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Abstract: A methodology © assess the time-variant reliability of the primary ship structurewith hull gird-

er degradation of corrosion isanalyzed The reliability function is calculated at discrete points during the
ship’ s life A sample calculation isperfomed for the reliability of a bulk carrier comparingwith the pres-
ent practice and traditional one And it is shown that, whenever degradation ispresent, the time depend-

ent reliability calculated with the present practice showsmore accurate dynamic result towards the end of

the ship’ s life
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0 Introduction

In the recent years, many reliability goproaches
have been goplied b the asessnent of probability of
failure of the primary <hip hull structure Before
1970’ s, cammonly used definiting method and struc-
tural reliability is evaluated over the lifetime of the
structure  Fomulation of reliability of ship hulls for
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auch a long time frane is not taken into account on the
different mechanisns of degradation of the structural
resistance And the approaches are one load and one
strength variable, inwhich the variables are de<cribed
by their probability distributions and the measure of
sfety is provided by the probability of failure Some
goproaches are described by the mean value and stand-
ard deviation of load and resistance, and safety of the
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structure is quantified by the reliability index with gp-
plications of First Order Second Mament ( FOM )
methods %

In fact, ship hull structurewill gradually degrade
their structural perfomance during the lifetime This
degradation is a camplex phenamenon with the influ-
ence of loading, envirorment, construction technology,
structural fom and material etc These factors are in
random nature, D, definiting method cannot reflect
accurately for the reliability of ship in thewhole life

Therefore, tme dependent reliability has become
more updated and several authors have explored the
different gopproaches Some consider the various load
processes of interest o detemine the maximun cam-
bined value of the load effects And sme gproach
with the mplication of a stationary load effect and a de-
creasing resisting capacity. el

This reliability study concentrateson the other as
pect of time dependence, i e the influence of strength
degradation and time variant loading effect on structural
reliability The time dependence of strength that con-
sidered here is the reault of corrosion of the ship struc-
ture Corrosion is an important strength degradation
phenamenon and its action is increasing with the age
increasament of the ship. This causes degradation of
ship hull section modulus and decreases the hull resis
ting capacity.

Detemining the load effects is one of the major
objectives in the reliability assessnent and hence tme
variant load model is considered Basd on thes tme
variant factors, safety margin is considered as a tme
variant and the ship hull reliability is fomulated as a
tme-variant problen. And a first order reliability
method is goplied o calculate the safety index and fail-
ure probability
ered that the structural strength has been constant dur-
ing the structure lifetime and in more detail it has been

In the ssmple calculation, it is consid-

described by more than one The demand loading has
been considered as the cambination of the wo main
camponents  the till-water and the wave induced load
effects, and both of the tvo components are time vari-
ant

Themain objective is o study the time variant for-
mulation for the reliability of a ship hull with structural
degradation and time variant load effect in the design

life
1 Reliability of the ship hull

The reliability of ship hull structure traditionally
considers resistance or cgpability exceeding the predic-
ted load or damand since the structural design of the
primary structure of ship hulls is based on the concept
of providing enough flexural modulus o the anidships
Fction The hull ismodeled as a beam and its section
modulus governs the levelsof elastic streses developed
on the deck and bottom, which tumsout © be used asa
meaaure of the cgpability of the cross section against
oollgpse  The resisting capability of the ship hull is
given as the product of the section modulus by the yield
stress of the material The demand is the canbined
effect of the dtill-water and the wave induced vertical
bending maments Different gpproaches have been
used © model the load variables The common gp-
proach is to combine the stillwater and the wave in-
duced load effects by just smming them.

However, being both random, their maxima will
not be achieved at the same time which mplies the
need of a load cambination factor that reduces one of
the effects o account for that The total vertical ben-
dingmamentM, in tems of the extrane values of the
tvo componentsM ¢, and M,

M, =Mg + FEMye (1)
where, . is the load combination factor and it varies
betveen O 6 and O 8 depending on the particular ship
under consideration M andM,,. are extrane still.wa-
ter and wave induced bending moment

A nother possibility of taking the load combination
in account is o make use of the Turkstra Rule 3 that
basically says the maximum combined value occurs
when one of the loads reaches its maxmum and the
other is at its randam point in time value such as at its
expected value The tal mament is defined as

