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SUMMAR Y

The main causes of fallure of marine structures are indicated. Par-
ticular emphasis is piaced on the failure resulting from the extreme
values oflIOad and strength. The full- and semi- probabilistic approaches
to safety asasurance of marine structures are examined. The vatrious me-
thods of calculating the probability of failure aré given. The strength
and load factors, associated with the ﬁqrtial safety factor approach, are
especially considered. The effect on structural reliability of the de-
terioration of structural capability with tiné, assumed density function
and the degree of- truncation of the density function are indicated. The
1nportaﬁce of truncafing the density functions of both loading qnd streng-
th is stressed.
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Safety 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 consequences of failure.

i

- The fundamental equation for safety assurance is given by:

R > 0 (¢9

This equation could be given in terms of either the margin of safety

M:
M = R-Q » O (2)

or the "total factor of safety" ‘

¥ = re » 1.0 3

The load, Q, normally refers to the maximum value of loading likely
to occur over the expected service life cf a ship. The load generally
varies over a wide spectrum, whose lower limit could be assumed zero.
The upper limit should be carefﬁlly estimated as it has a significant

effect on safety and economy (2).

The resistance, R, 1s the limitng state beyond which the structure
is expected to fail, to be damaged or collapse. The variability of R
reuslts from the variabilities of the mechanical properties of the
material, dimensional tolerances, fabrication defects, residual stres-
ées, initial distortions, occuracy of stress anélysis, errors in ma-

thematical modelling, corrosion, wear and tear, etc.

The resistance should vary over a narrow spectrum. The lower limit
represents the critical value regarding failure and the upper limit in-
dicates some degree of overdesign which has an impairing effect on

economy.

Therefore, in order to ensure an acceptable safety margin, or degrec
0of risk, the lower 1limit of resistance and the upper limit of load

should be carefully examined and controlled.
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2.1. Responsible Authorities

Classitication societies remain the main authority respon-
] - .
sible for the assurance of safety for ships and marine struc-

tures. The methods cdmmbnly used are:

i- contrél design by specifying procedures and constraints;

1i- provision of corrosion margin to compensate for material
deterioration and ensure adequate strength;

iii- control quality of material and comstruction;

iv- control quality of maintenance and repair by regular and

special surveys.

For conventional ships, the classification society rules are
based on long experience and gradual development. They ensure
an acceptable safety level of the structural performance, Struc-.
tural reliability is based on data collected from ships in ser-
vice, such as damage statistics. These statistical data are
usually condensed and then treated deterministically for develop-
ing rules for the structﬁral design of ships. In this determinis-
tic approach, safety assurance is based on the irrational concept
of the ""safety factor'. Because of the inconsistancy and lack
of uniformity of these safety factors, marine structures design-
ed accoxding to these rules are generally overdesigned. For un-
conventional marine structures, such as "offshore structures',
the extrapolation from available data may be extremely difficult.
Therefore, a rational procedure is required for assessing and

checking structural safety.

3. RATIONAL APPROACH

In this rational approach, safety assurance should be based on the
statistical parameters of both loading and strength. It is evident
that neither the load "Q" nor the strength "R" can be represented by a
single value, Both are functions cof several random variables a: ‘1 can
only be treated statistically. The '"demand", Q, normally refers to the
maximum value of loading likely to occur over the expected service life
- of a ship. The resistance (strength), or capability, represents a limit-

ing state beyond which the structure is expected to fail or collapse.



However, this probabilistic approach could be divided into
two methods (1, 3):

i- Full-statistical method (normally called level-3 method)

In this method, safety assurance is based on a complefe pro-
babilistic analysis for the whole structural system, or ele-
ments. The full probabilistic information of both load and |
resistance is required, togéther with the target failure pro-

babilities.

ii- Semi-statistical method

This method is generally divided into two levels:
a- Safety index approéch (level-2 method)

Structural safety is ensured by a safety index compatible

with acceptable probability of failure.

b- Partial safety factor approach_(levélvl method)

Structural safety 1s ensured by a number of partial safety
factors, taking account of the variation of maximum loading

and minimum strength.

In the following analysis, these three methods are considered in

more detail.

3.1- Full-statistical method

This method is based on the estimation of the probability of
failure, Py or the risk, for the barticular mode of failure
under investigation, using the p.d,f, of both load and resistance

of the whole structure, or any part bf it,

For the present state of affairs, it is economically unjust«
ifiable and technologically unfeasible to determine "exactly"
the p.d.f.'s of both Q and R, for the whole structure and for
various modes of failure. Thereiore, for practical applications,
the full probabilistic method may be used only for one element
of the structure and also for one particular mode of failure, 1In

this case, pf is given by:

Py = j PR'Q{r.(m - )} ar (1)

v/ e
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When R and Q are statistically independent, P, is given by:

P, iIFR(q)pQ(q)dq' =!(1 - Fo(r))pg(r)ar (5

where: Fx(x) = P(X< x) =°j px(u)du » X = R,Q

The probability of failure, p is the shaded area shown in

_f'
fig. (1). It is necessary here to identify the difference
between the probability of failure due to collapse and the
probability of failure due to damage. The former is generally

less than the latter, as shown in fig. (1).

