT3B+20+2D)2

Mfts(gw]+ 2fl)

ths(£w2 + 1;2)
Metgty
Hetsli
MWtSR’wZ
Mutsley
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No attempt has been made to include strength equations for hull ultimate, com-
pression, fatigue and other time-dependent strengths due to the limited nature
of this project. As mentioned in Section 6.C, it is considered plausible that
strength equation can be adopted for each of these strengths which would conform
to an analysis by the ‘Approximate Probabilistic Method'.

As the additional strength equations and the expressions for strength
COV are developed for differeat modes of failure, they can be added to the al-
gerithm presented herein as subroutines. 1t is noted, however, that the algo-
rithm is simple and could be coded quickly for any type of computing machine.

A listing of the algorithm written in FORTRAN~1V for an IBM computer
is given in Appendix B along with the documentatiocn.

$.3 Analysis and Resulis

The computer algorithm was verified by re-computing the results of
Table 14 with the input data given therein, inciuding Vg, the strength GOV. :
In the case of Ship #10, scantling plars were availeble and Vg was also computed by
th2 subroutine representing Equation (58).

Ship #10, the MUNJVERSE IRELANDY is a large oil tanker which has
been used as a subject in many research studies. Table 15 gives the prin-
cipal characteristics of the "UNIVERSE- IRELAND".

Figure 7 represents the approximate midship section used to simplify
the application of equation (8). Since the vessel is full at midships, the
error introduced by this assumption should not be significant.

Table i6 gives structural variables determined from the drawings.
The next few steps of the calculation were actually performed by

the computer. The process, however, consists simply of inserting the
above values into Equation (58) to yield the following:

Z 2 2 2 z
§g = 1.23 5p + 0.798 &5 + 0.7985td + 0.189g£w
R 1
yi .2 2
8 a3 8
. 0_035$ +0.33 Ot 2 + Sy + 0.01 t, *0.005 6,
5 W
F] 2
+0.00045%) (59)

2

Table 17 gives the uncertainty COV's determined from the data
presented in section 7.0.

Equation (9) yields 55 = ,0849. Assuming subjective uncertainties to

be 3%, the total strength COV becomes

tov= #§;5_+ Asz = Vft0849)2 + (.03)2 =0.09 to)

It is interesting to note the relative importance of uncertainties
as given by equations $69) and (60). First, the assumed 3% COV for
subjective uncertainties does not significantly affect the uncertainty
that would be obtained from objective considerations unly. Table 18
gives the values of the individual terms of equation (59).
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As can be seen in the case of the "UNIVERSE JRELAND", the yield
strength of the material far outweighs the consideration of other var-
tables. Additional variables of some importance are thickness of deck
piating and stiffeners and the length of flanges

tudina! bulkhead stiffeners.

The results of the safety index
program are piotted in Fijure 8.

conputation

on side and lonai-

employing the computer

TABLE 15: UNIVERSE IRELAND CHARACTERISTICS

TYPEZ TAHKER
Approximate dwt, tons 326,585
Overall length, f. l,l35.17
Lop, FE. 1,076
Breadth, ft. 174.87
Dept. ft. 105
Design draft (keel), ft.-in. 81-5"

Builder

Block coefficient (LWL)

. 2
Secticn modulus, top, in"-ft.
Maximum stillwater bending roment in full
load condition (long voyage) (sagging)

Maximum stillwater bending moment in full

load condition (short voyage) (sagging)

Maximum stillwater bending mnioment in normal

batlast {hogging)

Ishikawajima Harima
0.86
556,79

1,950,000 LT-FT

2,355,000 LT~FT

" 1,858,000 LT~FT
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SECTION 5.0

CONCLUS 10NS

The conclusions reached in the course of this study are summarized
below under the major subheadings from which they were derived.

General Probabilistic Structural Analysis:

(o]

Mechanical, Civil, and Ship probabilistic analyses of structure
have all utilized similar methods which differ in the assumptions
concerning load and strength distributions.

Strengths can be described from known distributions, synthesized
from known distributions of constituent parts, synthesized from
assumed distribution of constituent parts, or synthesized in terms
of means and variances from those of the constituent parts. The
accuracy decreases from the former to the latter approaches.

Since probability of failure, margin of safety, and reliability
involve integration under the tails of distribution curves, the
shapes of the distribution may be important.

