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ON THE‘ECONOMICS OF SAFETY ASSURANCE

by

*
M.A. Shama, Ph.D.

Summary

The probabilistic approach to safety assurance of marine
structures is examined. The emphasis is placed only on the failure
resulting from the extreme values of 'load and strength. The various
methods of calcﬁlating the probability of failure are given, together
with a procedure suitable for non-normal density functions and illus-
trated by a numerical example. A method is presented for estimating
the lower and upper limits of the probability of failure. ﬁumerical

values of these limits are also given for some specific cases.

The main factors affecting structural reliability are indicated.
Particular emphasis is placed on the effect of truncation of the -density
functions of both loading and strength. The error resultiné from using
untrdncated deﬁéity functions is quantified. The effect’éf variability

of structural strength, and reliability, with time is briefly considered.

The optimum structural reliability is examined. The optimality
concept is based on the minimisation of the total cost, which includes

both initial and operational costs.

The effect on ﬁhe economy of ﬁ}ansportation of reducing hull
.steel weight is stressed. It is shown_that there is a-wide scope for
reducing steel weight of marine structures without reducing structural
reliability. The importance of improving the design of local connect-

ions is emphasised.

* . .
Naval Architecture Dept., Faculty of Engineering, Alexandria

University, Egypt.



INTRODUCTION

The structural design of a ship affects her operation, safety and
econonmical efficiency. The latter is generally influenced by hull steel
weight, hull girder stiffness, complexity of éonstructional arrangements
and the structural reliability of main hull girder and local connections.
Therefore, ships should bedesigned and operated on a techno—economic basis
with particular reference to fuel economy, reduced manning and maintenance
costs and using adequate measures for quality assuraﬁce. A ship hull girder
should ndt only have adequate strength to sustain the hostile seq_ehvironment,
but should also have a low weight/strength.ratio. The design process,
therefore, should be based on realistic estimates of loading, powerful methods
for computing hull girdexr and local stresses an@hdeformations, rational design
criteria for ensuring structural safety and a sohnd criterion fSE;evaluating

the economy of transportation (1,2).

The economy of transportation is improved by reducing initial and oper-
ational costs of a ship. Initial cost is influenced by hull weight, complexity

of construction and the degree of structural reliability used in the design,

‘among several other factors. Operational costs are also iqfluencéd by several
factors, among them fuel consumption and structural reliability. .Fuel costs
represent nowadays a high percentage of the total operational costs. Adequate

measures, therefore, should be taken to reduce fuel consumption. This could

be achieved either by lowering service speed or.by using the smallest and
lightest ship for the required_deadweight or capacity. Reducing hull steel
weight could be achieved by structural optimisation techniques. These tech-
niques, however, are normélly directed towards improving weight/strength ratio
of ship hull girder, without due regard to the impact on the economy of trans-
portation. For deadweight carriers, hull weight rg@gétion is a desifable_
requiremént. Using optimum ship dimensions, ‘it is possible to achiéve
significant weight saving in steel hull. This is confirmed py the reduction
of about 600 tons of steel in a 47000 tons dwt tanker of the "pudgy type”™ (3).
Also, a saving of 250 tons in a 211'm Ro/Ro was achieved merely by examining
étructural details.- Using H.T.S. for the upper deck suggested a further saving
of 500 <tons. Much more saving could be achieved by rationalising the structura:

design process (4).

1t/



It is essential to distihguish between structural optimisation of main
hull girder and of local connections. The former involves efficient distrib-
ution of main scantlings to reduce weight/strength ratio without impairing |
structural reliability. The latter, however, may have adverse effect on the
structural reliability of these connections by virtue of the presence of high
stress gradients, stress concentration, notches, hard spots, complicated stress
patterns, etc. The sensitivity of these lécal connections to geoﬁetrical and
scantling variabilities may only produce marginal weight savings, but significant
reduction in structural reliability. The deficiency of these local detailé E;y
lead to local failures whic¢h, when accumulated and propagated,-ray induce sericus
structural failures. These failures increase mainténance and.repair costs and
the time out-of-service. Therefore, small cracks thdﬁ may not immediately
threateg_ship structural safety, may subsequently have a deleterious effect on
the ecénomy of transportation. Consequently, structural safety anéd weight

optimisétion should be examined simultaneously.

It is evident now that the rationalisation of ship stiuctural design

should aim at:

i) reducing hull girder steel weight

ii) - improving design of local structural connections,

and details

iii) identifying the possibie modes of failure, for
hull girder and local details, under various

loading patterns and for different ship types

iv) developing methods for estimating structural re-
liability of both main hull girder and local

connections.

v)' determining target safety levels based on the total

economy of transportation

DEFINITIONS/



DEFINITIONS
a) . Failure

Failure is the cessation of the performance of one function, or more,
of a system, or member. ' It is a random event and is defined in terms of
specified limit state or mode of failure. The modes of failure could be

defined in terms of (4):

i) yielding iv) ultimate strength
ii) buckling . v) fatigue
iii) excessive deformations vi) b;ittle fracturgf

A pure failure mode represents a particular limit state reached uncer
a particular loading pattern for a particdlar structural member. A compound
failure mode results from a compound limit state, such as the local and cverall

buckling of a thin-walled member.