M, =max[ Mg +M,), M +Mye) ] (2)
where,M ; andM,, are the still-water and wave induced
bending moments at a randam point in tme The for-
mulation that has been first used in a sscond mament
goproach o the ship’ shull reliability defines the safety
marginM as

M =M, - M - M, (3)
Another canmon fomulation consists in defining the
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sfety margin of the ship structure as

M =M, - Mg - My, (4)
where,M,,. is the most probable maximum wave in-
duced bendingmament during the ship’ s lifetime The
most probable extreme value of the wave-induced
loads, M, L € , mode, which we may refer © as a
mean for convenience and its standard deviationo ,, can
then be computed based on up-crossing analysis as fol-

lovs
Mue = JA o INN y—45072 (5)
JA, InN
_T A
O ~ /e N2 InN (6)

here, J\_O is the motmean-square value of the short-
tem wave-induced bending mament process at anid-
ships N is the expected number of wave bending
peaks M. is the hull resisting capacity.

M, = ZF, (7)
where, Z, is the anidships section modulus and F, is
the yield stress of the material
tme-invariant reliability, the value of Z, is the con-
stant designed value for the whole ship life
load carrying capacity of ship hull section modulus and

For the asessent of
In fact,

the demand bending maments are varying with tme
Here, the value of section modulus is considered with
tme variant during the ship life and time variant com-
bined bending maments

1 1 Degradation of sction modulus

The corrosion influence on the load carrying ca-
pacity is considened The value of section modulus Z
is decreased due o the degradation effect of corrosion
This is a process that leads o a monotnic loss of
strength with tme, decreasing the cgpability that the
structure has for resisting the loads mposed General-
ly, corrosion will occur in all structural elenents, both
in the plating and in the stiffeners, by decreasing the
plate thickness at a rate (see Fig 1) "', Two levelsof
corrosion rates can be considered, namely the average
and svere level, the fomer being based on all collect-
ed data of corrosion measuranents and the latter being
based on 95% and above band of the measuranents

S, corrosion ratemay be different in the different
structural elaments and it depends on many factors in-
cluding coating properties, cargp camposition, inert
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Fig 1 Ship’ s structural damage due to corrosion

gasproperties, temperature of cargp, maintenance /s
tens and practices Therefore, the corrosion rate mod-
el should be gppropriately based on the statistics of
measuranent data

Practically, the tme-variant corrosion rate model
may be divided intb three phases In the first one,
there is no corrosion because of the protection of coat-
ings and corrosion rate is zem The second phase is
initiated when the corrosion protection is danaged and
corrosion occurs, which reduces the plate thickness
The third phase correponds b a constant corrosion
rate  There are different types of corrosion model ©
predict the corson degradation'®, and PAIK &
THAYAMBALL | have suggested amodel as

t =C(T- T - T)™ (8)

where, t is depth of corrosion ( thickness loss due o
corrosion) ; T, is coating life; T, is transition time be-
tveen coating durability and corrosion initiation; T is
structure age; C, and C, are the coefficients taking ac-
count of the characteristics of corrosion progress For
practical design pumposes
G =1

The probability density function of the coefficient
may then be assumed t follov theW eibull distribution

€, (9 =%[g’ﬂexp[ [;XJ 1 o

where, 0 andA are scale and shape paraneters, re-
Pectively, which will be detemined through a proba-
bility density fit using the method of maments, the
maximum likelihood method or other appropriate meth-
od Mean and OOV (Coefficient of V ariation) of the
coefficient can then be calculated by statistical analysis
once the corrosion measurement data are available

The most probable (or average)

it is often assumed that

level of corrosion
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danage will be predicted if all gathered corrosion
measurenent data are used for the statistical analysis

1 2 Hull girder loading

Detemining the load effects is one of the major
objectives in the reliability assessnent W hen a ship is
floating on stillwater, there will be differences in the
forces exerted upon the hull, which have © be taken
into acoountwhen the ship is loaded A Itemate loading
can reqult in shearing presaures, while uneven loading
can cause the ship o sagging or reult in hogging