Not much is available in the literature concerning time
dependent strength analyses in general.

Medes of Failure:

o

The most significant mode of failure of ship hulls from a Tongitudinal
strength standpoint is not known. The probable modes include ductile
yield bending of the hull as a free-free beam, ultimate plastic collapse
buckling, fatique and fracture.

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

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

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 ard
structurally different ships of the future.

Loadings

o

The tota! load scenario for a ship at sea is not clearly known in
terms of statistical distributions.

Structure Statistics:

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
generated for ships using an approximate method to obtain the
mean and variance from those of the uncertainties in the strength.

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

Strength Uncertainties:

o It is difficult to obtain data on strength uncertainties.

o Dimensional uncertainties in principal characteristics of ships
appear negligible.

o ‘Strength variations in yield and tensile properties of steels
appear significant.

o It is difficylt to estimate subjective uncertainties; not much
data _are available.

o Uncertainty statistics can be obtained from tolerances in production.

Ship Analyses:

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

o 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
sémi-probabilistic approach.

o Analyses using an approach of the larter type could be used to

compare past and present designs, modes of failure, etc, ,to obtain
more insight into ship longitudinal strength.
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SECTION 10.0

RECOMMENDAT [ ONS

An overall recommendation is 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 more or less simplistic or semi-probabilistic level
for the near future due to lack of methods and data, the efforts to im-
prove the approach should nevertheless be undertaken if technology is

to forge ahead.

Some specific recommendations are presented below for both the
short- and long-term goals:

Long Term

Strength and

o

Continue to develop techniques and obtain data for
both load and strength for probabilistic analysis.

Perform classical probability of failure analyses
for different ships; compare and update the results
as better data and techniques are develaped

Load Distributions:

Determine conclusively whether it would be practical
or not to determine strength distributions from small
scale structural models,

Obtain accurate ccefficient of variation estimates
for strength variables.

Synthesize strength distributions using coefficients
of variation of strength variables and assumed dis-
tributions of these variables.

Determine the exact distributions of strength vari-
ables and synthesize strength distributions by the
methods, discussed earlier, to obtain.a more accurate
distribution than otherwise-available with the assumed
distribution approach.

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

Strength Equations:

o

Develop accurate strength formulas for hull failure in
ductile beam bending, compression buckling, ultimate
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strength failure, fracture and fatigue.

Incorporate into these formulas as many uncertainty
variables as possible,

Time-Dependent Analyses:

® Develop an accurate probability of failure procedure for
the analysis of time-variant ship strengths for the cases
of fatigue, corrosion, etc.

Short Term
® Using a probabilistic structural analysis method of

complexity consistent with required assumptions,

analyze past and current ships, including those that

have failed in longitudinal strength, for various modes

of failure. This method should embody a semi-probahilistic

approach. Determine the corresponding safety factors.

Compare results of the analyses to gain more insight
into ship longitudinal strength.
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APPENDIX A

DERIVATION OF EXPRESSION FOR STRENGTH COV FOR DUCTILE YIELD OF THE HULL Dl

VERTICAL BENDING

. . D
Yield Strength= —2--(Af + 1/3 Aw) Sy (1)

D

section depth (between neutral zxes of combined plate ai

beams of deck and bottom)

B= section beam

Af= total area of flanges (deck and bottom)

Aw= total area of webs (sides and longitudal bulkheads)

S = yield stress

Take into accgunt the following uncertainties in the above strength for

o D& Bpas described above

o ty¢ thickness

o t thickness

¢ t ¢ thickness
w

o IG: length of

o ]f: fength of

Mf, Mw= number of

of deck plating

of stifféner

of webs (side plating or longitudal bulkhea
stiffener web

stiffener flange

stiffeners along deck and number of stiffen

along side plating respectively.