In the context of marine structures, the limit state, fajilure, could be

divided into:

i) service failures; damage, cracks, local fractures,

deformations, severe corrosion, etc.

ii) collapse; catastrophic failures such as buckling of

deck structure, breaking ship in two, etc.

Damages may result from high stress concentration, fatigue, etc. and may be

" caused py corrosion, manufacturing imperfecticns,-residual stresses, etc.
Collapse may result from buckling, excessive loads, deterioration of materieal,
progressive damages to local details, etc. The collapse mode is generall¥y
started with a;damage to a simple structural elemént, or connection, ahd éhen
propagated int; a large structural component. Most of the cracks and fracturss

are initiated at slots, cut-outs, bracket connections, etc.

In the rational approach to- design, failure is defined by its probability

of occurence under the prevailing conditions, i.e. Pe-

Causes of failure/

-



Causes of failure

Analysis of case histories suggests that the causes of failure can be

grouped into the following main categories (4):

i) occurence of .extreme values of load or strength

beyond the margins introduced for safety

ii) errors in design assumptions, calculations, etc.

11i) errors in construction, erection and material
properties

iv) accidental overloading due to c¢ollision, grounding,

explosion, etc:

Structural design procedures are almost totally based on category (i) . aithough
failuré due to this category represents only 10-20% of all cases (4). There-
fore, sériving for extremely low Figure§ of probability of failure of 'this

' catpgory may not lmprove the total probability of fallure.’ .This may call for

'a realistic outlook to the methods used for assessing structural reliablllty.

The assessment of the probability of failure due to (iii) and (iv) is
rather difficult. Therefore, the total probability.of failure could be assumed
to result from (i) and (ii), and should be used only qualitatively.for comparing
different conditions or different designs.

b) Reliabilit

Rellablllty is defined as the capability of a member, or system, to per—
form ltS aSSLgned functions under given environmental condltlons It could be
also defined as the probability that the system, or element, does not fail
during its projected service life, i.e. the probability of safe operation, or

failureless operation, of the system. - -

If the demand on the system -is D and its capability for a particular moce

of failure is C, then structural reliability is given by:

Probability (C > D) = P(C > D)

o
i

S fC,D(c,d)dCdd
C>D

_it is evident that p =1 - p..



Structural reliability is, therefore, a probabilistic characteristic
of the system, or elemént, and should not be regarded as a free variable which
can .be optimised. It is not an absolute measure of safety and should be re-

lated to the economic and social consequences of failure.

c) Demand

The demand, D, normally refers t§ the maximum value of loading likely to
occur over the expected service life of a ship. It is influenced by ship
parameters, configuration, mass distribution,'speed, heading, sea state, eté.
The loading generally varies_over a wide spectrum, but for practical and
economical reascns, D could be répresented by a éruﬁcated densify function.

The lower limit could be assumed zero and thé upper limit, i.e. maximun loading,

should be carefully estimated over the expected service life.

The variability bf loading could be represented by the probabi}ity density
function (p.d.f.) p(q}, g being the loading. p{q) could be détermined either
for a éhbrt term or a long.term extending over the expecggdﬂservice iifelof the
néhip uhder investigation. Both .theoretical and experimeﬁtal methods could be
used for the determination of p(qg).

The-variability of the maximum loading, ©, could be represented by a p.d.f.
p(Q), which could be derived from the long.term distribution of g, using asympotic
relations (see Fig. 1), The asympotic r?lations comﬁonly used for the maximum

values are given in Appendix (1).

d)} " Capability

Under a specified demand D, and a particular mode of failure, the capabilify
C represents a limiting state beyond which the structure is expected to fail, to
be damaged or collapse. The mode of failure depends entirely on the type of

loading and structural geometry and configuration.

The variability of C results from the variabilities of the mechanical
properties of the material, dimensional tolerances, fabrication defects, residual
stresses, initial distortions, accuracy of stress analysis, errors in mathematical

modelling, <orrosion, wear and tear, etc.

Practically/



Practically, the capability does not extend.from —» to fw, Therefore,
the p.d.f. of C should be represented by a truncated density function, whose
lower and upper limits give the feasible range of variation. The lower limit
représénts the critical value reggrding failure and therefore should be con-
trolled so as to give an acceptable safety margin, or degree of risk. The
upper iimit represents the unnecessary extra strength, and hence extra steel
weight, whicﬁ may have adverse economical consequencés. Therefore, adequate

measures should be taken to ensure a narrow capability density function.

The variability of the minimum capability could be represented by a
é.d.f. p(R), which could be obtained from the'p;a.f. of cavability, using
asympotic relation (see Fig. 1 ). The asympotic relations commonly used for

the minimum values are given in Appendix (1) .

SAFETY ASSURANCE

A major requirement for any marine structure is to be reasonably safe,

‘not to have catastrophic failure, nor to cause much trouble in service due to

- frequent minor failures.