.Calculation of Py

The calculation of pf could be'pérformed usihg equation (5),
when the p.d.f.'s of both R and Q are known apriori. For the
particular case when both R and Q have normal distribution

functions,_pf is given by:

- ¢<f-a>/Jo§+og} . ®

where: T ,'c-l,oR and GQ are the means and standard devia-

Pg

tions of R and Q respectively.

However, for non-normal density function, the calculation of
P, becomes rather tedious and requires numerical approximations.

One solution to this problem is based on fig. (2) and the follow-
ing approach (2):

0
Let: U --_-Jp (q)dq , 4V = p (r)dr
) Q R
) r
ol
Then P, = j Uav P
0

This integration could be performed numerically using Simpson's

Rule (2).




3.1.2~

An alternative approach for cslculating pf could be based

on the p.d.f. of the margin of safety M.

i

In this case, P is given by:

o
pp = P(RCQ) = pylmam ®

-
It should be realised that the assertion "the probability of

feilure"” equal "x™ is meaningless in itself. pf acquires mean-
ing only as a relative characteristic for estimating the struc-
tural reliability of various arrangements and configurations

of the same structure, or of the same structure under different

loading conditions.

Estimation of the mean value of resistance

For a partiéular mode of failure and a specified value of pf,
the required mean value of R, for given statistical parameters

of the load, is given by:.

Fyd +yo2 +02 .gl1-p) ®

As an example illustrating the use of equation (9), assume that:

Q = N (2.0, 0.1) MN
= 0.1 MN

cR .
= 1 x 10 °

Pg

Then, the required minimum mean value of R is given by:

_ . -1
r> 2.0 + ’o.l2 + 0.12 ¢ (0.999)

P 2.42 MN

When both R and Q are log-normally distributed, the requ 'red

mean resistance is given by:

=1
T > E.exp({vf2 + vg B (1 - pf)) (10)




The Safety Index Approach

In this approach, only the statistical parameters of the p.d.f.’'s
of R and Q are required (the means and stdndard devistions). As-
suming that R and () are-statistically independent, the mean and

variance of t/;he margin of safety M could be derived from the cor-

responding values of R and Q as follows:

=
n

=
'

o

- q (11)

=N B

o

In this case, structural safety is defined in terms of a safety

index P :

B =G/o, =F-D/E + & az)

It 1s evident that P. see fig. (3), depends on the means and
standard deviations of R and Q.

In the general case, R and Q are nonlinear functions of severai'

random Qariables:
R=R (x;, X, .. X)), Q=Q(yl’y2’."ym)

In this case, R and Q may be determined by expanding their func-
tions in a power series in the neighbourhood of their mean values.
For scome cases, R and Q may be linearised by neglecting the non-

linear terms. The mean and variance can be approximated by:

r = R( il' J-i2’ ae xn) ’ -q-.'= Q(?l’§_2p-'°§m) (13)

ME

m
2 _ AR+ 2 2 _< dQy2
R (o) "%, g R CB%:%"O?’J -

The coefficient of variation can be also agpproximated by:

k o
vi =j§ - ( %_Xz_ . :j_ ),2. 2 (15)
= X




3.2.1-

3.2.2-

The effect of neglecting the non-linear terms on the magnitudes

of the means and variances has not been fully quantified.
f
The safety index @ could be also given in terms of the coef-

ficients of variation and and the central safety
_ Vn v .

factor ‘ as follows:

P=(i-—l)/\lv§ 32+ vg (16)

Limiting values of mean and coefficient of variation of resistance:

The limiting values of mean resistance for a particular mode of
failure and a specified value of the safety index F% could be
given in terms of the mean load and the variances of load and

resistance as follows:

- - 2 2 Q7
F v By an
2 q oYOr t cQ
Similarly, the limiting coefficient of variation of resistance,
VR , for a specified safety ‘index e » central séfety factor
( and the coefficient of variation of loading VQ , could be

estimated as follows:

l "'_ 2 .
o A0 e

The Target Safety Index

The selection of the target safety index ¢2 should be based on
the type of loading (static, dynamic); mode of failure (damage,
collapse) and the consequences of failure (danger to human life,

economy or both).

For ship hull girders, the target safety index should depend
on ship type and length, as given by Faulkner (3).