A= [Bt, + Mg

Aw= [Dt + M
W W

INSERTING INTO (1):

t5 \'Iw‘ + 1-[-'])102 (2)

(1W2+|f2)]' L (3)

D : :
S=={ {( Bty + Mfts(lw‘ + ]fl)].z+ 1/3[Dr, + M tg (o, 4 1 )L41 5y

, .
S= iDBEi-P DMt (lw]*lfl) + 2/30D t,* 2/3 DMt (]w2 + lfz)] §3 (%)

FROM SECTION 3.3.3:

2 n ?
6= Zl (—é. ’
1= ]

g 2
£ 2
L )5 B
i

(5)
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Consequently, the following partial derivatives must be determined:

45 2S5 9s 0S5 . AS dS IS s es
TD PR "By T RS RTC ST Y = s &2 5 s,
D" 3B " 3ty ot, ats alwi alf] asy. dlw& -:a-i'-;‘
2,
_’g_% - [Bry + Meto (lwy + lfl)+ L/3 Dt + 2/3 Mot (w, + ]fz)] Sy (®)
3S
-—,é'i';"- Dtd Sj (7)
:J_S._*—- DB _5:1 (8)
atd
- o B 2
£8=2/30% s, (9)
at
w
S oM (e ) 230N (1 51 ) e 1 (o
at, I 4 w oW, £ 7Y
2s
Eraii DMfts 5.‘1 (1)
Y
1
s
%Tf = DMt .sy (12)
1
. 2
:g_% = DBt + DMfts(lwI + lfl) +2/3D t, +2/3 DthS(Iwz + If) (13)
"
e
L aarindd - 1
alwz ?2/3 Dths 5‘1 (1)
s . .
-JTF = 2/3 DMmt.s 63 (15); Equation (5) then becomes:
R | _
2 _ (23S . D 22 3s B - - . -
" =G 5) & *@F - F)e24 @ $9%2ed 4 (5 w22,
(V]
2 Ts \2 2 2 !
+(_a_ES_ - :t.i‘)zé'ts‘ + (-aa—?-w ' —Tgl )52 +(& -._f.'_)zaz
s S ’ 1 S ew, a'fl 5 ]fl
T —
25 — 2 dS f 2.2 oS Sy V2 2
+("‘"" - lw 26 e (— LR ) ] +(........ .___‘i) C5 (]6)
M TN, T 2735 " gl Yy
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let: A= Bt E= M t 1
d § 5 w'
B= Mfts(lw]+ le ) F= Mct_}
] 3
C= th G=thslw2
D= M t_ (lw2 + 1;2) H= Mw;%)42
2 __(A + B + b/3C + 2/3 Dy22 ( A )2 52
8°g =W e BT 2/3c 2/30°% At B+ 2/30+2/30°°°8
r T ey ascTr a3y +(3A+3B+ZC+2D"6tw
E 2 F 2 9
M7 2/30)’53.0 + GeEvamcv sy,
[}
2
+(3A+3B+:ac+2l))'6 ‘wz +(3A+3B+ZC+ZD” fy
E G :
[T + 2/3 — 1ts
+ (2 L2 )2 2 )
RA+B+Aa/3C + 2/3D° §°tg, + 553 (17)
2
2 9 Cp1/e (3a+ 3+ be+ )%« A% (65 + 6y )oE
= - cigms D
S T3A + 3B + 2C + 2D)%~ .
2 2 2 2 22 + 8%
+D0° 15"+ F Glf]+1/9(3E + 26 )5t =y
neZs2e  + 63521+ w1 )
[ w2 f2
+ -
(3A + 3B + 2C + 2D )2 (18)

Equation (18) is the final expression for the strength COV as a function of

the COV's of the uncertainties.
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APPENDIX B
LISTING AND DOCUMENTATION OF COMPUTER PROGRAM

INTRODUCTION

The computer algorithm was developed as described in Section 8.0. 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, with 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 subroutines for that
purpose. Although the only such subroutine presently 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-) and B-2 give the input cards and format for the program and
Table B-3 a listing which should be self explanatory.

Tat-le B-4 contains a listing of the data cards for the analysis discussed
in Section 8.0, and Table B-5 presents the computer output.

-68-



TABLE B-1:

INPUT CARDS AND FORMAT

" CARD FORMAT NUMBER SYMBOL NOTES
OF CARDS
1 13 ! NS Number of Ships
2 i3 ! per NMF Number of modes of failure, each ship
ship must have this card repeated. Input
all data cards for each ship before
repeating.
3 4F10.4 ! per Sp, DS, SD = Actual Design MOD
ship IM, COVL DS = Average Design Stress
IM = Mean of Load
COVL = COV of Load
4 13 1 I FLAG Flag to indicate whether strength
0-Input COV will be input or computed.
strength
cov
2-compute
strength
cov

5 13 ! NTS 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 mode of
failure. The next card should come
after card 6. Currently only ver-
tical bending is available in the
program so that NTS = 1.