Safety, in this context, is today concerned not only with the structure-

itself, but also with external damage that may result as a consequence of

~failure. Therefore, safety is not an absolute measure and should ‘be related

to the economic and social conseguences.

-~

" The fundamental equation for safety assurance is given by:

R > 90 _
where R = resistance
Q = load

The margin of safety is-given by:
M = R-0Q>0

The "sdfety factor" is given by:

Yy = R/Q> 1.0



Classification societies remain the main authority responsible for
the assurance of safety for ships and marine structures. The methods

commonly used are: ‘-

i) quality control for material and construction
ii) quality control of maintenance by the reguler
surveys

iii) provision of corrosion margin to compensate
material deterioration and ensure adequate

strength

iv) control design by specifying procedures and

constraints

Foi'conventional ships, the classifigation society rules are based on
long experience énd gradual development. They ensure an acceptable'séfety
level of the structural performance. Structural reliability is based on da:a
collected from ships in service, such as damage statistics. These statistical
data are usually condensed and then treated deterministically for developing ‘
rules for the structural design of ships. - In this deterministic approach,
safety assurance is based on the irrational concept o£~the‘“safety factor".
Because of the inconsistency and lack of uniforﬁity of these safety factors,
marine structures designed according'to these rules are generally overdesigned.
For unconventional marine structures, such as. offshore structures, the extra-
polation from available data may be extremely difficult. Therefore, a raticnal
procedure is required for assessing and checking structural safety. In this
rational approach, safety assurance should be based on the statistical para-
meters of both loading and strength. It is evident that neither the load ¢
nor the strengﬁh R can be represented by a single value. Both are functions

of several random variables and can be only treated statistically. However,

Ehis'probabilistic approach could be divided into two methods (5):

i) . Full-statistical method: (normally called 1evei~3 method)

In this method, safety assurance is based on a complete
probabilistic analysis of the whole structural system, or
elements. The full probabilistic information of both load
and resistance is required, togethe; with <he target failure

probabilities.

ii) /-



ii) Semi-statistical method

This method is generally divided into two levels:

a - Safety index approach (level-2 method)
Structural safety is ensured by a safety index

compatible with acceptable probability of failure

. b - Partial safety factor approach (level-l method)
Structural safety is ensured by a number of partial
safety factors, ﬁormally three factors, taking
account of the variation of m§ximum loading and

minimum strength.

In the following analysis, these three methods are considered in more

detail.

1 - Full-statistical method

This method'is based on the estimation of the probability of failure, pf,
“or the risk, for the particular mode of failure under invéstigation, using the
p.-d.f. of both load and resistance of the whole structure, or any part of it.
If the demand Q@ and the capability R depend on, the random variables
Xi, i=1,2..n, pf could be evaluated as follows:

‘P, = [ p(x) .p(x,)) ..... pLX )dx. dx, .....8x
bl R<Q 1 2 n 12 n

ﬁor the present state of affairs; it is economically unjustificable and
technologically unfeasible to determine "exactly" the p.d.fl; of both Q and R,
for thé'whole'structure and for various modes of failure. ‘Therefore, for
practical applications, the full probabilistic‘mefhod may be used only for one
element of the structure and also for one particular mode of failure. In
. this case pf is given bhy:

0

pe = Lo olrs(m-r)lar ,

Assuming/
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Assuming that R and Q are statistically independent, pf is given by:

E- -

. q
P, = éfp<q){é’p(r)dr}dq

o0 el

= c{ p(r) {ffp(q) dg}dr

where: p(q) = p.d.f. of Q
p{r) = p.d.f. of R
. X
let FU(x) = P(U < x) = [p(u) du, U =R,Q
Then Rt = [p@aa = 1 -F ()
and p, = _«;'FR(CI)- p(q)dq

S {1 - FQ(r)}p(r)dr

The probability of failure, pE, is in fact the shaded"area_shown in Fig. 2.

It is not difficult to recognise that p

b has lower and upper limits, i.e.

The calculation of these limits is given in Appendix- (2). * The calculation of

. Pg could alsoc be carried out as follows:

0
Let dV = p(r)dr and U =fr pl(q)dq
1
Then p, =, é uav

In this case, pf is the area under the curve shown in Fig. (3). A

numerical procedure using this definition of Ps is given in Appendix (3).

An alternative approach for calculating pf could be based on the distrib-
"ution function of the margin of safety M. It is important to recognise that,
fegardless of the distributions of the individual variates, it is the dis-
tribution of M that is important in the calculation of p g+ In this p. is
given by (see Fig. 2): ' '

. . [e]
pe = P(R<Q) = P(M<O) = J pmdn



It should be realised that the probabilities of failure are very small
"and that the assertion "the probability of failure" equal "x" is meaningless
in itself. The probability of failure acquire meaning only as a relative
charécteristic for éstimating the structural reliability of various arrange-
ments of the same structure, or of the same structure,uﬁder different loading

conditions.