W hen the ship isoperating in the sea, these sag-
ging and hogging bending maments can hgppen due ©
the combined action of wave effect and cargo distribu-
tion W hile hull girder resistance is degrading due ©
corrosion, the danand loading will be al® varied with
the operation lifetme Due to their variation, the relia-
bility of the ship structure will alo be varied with
tme Since ship hull girders are predaminantly subjec-
ted o canbine actions of stillwater and wave-induced
bending maments, time variant total bending mament
will be applied For practical considerations, total ben-
dingmament at a gecified operation life is

Mir =Mgr +QMy ¢ (10)
where, @,, isa load reduction factor,M,, ; andM,, ; are
stillwater and wave-induced bending mament of a
Pecified operation life, My and M,, ; can be deter-
mined for the sagging condition

Mt JIn(vT) M, T JIn(y T)

Meo =~ fintety’ Mo ety P
and for the hogging condition

M.t JIn(y, T) M, JIn(y T)

Moo T finer)’ Mee ety

These are based on maximum still-water and wave-in-

duced bending mament of 20-year design life '

v is
the mean arrival rate of one load condition and v, is the
mean arrival rate of one wave cycle The 9ecified
maximum still-water bendingmoment is already defined
by ACS"', and for the sagging and hogging condition
regectively are
Mo =- Q 065C,L°B (C; +0Q 7) (13)
M.o = G,L°B(Q 1225 - Q 015C;)  (14)
in which, L, B and G; are ship length, breadth and
block coefficient, while ON iswave coefficient
C, =10 75- [ (300 - L) /100]*%, 100 <L < 300

G =10 75 300 <L < 350
C, =10 75 - [ (L - 350) /150]°7, L > 300
(15)
For the maximum wave induced bending mament de-
fined by ACS is

Myo =- Q 11C,L°B (G +Q 7) (sagging)
(16)
M, o =0Q 19C,L°BG, (hogging) (17)
This value is nomally taken as the mean value of
the extrane wave-induced bending mament which the
ship is likely to encounter during its life tme For con-
venience, the mean value of bending mament is often
taken fran the above empirical fomula that has been
uggested for a first cut estimation bending mament by
sme classification ocieties in the past The variation
in stillwater bendingmament isusually assmed o fol-
lov the nomal distribution The COV asciated with
stillwater bending mament of a merchant cargop vessl
is nomally large, perhgpsas high asQ 4 '* The cov
asociated with the wave-induced bending mament can
be defined aso ,, M,, fran Egs (5) and (6) onwhich
the short-tem regpon<e is based, while it is smetimes

asamed o be Q 1 when predicted from Eqg (5).

1 3 Tmevariant relability

Load effect and resistance will be modeled as a
stochastic process and the fomulation of safety margin
will be described as a time variation

M) =M:(D) - M (D) (18)

here,M. (t) is the time dependent load resistance and
M, (1) is the time variant tal bending moment which
can be calculated with Eq (10).

The reliability indexB (t) isgiven by the ratios of
themean valueM (t) t© the standard deviation Dy, (t)
of the safety margin

Du (1
and the time variant reliability index can be related
with failure probability

Pr(t) =® (-B (D) (20)
® s the standardized nomal distribution, P; (t) is the
failure probability with time t

(19)

2 Sanple mathematical text

The fomulation presented above has been applied
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o the asessnent of the reliability of a bulk carrierwith
deadweight of 170 000 t, length of 282 m, breadth of
50 m, depth of 26 75 m, block coefficient of O 826
and service geed of 15 kn The yield stresswas con-
sidered 0 be 355 M Pawith COV 35 MPa The mean
value of dillwater bending moment and wave-induced
bending mament in the sagging condition for the design
lifeare4 21 GN- m and 7. 1 GN- m regpectively.

And their standard deviations are 1 6 ON -
Q 0081 N- m Time variant otal bending mament for

m and

the pecified operation period is considered for sagging
and can be obtained by goplying Eq (10). V ariation of
gtillwater and wave-induced bending maments can be
en in Fig 2 Themean value of extranewave induced
bending mament is5 93 G\ m and GOV isQ 1

ship hull sagging

£ e

ship hull hogging

Fig 2 Ship hull sagghg and hogging conditions

To quantify the time variation of the hull section
modulus, typical values of severe corrosion rates have
been detemined The corrosion depth of individual
menber categories ispredicted from Eq (8) with T, =
7. 5 a, excepting for inner bottom plates and lower
dope plateswhich may take a shorter coating life, i e
T. =5 a Themean and QOV of coefficient C, for the
evere corrosion rates is considered acocording o refer-
ence [4] and asameC, =1 If the corrosion rates are
gotten, degradation of section modulus can be calculat-
ed