[ 10F7.5 1 see notes These cards to be filled out only if
card 4 is "2". The following
variables in order, as defined in
Section 8.0, are required:

7 7F10.4 | 1 [23 quaw] 8D, 8B, 8tg, 81, Slg . 8ts, S5y,

tities 8tys Sly,, 81y, Depth, Beam, tg, t,
Mf: IN)! lle twa MN' lw—)
8 7F10.4 1 lfz, Sy, SUBCO(Subjective
Uncertainties COV)
9 F10.5 1 cov This card to be filled out only if

card 4 is '"0'. In that case the
strerngth COV is input and is given by:

Cov = Y5 2+ a2 :
§s = objective uncertainty COV

8 = subjective uncertainty LOV
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2 Nala

TABLE B-3: LISTING OF COMPUTER PROGRAM

COYPYTER ALGORITHY TO DETERMINE SHIP HULL LONGITUDINAL STRENGTH SAFeTY

C
¢
C
C

A NA NS

la¥alael I N}

alakaln! YTy N

A TR

INDICES BY THE PROBA3IILISTIC METHOD DISCUSSED I $SR=241
RFAD IN NUMRER OF SHIPS TO RE CONSIDERED
REAL MFaLW1oLF1ovoLW2eLT29M51
DIMENSION "ALYO®
Na2
w9
RFAD (Nsl) NS
Y LOOP FOR NUMBER JF SHIPS
DO 200 NSFL=1sNS
ITAD NUMHRER OF MODES JF FAILURE TC 3E CONSIDERLID FOR SHIP 1
IFADINIL ) NMF ’
1 FORUMAT (13)
o LIOOP FOR MODES OF FAILURES
DO 100 I=1sNMF

RTAD ACTUAL DEZSIGN STREMOTHySNIAVERAGE DISIGN FATLURT STRESS5+05e¢'C AN
OF THE LOAD»ZMsAND COV OF LOAD»CTOVL

READ (Nr2)SD1DS+2ZMICCVL
2 FORMAT {(4F10a04)

SELECT SETWEEN INPUTTING STRENGTH COV OQ'COWPUTING IT BY SUBRCUTIANLS
AND INPUT UNCERAINTY COV'S AND ONE VALUZ FOR SUBJECTIVE COV'S

READ (N2 1)IFLAG
IF (1=1FLAG) 39304
3 CONTINUE

READ 14 TYPE OF STRENGTH TO BE CONSIDERZD



TABLE B-3: LISTING OF COMPUTER PROGRAM (CONT.)
BAGE 2
RFAD (Nel) NTS
50 TO (51 WNTS.
5 CONTINUE

READ IN VERTICAL BENDING STRENGTH UNCERNTAINTY COV'S

[ala¥e!

READ (N»6) A
6 FORMAT (10F745)

READ IN SHIP PARAMETERS NEEDED TO COMPUTE STRENGTH CQV

IaNalkal

RCAD (N220)DEPTHIREAMITO s TSeMF LWL sLF Lo THsMA 2 LN2 LT 29 SUBCC
20 FORMATY  (7F10.4)
CALL SUIROUTINE TO COMPUTE STRENGTH €OV FR0M UNCERTALINTY COV!Ss

[a WA

CALL  VERTS (AsDEPTHEAMsTO TSNP sLWLsLF o TWaMAsLW2 o LT 29 CUVE)
COV=52RT (COVORR245URCO*%2)
50 T0 7

& CNMTINUE

REAN THE GIVEN STRENGTH COV

Oy

FEAD (NeB) COV
A FORMAT (F10.5)
7 CONTINUE

CHMDUTE MEAN OF STRENGTH

N

M51=2504D5
THETA =451 /2M

COMPUTE THE SAFITY INDEX

IANANS]

SI=(THETA=1.0)/(SARTITHITA*R2#COVH#2+COVL**2) )