Furthermore, if the failure modes are completely correlated, the probability
of failure for each mode should approach the overall target risk. If the
failure modes are independent, the total probability of failure is the sum oZf
the individual probabilities. It is necessary here to recognise the difference
. between the probability of failure due to collapse pé 'Qnd the probability ci

failure due to damage pg .as shown in Fig. (2). € It is evident that:

d

" Estimation of the required mean resistance

-

Using the target risk value Pe and the p.d.f.'s 'of both R and Q, it would
be possible, for some special cases, to determine the required mean value of

resistance. Consider the following two cases (6):

(a) R and Q are both normally distributed

If X E'N(E,cx) ., X =R,Q
Then p =1—'q>(;’-)
£ Yo
R Q
Where: ¢(x) = the tabulated cumulative probabiiity of the

standard normal variate X for X <X

Hence, for a specified value of Per the reguired mean resistance

is given by:

;3&+¢(1—%N0£.+wg

(b)/
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(b) R and ©Q are both log-normally distributed

if the.coefficients of variation of R and Q are vR and v, respectively,

and Qx < 0.3, X = R,Q, Pe is given by:

The required mean resistance for a specified value of Pe is given by:

r > q ex?fé—l(l - pf)/;igjfci; ¥

2 ~ The safety index approach

Ié‘is evident that it;is'technologically and economically unrealistic
to totally eliminéte the uncertainties associated with the parameters involved
in the determination of both R and Q. "It is also unfeasible to detefmihe
\exactly the p.d.f.'s of both R and Q. Consequently, some.practical prccedures

must be developed and introduced so as to be used for safety assurance.

In the safety index approach, the full statistical information of load
and resistance.are not required. Only the statistical parameters of the
distributicn functions of-R and Q are required (the mean and standard deviation)

Assuming that R and Q are statistically independent, the mean and variance
of the margin of safety M could be derived from the mean and variance of both

R and Q as follows:

M-= R -0
mn o= r-gq

2 - T g2
- %r o

The safety index B is defined as the number of standard deviations of M

between its mean value and zero, see Fig. 4:

afl

J

=—.n_1—- =
6 (¢]

M .Vo;{ + o2
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Therefore, for a specified value of the safety index, Bo, the mean

resistance should satisfy the following relation:

> q + Vo &
r > q Bo %% oQ

Introducing the approximation:

Yol + g2 = .0.75(0R + GQ)

The required mean resistance is given by:

r > q . +
r > g + 0.75 BO(OR GQ)

The target safety index 80 varies with loading (static, dynamic, etc.), with

type of failure mode (damage, collapse, etc.) and with type of material.

The safety index 8 could be also given in terms of the coefficients of

. variation of R and Q and the central safety factor as foliows:

g = -1
YR
e.sz +v2Q
where 6 = xr/g , .. Ve = oR/r . vQ = foQ/q

Relationship between 8 and pf

The probability of failureipf could be estimated for a particular value
of the safety index B, when M is assumed to follow the nbrmal.p.d.f., as

follows:

M = N, o)) )
o 1 ~(m-m)?
= = . 2 )
Pe _i p(m) dm ';M72=“ e 20M dm
Using the transformation : t = %19
M
l _B tz .
= 4 = Q —
Pe < JTo [ exp( S)dt (-R)



Where: ¢ (x) = cumulative probability of the standardised normal

variate X.

/—
The sensitivity of estimating Pe in terms of B could be realised f£rom the

following table:

8 " 3.0 3.1 3.15 " 4.0 4.15

P, 1.35x107° 0.97x10> 0.815%10 > 3.2x107° 1.5x107°

If, however, R and Q are not statistically” independent, the variance of

M is given by:

g2 = ¢ + g - 268 oo
, M ‘ RO
Where: § = coefficient of correlation.

In this case, the safety index g is given by:

g - r - g _ o -1 .
N 2 4 g% - /N2 o2 . — . "
ox + 9% ZGGRGQ ./0 v o+ VZQ' - 260V

.

It is evident that the calculation of B depends on the estimation of

;, a, CR and CQ. In the general case, the random variables R and Q are non-

. linear functions of several other parameters:

In this case, R and Q may be linearised by expanding their functions in
a power series in the neighbourhood of their mean values and ﬁéglecting the

non~linear terms. ' The mean and variance can then be approximated by:

r = R (xl ’ x2 t eceveos xn)
q = Qrgyl 14 Y2 7 eceseea ym)
o2 = X (ﬂ 2 42
R j=1 3xi xl
m - . /
ol = }: (é\) 2 2
o j=1 YJ CY
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3. The partial safety factor approach

In this approach the fundamental equation of the method of limit state

design is given by (5):

> v
Re 29
. S ] ]
o Rk/Qk Z g Ye Ym
where: Ry = characteristic value of R and is defined as (see Fig. 5):

R = ¥ = kpvp)
Qk = characteristic value of Q and is given by:
0 = a@ * k)

kT 0”0
Y = overall safety factor
th’ Yc . Ym = partial safety factor components, Yf'and

Yc take account of the variability of loédihg and structure -
modelling, Ym takes account of variability of material.

k, and k. = specified constants selected to ensure that

R Q

R < Rk and Q > Qk are rare events.

In this approach, the objective uncéertainties are taken care of by mez-s
. of the characteristic loads and strengths, while the subjective uncertainties
are covered by the partial safety factors.