It is8 evident that when the p.d.f. of the margin of safety M
is normal, the probability of failure could be determined using

the safety index p as follows:

Py =1 - () (19)




The partial Safety Factor Approach

In this approach, structural safety is ensured by a number of
safety factors, which take account of the variabilities of load

and resistance.
4’

The fundamental equation of safety assurance is given by:

R > YQ (20)

where ‘ = total safety factor

"This equation could be given in terms of the mean values of load

and resistance as follows:

r > ya o (21)

The central safety factor could be given in terms of the strength

and load factors as follows:

7 ' . | ‘ (22
‘ = ‘r“q )

‘r and ‘q take account of the variabilities of resistance
and load respectively. ’

Using the formulation given by equation (17; and the approximat-

‘ion given in reference (4), i.e.

/cﬁ + o% ~ 0.7‘5(0R + orQ) (23

the partial safety factors, ’r and ‘q could be given in
terms of the coefficients of variation and the specified safety

index Po as follows:

I

1 /(1 - 0.75f vg) (24)

It

B

1 + 0.75 pon (25)

Similarly, equation (20) could be given in terms of the cherac~

teristic values of load and resistance, K, and Qk' as follows:

k
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(26)

o
\'4
o
Ff)

where: ‘k-_— ‘R' ‘Ql

= - (27)
R, =T (1 L R)
When both R and Q are normally distributed, the partial safety.
factors, "~ and , are given by:

TR 2 (= igv)/(2 - 0.758) vp)

“28)

e

Vo = (1 +0.158,v)/ (1 + xqvg)

Also, when R and Q are log-normally distributed, ‘R and ‘Q

are given by:
‘R X exp - {(0.75 - kR)vR} '

HQ-‘! exp {(0.75 - .kQ)vQ}

It should be noted that equation.(20) could be also giveﬁ in

terms of ‘X and ‘Y . The former takes account of the

factors éausing fajlure and the latter depends on the conaequence's
of failure. By introducing rating factors (5), it is possible to
estimate the partial safety factors.

Example
Consider the following case:
= = 0.1
VR VQ
= 2.5 , = 4.0
kp = kg g
i- R and Q are normally distributed
’R = 1.072 (Q = 1.04 {k = 1.115
= .43 = . = .
Ve 1 Ty 1.3 | 1.857
ii- R and Q are log=nroamlly distributed
= 1.053 = 1.05 = 1.105



FACTORS AFFECTING THE PROBABILITY OF FAILURE

The probability of failure is a characteristic of the structural

system, or an element of this system, for the particulsr mode of

failure and under the particular loading system. Its magnitude is

influenced by the following factors.

i)

ii)

iii)

Deterioration of structural capability with time.

Structural capability deteriorates with time as a result of
corrosion, damage accumulation, etc. see fig. (5). Therefore,
the ability of a structure to maintain its original level of
structural efficiency over its service life can be significantly
improved by corrosion control, using materials having good cbr—
rosion resistance, minimization of surface area, provision of
good drainage, access for cleaning, access for 1nspecf¥gh, paint-

ing, etc.

Assumed density functions.

Since pf depends mainly on the shape of the upper tail of the
loading function and the lower tail of the resistance function,
its magnitude will be very sensitive to the type of functions

assumed, see fig.'(6).

Degree of truncation.

Structural capability cannot vary from -0 404+ or even attain
zero values (6). Therefore,Athe p.d.f. of R should be truncated
on both sides of the p.d.f. Similarly, the loading cannot attain
1nfin1te values. The p.d.f. of Q should be also truncated, at

least at its upper tail. The truncated demsity function could

be derived frcm the assumed theoretical p.d.f. as follows:

Let px(x) = p.d.f. of X

fx(x) p.d.f. after truncation, x1 £ X £ x

u
xl,xu = lower and upper feasible limits of X.

Then the truncated density function is given by (7):

Iy = pg(0/H (29)
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and the cumulative distribution function is given by:

G (X) = (Fy(x) - Fy(x))I/H (30)
xu

whefe: H = px(x)dx = Fx(xu) - Fx(xl) (31)
Xy

It should be realised that it is possible to reduce the ext-
reme loads by using suitable control measures (8). The re-
sulting truncation of the demand disfribution function should
improve structural design without impairing structural rélia—
bility, Similar results could be obtained by controlling the
factors imparing structural capability. Therefore, hull steel

weight could_be reduced without reducing structural safety.

In the calculation of Pe» it is not necessary to use truncated
density function except when the control measures adopted are
effective. The error resulting from neglecting the effect of

truncation is examined in reference (2).

. CONCLUBIONS.

The main conclusions drawn up from this investigation could be

summarised as follows:

i- The rationalisation of ship structural design should be based
not only on the estimated values of load and resistance but
also on theilr expected variabilities. Therefore, the statistical
methods and theory of probability are very powerful tools for

the rationalisation process.

11- 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.
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iv~

The probability of failure could be reduced by truncating the
density functions of both load and strength, using reliable

and economical control methods.

The methods used for assessing structural reliability, due to
extreme values of load and resistance, should be considered .
with a realistic outlook. The degree of sophistication of the
method used should be based on the expected frequency and con-

sequences of failure.
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