NUT2UT

aBa¥al

WRITE (M210) NSFL

1n FOAAT (1X«'SHIP NUMBER = 1,13)
WRITE (¥s11) NYF

11 FARIAT (Lxye'“ODE OF FAILURE NUKMER =1,13)
AITE Yae12) 5D

12 FORMAT (1Xs'ACTUAL DFSIGH  MODULUS ='1F2044)

WRITE (Va13) D3 ,
13 FORIAT (1X»'AVERAGE DESIGN FAILURE STRESS ='9F20.4)
WRLTE (Myla) kST
14 FORMAT (1Xs'MEAN OF STRENGTH = 'yF20.4)
YRITE (My15) ZM
15 FORMAT (1Xs'MEAN OF LOAD = 'sF2044)
WRITE (Ms16) COV
16 FORMAT (1X+'COV OF STRENGTH = 'yFl0e4)
T WRITE (Ms17) COVL
17 FORUAT (1Xs'COV OF LOAD = 'yF13.4)
wel{TE (Ms18) SI
18 FORMAT (1Xs'SAFETY INDEX =2 'sF1044///)
100 CONTINUE
200 CONTINYE
CALL EXIT
Fun
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¢
<

C

SURROUTINE TO COMPUTS THE DUCTILS YIELDING STRENGTH COV
C VFRTICAL BENDING.FORMULATION ACCORDING TOQ THAT GIVEN IN

FOR A SHIP I
SR=241,

SURROUTINE VERTS {(AsDEPTHIBEAMITD s TS sMF oLW1sLFLaTWeMWILW2 LTy

1X0V)

REAL MFILWLILFL s MWaLW2oLT2

DIMENSION A(10)

Al=3FAM#TD

I iF#TSH(LNL+LFL)

CeDEPTH*TYw

Day*TS* (LW2+LT2)

EasMF#TS#Lw]

FeMF#TS#LF])

GaAWkTSHL 42

Ha 1y #TS#L T2
COVIZ=(340%AL+340NB4+4,0#C+2,0%D ) #u28A (1) %%#2/940
COV2aAl#u2R{A(2)%%2+A(3)#n2)
COVISERR2nA(L)NN2

COV4uF®R28A(S) %2
COVSa(3,0%E+2.0%5) % R28A (51 #%2/9,0
COVEaF60/7(3.0%A143,0#R+2.0RL+2,0%D) ##2
COVT2COVE4(COV]I+LOV24+COVI+COVL+COVS)
COVazA{T)nx%2
COVIRHGOR{CREQUA[)HR24GRA2RA[O) AR LHRR2RA (1D )22
COV1I0=2(3¢N*AL+3,0%R+2,0%C+2,0%D) #12
COvV11=COovV3/COV1O0
XOVaSQRTICOVTI+COVE+COVIL)

2ETURN

END

-73-



TABLE B-4: LISTING OF DATA CARDS

f{,m LoNST

‘61200. 15.2  2:0300. 1585
g1322. 15.2 371600, y¥-1.

773690 15.2 ‘0‘-’009- .‘4‘,-
0
11

947959, 15.2 405550. .1*44-
9

vll

1

121592, 15.2 538032, «1325
c

o1l

1

143292. 15.2 671232, #1229
0 .

ol1

1

153J¢C¢C. 15.2 579203, «1253
a

ell

1

355397, 13,2 1537752, «1135
o

oll

1

&337607. 15.2 1335722, «1253
o

o1l

1

93750, 15.2 2337958, «128&3
0

o1l

1 .

@323752, 15.2 269543C. eilE2
2

o1l1

1
439375Q. 15.2 2695530, «1253



TABLE B-5: COMPUTER OUTPUT

SHIF NUMRER = e
VODFE OF FAILURE NUMBER = ]