The characteristic values of load and strength could be estimated froz

th&ir corresponding p.d.f.'s as follows (see Fig. 9):

PAR<R) < p

PQ>Q) < q

where p and g are specified small values.
‘In this approach, structural safety is ensured by the proper selectioz

of p, q, Yer Yo and Yoo
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The fundamental equation of the limit state design could be simply

stated as follows:

YeT 2 Y

where Y strength factor ,:" vy

R

Il

Y load factor ,

Q
Using the approximation (6):

Vo2 2.
oL *+ ch | 0.7S(c5R + GQ)

the strength and load factors could be Given in terms of the safety index ané

the coefficients of variation of R and Q as follows:

YR - 1l - 0.758vR
1l - kRvR
1l - 0.758v
1+ k
0'0

If both R and Q are log-normally distributed, Fheir'characteristic values

are given by (6):

Rk = ©.exp(- FRvﬁ)
Qk_ = & exp(kaQ)

The corresponding strength and load factors:

YR exp -{(0.758 - kR)yR}

0. -k
exp {(D.758 Q)vQ}

Yo

Factors affecting the probabilitv of failure

The probability of failure 'is a characteristic of the structural systezm,
or an element of this system, for the particularimode of failure and under the
. ]
particular loading system. Its magnitude is -‘influenced by the following

factors:
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i) The deterioration of structural capability with time
as a result of corrosion, damage accunulation, etc.
Therefore, the ability of a structure to maintain
its original level of structural efficiency over
its service life can be significantly improved by
corrosion contrel, minimisation of surface area,
provision of good drainage, access for cleaning,

access for inspection, painting, etc.

ii) The assumed density fﬁnctions for both resistance and
' loading. Since pf depends mainly on the shape of
the upper tail of the loading function anqwthe lower
tail of the resistance functioﬂ, its magnitude will

be very sensitive to the type of functions assumed.

iii) Degree of truncation

Structural capability cannot physically vary from —= to +® or even

- attain zero value (7). Therefore, the p.d.f. of R should be truncated on
both sides of the density curve.

-

Similarly, the.loading cannot attain in-
finite values, and therefoie, the p.d.f. of Q should be also truncated, at

least at its upper tail.

The truncated density function could be derived from the.assumed thecret:
p.d.f. as follows: . '

Le‘t Px(x) = p.d.f. of X , - <X<w®
fy(x) = p.d.f. after truncation, x; <X <x.
Xye X = lower and upper feasible limits of the random

variable X.

Then the truncated density function is given by (8):

fyx) = p (x)/H

i

!

and the cumulative distribution function is given by:

F (x) - . P(x) - P(xl).
H
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X
where: Pqx). = f Py (x) dx
x
u
H "}{ px(x)dx = P(xu) - P(x‘l)

if 0 < X < » , and the truncation is required only in the upper tail of the

density function, then:

_ P(x)
)= H ‘
Y
“a
H = P{x) = [P (x)dx
u o X

In the calculation of pf, it is not necessary to use fruncated density functions
except when the actual density function is highly truncated. The error re-
sulting from using a theoretical density function and not a truncated density

function is given in Appendix (4).

It should be realised that it is possible to removézor reduce the extreme
loads using suitable control measure (9), the resulting truncation of the degané
distribution could lead to a reduction in required strength without affecting
the structural reliability. Control of loading could be achieved by putting
restrictions on the mégnitude and distribution of the SWBM,Iand by using
deviges for monitoring dynamic stresses at sea. Similar results could be
obtéined by controlling the factors impa}riné structural cépability. This

could be achieved by improving material properties, controlling production

processes, improving structural maintenance, etc.
The obvious result of these truncations is the possibility of reducing
hull steel weight, by using reduced scantlings, without reducing structural

safety.

Design for safety and economy

The rationalisation of ship structural design should aim at reducing hul:
steel weight, operational costs (fuel, maintenance, repair, etc.), increasing
i

structural reliability and economical efficiency (2).

The/
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The designer has to decide upon the best compromise between the deéirable
qﬁalities of least weight, least cost_énd least unreliability. Cost in this
context implies building and operational costs. Concern for keeping building
and éperational costs at the lowest possible level requires structures which

are economic to build, operate and maintain.

Minimisation of building costs could be achieved by the rational selection

of permissible imperfections and tolerances.with due regard to both production

costs and structural reliability. Production costs could be divided into:
i)' costs of main hull items, such as panels, girders, etc.
ii) costs of connections, joints, cut-outs, etc. such as

brackets, lugs, -etc.

Poor design of cbnnections and joints reduces their reliability consider-
ably anq promotes failures (10). - Therefore, improving the design of these =«
~connections may lead to raising stress levels of.structures’clear of these
aﬁoints without affecting the overall capability apd-struéghral reliability. -

This will evidently lead to saving in overall weight and costs.

Because of the increased concern for operational and out-of-service costs,
reliability, serviceability and habitability require special attention to reduce
.in-service operating costs. Hence, structures should be designed with due

regard to economy in operation, with particular reference to inspection, main-

tenance, repair, etc.