The key facor o fomulate a reliability problam is
able o showv the effect of the degradation of strength
with time and ill practically enough to use is the
choice of the time duration to which structural reliabili-
ty is referred ta  The strength degradation induced by
corrosion of plates is a very slow varying processwhich
only yields noticeable changes in the section modulus
after several years Therefore, degradation of section
modulus due  corrosion rates has been detemined ev-
ery four years for smplicity of calculations The stand-

ard deviations of section moduluswith a no repair as-
amption are 0 337, O 525, O 769, 1 046, and
1 305 repectively for every four years The extrane
corrosion situation of no repair during the ship’ s life-
time has been asamed although being avare that it is
oo severe However, it shavsmore clearly the effect
here The coefficient of variant of these uncertainties
has o be combined with the one of the yield stress to
give the variance of the mament capacity M ean value
of section modulus is 43 454 m’ and the variation of
mean section modulus for every four years is showvn in
Fig 3 and Fig 4
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Fig 3 Varition of mean value of still-water and wave-in-
duced bendng mamentswith operation tme
g 45T
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Fig 4 Varition of mean value of ship section modulusdue

to corrosion

The problan is the tme variant reliability with
stochastic processof load effect and resistance of a ship
structure The reliability and probability of failure of
primary ship structure are calculated with proposed
method by accounting section modulus degradation and
time variant bending mament, aswell as the reliability
with initial section modulus (without considering deg-
radation of section modulus) and time variant load
effect And then the reliability with variant section
modulus and stationary load effect (with extrane wave-
induced bending mament) are calculated The mean
extrane wave-induced bending moment for this equa-
tion is calculated with Eq (5) and variance with
Eg (6). Thismethod isa common method of reliabili-
ty calculation with hull degradation The reaults are
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dexcribed by comparing with the reaults of proposed
method The reault time variant reliability and failure
probabilities are shovn in Fig 5 and Fig & Time vari-
ant reliability is calculated for shorter reference periods
of four years for more accurate reults And it is shown
that the resultant reliability index without accounting
strength degradation is obviously different fran the re-
alts of considering it Moreover, whenever degrada-
tion is preent, time dependent reliability calculated
according 1o the present practice, comparing with the
cammon method, showvs same difference during 8 years
of ship life, but after 8 years, it doemn’ t show very
high distinct of sfety levels

reliability inde:
O

4 8 112 16 20
ship age / a
— reliability index with variant Z and variant load
- = -reliability index with initial Z and variant load
——reliability index with initial Z and extrame load
Fig 5 Tmedependent relability ndex for a bulk carrier

with corrosion

ship age / a

— P with variant Z and variant load

= = -P; with initial Z and load variant

——FP; with variant Z and extreme load
Fig 6 Timedependent probabilities of failure for a bulk
carr ier with corrosion

References

3 Conclusion

A fomulation is presented o quantify the time
variation of the reliability of the ship primary structure,
which is able © acoount for load variation and the
effect of strength degradation due to corrosion It is
shawn that the present practice of calculating time vari-
ant reliability is smple, convenient, and the reault is
al®o more dynamically accurate than the cammon &p-
proach The calculation resultsmay be useful in the re-
liability assessnent of nav ship construction, and in-
ection, maintenance and repair schames of existing
dhips

For the practical work of ship hull reliability sub-
jected  corrosion, operational parameters including
maintenance, repair work should be paid attention
Secial attention should be given o presrve the integ-
rity of the coatings inside the holds Once a hold be-
cames enpty, surfaces should be cleaned thoroughly
and wherever possible, and be given a final rinse with
freshwater Ballast tank coatings should al® be main-
tained in good order

A gecial examination should be made after a po-
tentially corrosive cargo such as high sulphur coal has
been carried Exceptional rates of corrosion have been
reported, and additional checks are warranted

The main areas prone © corrosion uch as the
bracket toes at the connection of themain franes o the
hopper and topside tanks and the upper and lower
boundariesof vertically corrugated transverse bulkheads
should be closly exanined on a regular basis and it
should be repaired wherever necessary and carefully.
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