ACTUAL DESIGN MODULUS = 5120040079
AVEIASE DTSIGN FAILURE STRESS = 1542000
MEAN OF STRENGTH = 77824040017

WEAN OF LOAD = 24050040316

COV NE STRENGTH = Nell00

COV OF LOAD = 001595

SAFETY [NDEX = 5.7323

SHIP NUMRER = 2

MANE OF FAILURE NUMBER = 1

ACTUAL DESIGN MODULYS = 8132046158
AVERAGE DESIGN FAILURE STRESS = 15.2000
¥ZAN OF STRENGTH = 1236064.0036

MEAN OF LDAD = 37100049632

COV OF STRENGTH = 001100

COV OF LOAD = 041400

SAFETY [NDEX = 5.9434

SHIP NUMRER = 3

vONE OF FAILURE NUMPER = 1

ACTUAL DESIGN MODULUS = 9700040150
AVIRAGF DESIGN FAILURE STRESS = 1542000
MEAY OF STRENGTH = - 1474400.0034

VEAN OF LOAD = 44800042632

COV OF STRENGTH = 041100

COV AF LOAL = 001402

SAFETY.INDEX = 549915

SHIP NUMRER = 4

¥ODE OF FAILURE NUMBER = 1

ACTUAL DESIGN MODULUS = 8795040153
AVERAGE DESIGN FAILURE STRESS = 1542909
“TAN OF STRENGTM = 133524040929

“TAN IF LOAD = 40635040633

COV OF STRENGTH = 041100

€OV OF LOAD = Oelbbl
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TABLE B-5: COMPUTER OUTPUT (CONT.)

SAFETY INDEX = 5.8779

SHIP NUMRFR = 5
MODE OF FAILURE NUMBER = )

ACTUAL DESIGN MODULUS = 131600.,0316
AVERAGFE DESIGN FAILURE STRESS = 15.2000
MEAN OF STRENGTH = 2000320.0034

MEAN QF LDAD = 58000041264

Cav NF STRENGTH = 0.1100

Cov OF LOAD = 041325

SAFETY INDEX = 60939

SHIP NUMRAER = 6
MONE OF FATLURE NUMAER = ]

ACTUAL DESIGIN MODULUS = 143000.0316
AVERAGE DESIGN FAILURE STRESS = 1542900
MEAN OF STRENGTH = 2173600.0058

YEAN OF LOAD = 67100041267

CH OF STRENGTH = 0+1100

COV OF LOAL = - 0.1229

SAFFTY [NDEX = 5:9410

$41D MUMRER = 7

MODE OF FAILURE NUMBER = ]

ACTUAL DESIGN MODULUS = 158000.0316
AVERAGE DTSIGN FAILURE STRESS = 1542C0V
MEAN OF STRENGTH = 24Q1600.0068

VEIAN OF LOAD = 679000.1267

COV 0OF STRENGTH = 241100

COY NOF LOAD = 0.1268

SAFETY INDEX = 6+1997

SHIP NUMBER = 8

MONT OF FATLURE NUMRER = 1

ACTUAL DESIGN  MJDULUS = 36630040633
AVERAGE DESIGHM FALLURE STRESS = 1542000
MEAN OF STRENGTH = 556776040117
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TABLE B-5: COMPUTER OUTPUT (CONT.)

YEAN OF LOAD = 1597780, 28272
COv 9% STRENGTH = 2.1100

oV OF LOAL = 0.115%

SAFETY INDEX = 602471

SHID NUMRER = 9
MODE OF FAILURE NUMBER = |

ACTUAL DESIGN MODULUS = 439600.0%72
AVERAGE DSSIGN FAILURE STRESS = 1542500
MEAN OF STRENGTH = 66819200117
MZAN OF LOAD = 183670042534
COV DF STRENGTH = 7.1100
COV OF LDAD = ~0.1068
SAFETY 'INDEX = 643591
SHI? NUMRER = 19
WONE NF FAJLURE NUMBER = 1
ACTUAL DESION  MODULUS = : 493750.0633
AVTRAGE DESIGN FAILURE STRESS = 1522090
VEAN OF STRENATH = 750598040136
VCAM OF LOAD = ‘ 2037990.2523
COV OF STRENGTH = 2.1100
COY DOF LOAD = 01063
SAFFTY INDEX = 6e4035
S4IP NUMRER = 11
#0NE OF FAILURE NUMBER = 1
ACTUAL DESIGN  MIDULLUS = 493750.0633
AYERAGE DESIGN FAILURE S5TRESS = 15423202
UFATL OF STRENGTH = 7590%090.C136
MEAN OF LDAD = 248640045055
OV OF STRENGTH = 7.1100
CNAY OF LDAD = 0.1054
SAFESTY INDEX = 5.7379
SHIP NUMAFR = 12
MINC OF FAILURE NUMRER = 1
ACTUAL DESIGN  MAQDULUS = 49275040653
AVERAGE DESIGN FAILURE STREZSS = 152000
MEAN OF STREMGTH = 750556040336
WEAN OF LOAD = 2686400,5058
COV OF STRENGTH = D.0340
CWV OF LOAD = 0¢1268
SAFETY INDEX = Te3332

*7.5. GOVERNMENT PRINTING OFFICE:
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