The failure of different parts of a marine structure has usualiy quite
different consequences in terms of structural performance or economical con-
siderations. Structural failures result mainly from fatigue cracks, brittle
fracture, cogrosion, wear, physical damage due to mishandling or accidedts,
giounding, coilision, etc. The‘anhual cost of damage repairs depends on the
quality of design and construction, ‘particularly for structural detials.
Therefore, it is expected that there is an optimal level of reliability xe-

presenting the best compromise between’initial and maintenance costs of marine

structures.

'
1

Standard/
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Standard reliability (safety level)

For any project or system, the benefits should exceed the penalties,

or costs, i.e.

. Benefits > Costs

or utility = benefits - costs

The selection of a design should be based on the achievement of maximum utility

M
[

and minimum expected loss in case of failure. The optimality concept includss
minimum weight, minimum cost, high utilisation, high reliability, long ser§i~e
life,etc. . The achievement of all these desirable features at.the same time
is rather impossible. This could be practically realised by.fhe minimisation
of the expected loss associated with failure, while imposing certain limiting

conditions on the utility, or benefits.

Since intital and operational costs are both functions of réliability,
the determination of the standard reliability (or safety level) is a techno-
economic problem. As structural capability and demand are both stochastic.

' phenomena, structural reliability is also a stochastic phenomenon. The -
determination of the standard reliability without taking into account the
time factor does not give a rational solution. Structural reliability recucss
~with time by virtue of cérrosion and damage accumulaéion (fétigue, cracks,
bumps, etc.). These deteriorating effects can be catered for by considerinc
structural capability as a random variable Qith a mean.‘that-is a decreasing
function of time. The mean of the extreme loading is also a tandom variable -
" that i; an increasing function of time, as shown in Fig. 6. .TherefOre, the
standard reliability, or safety level, should be determinéd from economicél

considerations (minimisation of cost of failure) for the assumed service life.

The standard reliability, safety level or:the target total probability

of,failure,;pf, may be obtained from:

i) . examination of comparative annual probabilities of
. failufe in related activities. Based on the <con-
sequencies of failure, the following target annual
failure probabilities are ;udgestedf but have alsc

been criticised (4):

normal/
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i) (cont'd)

normal consequences P = 1 x lO—5
. -6 -7
serious consequences : = 1 x 10 -1 x 10
. _ -3 -5
slight consequences : = 1x 10 - 1x 10

It is also suggested that for important structures:

-6
p, < 3x 10 ~

ii) considering the chances of death, due to failure, of

persons using or associated with the structure con-

- s -4
cerned, target level oif total annual risk, Pe = 10 . Ks
n
where: n = number of .persons involved in the accident
KS = -social criterion factor reflecting the’

sctivity associated with the structure
(Ks = 5 for hazardous ope;étions, such as
marine structures).

This proposal has also been badly criticised.

"131i) uéing economic criteria, particularly when loss of life
is not involved, and examining the consequences of
failure for the purpose of minimising these consequences.
_ A marine ‘structure of low rellablllty has a short service life, rapidlw
goes out of service and requlres large expendltures for malntenance and repei-,
An increase in reliability implies a rise in the intial cost and possxble re-
duction in operational costs; Therefore, ;he choice of the. optimum safety

level should differ between owners and builders.

Determination of 'the reliability standard :(optimum p )
L

The optimum P is determined from the minimisation of the total cost.

The latter could be divided into:

2/
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i) Non-failure cost items

— initial cost
- scrap value
- depreciatioh
-~ insurance

- maintenance

ii) Failure cost items

~ replacement cost

- cost of repair

-"cargo loss

- salvage cost

- loss due to time outfof—servicé

~ temporary charter of replacement ship

- cost of pollution abatement, clean up, or
other environmental effect

- loss of reputation, business and public confidence

'Some of these cost items are independent of pf’while others are totally ae—

pendent on it.

In order to simplify the analysis, the generalised cost equation is

given by (1l1):
total cost (C) = initial construction cost (CI) + present
worth of the expected cost associatel

with failure (CF)

The' present worth PW of a future sum F is given by (12):

PW = OF

: ¢ = - i% -
where (BW - i% - N) oL .
‘P¥W. = present worth factor ¥
. - - ——
= rate of interest “ . pw
N =

number of compounding periods.

Also/
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Also, the present worth PW of future annual payments A is given by:

PW = oA
where: ¢ = (spw - i% - N) A .\
spw ~ = series present worth factor O+ + 4+ 4+ 4+ 4+ 4 ++.
¥ . N
Pw - .

Hence, the generalised cost equation is given by:

c = ¢ + {p, . CYo
£ F

where: ¢ = factor for transferring future cost of failure to its present worth

value.

Optimality criterion

It is evident that CI increases with incfeasing structural reliebility,
" i.e. with reducing Per whereas CF increases with increasing pé. It is
- necessary,therefore, to determine the optimum value of pé%/which pinimises -~

the expected total cost.

Because of the scarcity of information regarding thé economic consequences
. of failure, the criterioﬁ for selecting an optimal design is therefore based on
the determination of the optimum safety level , risk, probability of failure,
safety index, total factor of safety, ete., which gives. the minimum expected

total cost C, as illustrated by Fig. 7.

Qppimgm.pf (reliability standard)

1) " When P, is time dependent

The actual reliability of a marine structure P, is some function of tk=s
time t. Different longevity distributions may correspond to identical valzss
of the initial and final reliabilities, P{O) and P(T) respectively, acs showo

in Fig. 8 (13).

The/
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The structure following curve (1) is generally more reliable than the
structure following curve (2). The selection of the function P(t) is based

on the minimisation of the expected total cost C:

_where CI and CF are both functions of the reliability P(t). The form of

these functions depends on:

i) the type of economic model used

ii) type of marine structure, structural confiquragign, etc.
iii) type of loading |

iv) - properties of the material

v) tfpe of mode of failure expected

vi) . exéécted service life

It is evident that as the longevity increases, C_ diminishes because of
. : L -~

“the physical wear and tear as well as amortisation.

~The mathematical expectation of the cost C is given by (13):

T
- B " dP (t)
c = cI ch.é.————dt, dt
O. :
T
= cI+é'cF.4>.p(t_)dt

In order *to illustrate the calculation of CF¢, assume that: -

. . —pot
i) pf(t) = 1 -P(t) = 1 -e
.. - _ ~-(i-s)t
ii) CFQ = CFe
where: p, = annual failure probability
i = rate of interest

inflation rate

7}
il

Henae/
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T . -p
-(i-s)t - o

Cc ¢ = C e M .
Hence, - é' - p, - € dt

1 - e(—1+s--po)'I‘

1

CE’po i—s+po

1 - e(—1+s-—po)T

I F (e} i-~-s# 96

The function P(t) may be simply assumed as follows:

13

P(t) 1 - {1 - P(T)}(%)z

1 - p (M (D

1

where: pf(t) probability of failure at t = T

Substituting in the generalised cost equation:

T
2t
= + C_ . - —_
C C cJ)‘ & pf(T) 2

t - “
F . o

CE.'T+ {C]::’pf ()3 ¢

However, in the general case, the generalised cost equation could be solved

numerically as follows:

tk-l + tk

n
. .- (e -P .
3 CI] k3; CFJ( 2 ) (Pk kll ¢

0
]

Fj I F
corresponding to tj r J=1,2....n"°

where: CIj and C_ . values of C_ and C_ at reliability value Pj

P = 1 , at t=o0

ii) when P is independent of time

Because of the lack of data on the variability of reliability with time

and the complexity of calculations, it is sufficient at this stage to treat

4

the structural reliability P as some number and ignoring the time factor and

the/
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. the longevity concept. In this case, the reliability standard, optimum

value of Per

equation:

here: C_ a
where I n

The optimum p

'Assuming that

and

could be determined from the minimisation of the general cost

cC = c  + {CF(l -P)}¢

= Cc + {cF . pf}¢

d CF are both functions of P, or Pg-

£ is determined from the condition that (see Fig. 7):

_ %9' _
Pe
9C_ 9C
0T F
—— + {p. = + C}& = 0 iiieiieerie.. (B)
Bpfh £ apf F .
C; = A (1-alogp,)
CF = Co + m CI

- where: A

Equation (a)

Hence, p

where/

= ..cost of that part of structure indepéndent of Pe

= a numerical factor

= a factor representing the increase in cost of

. structure (m > 1)

gives:
. Co + on -
= { ~ - m(l + 1ogepf)}¢
o
_ Co + on
= =% } ¢
o
- Co +,on
®
W
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where: pf = optimum value of pf
o

Therefore, the expected minimum total cost, C

i’ is given by:
G

C =z C + —_—

min I :C. .+ mA ¢
=—23

If it is assumed that o is independent of:pf, the optimum Pp is
given by: '

_ (c)e
Pf - 13

o A a
- )

It should be realised that it is possible also to assume that Ci and CF

-are both functions of the safety index B or the total safety factor v.

. It is evident that increasing the safety index B, or the total safety factoé

¥, reduces the probability of failure, increases the initial cost and reduces

the cost of failure.

The determination of the optimum value of the safety index 8 could be

based on the following.assumptions (14):

- CI = a(l + bp)
CF = mCI. .
Pe Cp—B/d
For the norqal p.d.£f., pf = ¢ (-B)

The generalised cost equation is given by:

.c = a(l + bB) + ma(l + bs)Ce'B/d

The/
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The optimum value of 8, Bo should satisfy the following condition:

sc
Y R

4 .
i.e. B/ %c—s + “é%(bd—l) = 0

The solution of this equation gives, BO, the optimum value of B, as shown
in Fig. 9. Designing the structure for a value of B ; Bo (such as Bl)

‘decreases the utility of the structure.

CONCLUSIONS -

The main conclusions drawn up f£rom this investigation could be = * -

summarised as follows: .

1) The statistical methods, theory of probability and"iéliability
are very powerful and useful tools for the rationalisation of

design of marine structures.

ii) The probability of failure, for any particular mode of.failure,
should be treated as a relative characteristic of the structural
system and should be used only as a qualitative measure for com-
paring alternative designs or different conditions of the same

design.

iii) The optimum standards of quality assurance could be determined
from the minimisation of the total cost. However, because of
the scarcity of information on the economic consequences of
failuré, the methods presented should be treated with caution

and should be used only for qualitative purposes,

iv) Without reducing structural reliability, weight saving of hull

steel/
f
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iv) (Cont'd)

.steel is possible and could be achieved by:

~ truncating the density functions of either,
or both, demand and capability, using control

methods

- improving the design of local details and

connections

v) The error in pf due to using untruncated density functions, for
either or both load and strength, is insidhificant, ei&gpt when

the actual density functions are highly truncated.
vi) Much work is needed in the following directions:

- developing methcds to improve structural re-

liability of hull girder and local details

- application of the full—probabiiistic/épproach
to some specific problems where adequate data

are available

- developing methods to control the extreme'
values of load (upper tail) and strength (lower

tail)

- developing methods to determine the.optimum
values of structural reliability based on the

total economy of transportation

— determination of structural reliability when
both demand and capability are treated as

stochastic phenomena

- collecting data on structural failures. These
data should include costs of repair, period of

repair, years of service, cause of failure , etc.

- developing methods of ensuring minimum values of
structural reliability, such as failure-indication

methods, structural testing and\inspection, etc.
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Appendix (1)

EXTREME TYPE DISTRIBUTIONS

Distributions used for Maximum Values

The following extreme type distributions could be used (15) :

Extreme Type I

i. Distribution function

F(x) = exp {—exp (—a{x—u})} a >0

ii. Probability density function

f(x) = o exp {_a(x_u) - e‘a(X—U)}
iii. Mode X =u
. - 0.57723
iv. Mean X =4 + —
‘ )
v. Standard deviation o=1/V6 « o = 1~€525
vi. Coefficient of variation v 1.2825

0 ou + 0.57722

Extreme Type II

i. Distribution function

F(x) = exp {~-x07B} 8>0, x>o, x20
ii. p.d.f. £ = Brio ~ D ap [~ 8
. s 1/B
. LB
iii. Mode X = {B+1} -
e = _1 1
iv. Mean X = I (1 i”B)

—_ 1 2 2 1"

v. Standard deviation .0 = E-{F (1 - é) -T° (1 - Eﬂ}

vi. <Coefficient of variation

_ (fa-2/8) 1}5

201 - 4

B

Yo
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. 2. Distributions used for Minimum Values

The following extreme type distributions could be used to represent

the'mihimum values of resistance, or capability:

a. Extreme Type I

R : . A (x—
i. Distribution function F(x) =1 - exp {- e (x u)} a >0
ii. p.d.f. £(x) = a exp {a(x-u) - eo‘(x‘“)}
iii. Mode X =u
. - 0.57722
iv. Mean : XxX=uq- ——
: (o3
Ve Standard deviation GR = li%?gi
. - 1.2826
P . - :
.vi., Coefficient of variation vR %u - 0.57722
b. Extreme Type IIX (Weibuil Distribution)
i. Distribution function
. ’ x-€. B .
F(x) =1 - exp {— (E:E) } X 2 €, 8 >0, . 0£e <K
_ B-1 B
. _ _ B x-€ X~€
ii. p.d.f. £x) = == () exp {~CD) } .
. g VB
iii. Mode X =€+ (K-€)(1 - —B—) B>1
iv.” Mean X=e+ (k) T (1+ -é—)

V. Standard deviation

o ‘.(K—t-:) r @ +2 -2 +l)}1:
R ' "B B

. 5 , 3 k
(1<—e){I‘(1+—8-) -T (1'+~§)}

i. c.o.v. v, =
v Ve

e+ (Ke)T (1 +%)
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appendix (2)

CALCULATION OF THE LOWER AND UPPER LIMITS OF pf

When the p.d.f.s of both R and Q are known, it is possible to deter-
mine the domain of pf, designated by Pe and Pe s
' L U.

< <t
Pf Pf b

L fU
where pf = lower limit of pf'
L
Pf = uypper limit of pf
U
From Fig. (10), we have (13):
p =w_*Ww
£ R
L Q
¢ = wQ + Wp T wQ vy
U
-
where: wQ = f_ p(a)dg
q, N
. _
o
wp fo p(xr)dr

~

In some cases, it may be sufficient to estimate pf and avoid the

laborious calculations of pf. L

..*

In order to compare pf and pf' with pf as derived from the safety
L U

~ index, it is assumed that both R and Q follow the normal density function,

if.e.’
X = N(x, a) X = R,Q _

Using coefficients of variation:

o
. v =2
.9 a

and the central éafety-factor, 8 = r/q.

r - oo

F ig. (11):
rom Fig. (11) ?o R

qo =q + ch_= q(1+ka)



The following table shows the effects of variation of 0, VR' vQ and
k on the magnitudes and range of variation of Pe and ps - The values of

p; are calculated from the safety index B: L

6 -1

R
Y Ozvé + v2

Q



