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Abstract

An approach for risk assessment of the ultimate strength of an aging ship hull structure that
is being degraded by corrosion and fatigue is developed. Time-dependent random function
models for corrosion growth, fatigue cracks and corrosion-enhanced fatigue cracks that
weaken the capacity of a ship hull are presented. The second-order reliability method is used
to calculate instantaneous reliability of the primary hull structure. Methodology for
computing the time-dependent reliability of a degrading aging ship structure is developed.
Sensitivity of aging structure reliability to statistical and probabilistic description of corrosion
and fatigue crack parameters is investigated. An example of a problem involving an aging
tanker structure is used for demonstration. € 2002 Published by Elsevier Science Ltd.
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1. Introduction

Corrosion and fatigue cracking are the most pervasive types of structural
problems experienced by ship structures. Each of the damage modes, if not properly
monitored and rectified, can potentially lead to catastrophic failure or unanticipated
out-of-service time. These problems are a major threat to the structural integrity of
aging vessels, especially tanker structures and bulk carriers, many of which continue
to operate beyond their design service life. The importance of monitoring and
mitigating corrosion and fatigue has been recognized by classification societies, ship
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owners and International Maritime Organizations. Standards for accessing the
structural integrity of aging vessels are being developed by the various agencies. For
example, the Tanker Structure Cooperative Forum (TSCF) has issued extensive
guidelines for aging and corroding vessels. TSCF has issued typical deterministic
corrosion rates for uncoated steel of longitudinal primary members in cargo oil
tankers. Minimal allowable sizes for the different components have also been issued
by various classification societies. Bea et al. [1] conducted extensive research on the
significance of fatigue crack and corrosion in tankers. However, there are very few
studies that model the impact of corrosion and fatigue cracking on the structural
integrity of the ship hull structure [2}.

Modeling the impact of corrosion and fatigue cracking on the structural integrity
of a ship hull is complicated by the high level of uncertainties associated with these
modes of failure. The occurrence of corrosion and fatigue cracks, their spatial
distribution on a structure, and the time-dependent growth and interactions in-
service are random phenomena, therefore probabilistic models must be employed in
analyzing their effect.

The present study is focused on assessing the effect of corrosion and fatigue
crack on the structural integrity of a ship hull structure. The strength of a ship hull
is modeled as a random process that decreases in the presence of corrosion and
fatigue cracks. Corrosion and fatigue crack growth rates at the various longitudinal
section members are modeled as random variables. Extreme loads that are applied at
random times to the hull structure are modeled. Second-order rehiability analysis
methodology (SORM) is used to compute instantaneous reliability. Hazard rate
function is defined and used in the estimation of time-variant reliability of a corroded
cracked ship structure. An aging tanker example is used for demonstration. The
effect of corrosion growth rate, initial crack sizes and interactions between
cracks and corrosion on the time-dependent structural integrity of the vessel is
studied.

2. Ultimate strength limit state

Asscssing the structural risk of a degrading vessel requires the development of an
ultimate strength limit-state function with reference to the primary ship hull
structure. Reference is usually made to the midship section. The ship hull is
considered to behave globally as a beam under transverse load subjected to still-
water and wave-induced effects. The governing limit-state model for the ultimate
strength can be defined by

g(n) = U(t) = Mp(1), (1)

where U(r) is a2 model of the ultimate strength capacity of the vessel and My (7) is a
model of the effect of external load on the vessel. Degradation of the primary ship
structure results in a time-varying decreasing ultimate strength capacity. Eq. (1) can
be defined in terms of the vertical bending moment that induces bending of the hull.
For the ultimate coltapse of a hull girder, the underlying random functions can be
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defined us

U(’) - Mu(’) (2)
and

Ml‘(f) - M.\'w([) + kn'(Mn'(t) -+ kDMDyn(’))a (3)

where M, (1) is the ultimate hull girder bending moment capacity, M, is the still-
water bending moment, M, is the wave-induced bending moment, Mp,, is the
dynamic bending moment, and kp,, is the correlation factor between wave-induced
and dynamic bending moments. The correlation factor, kp,,, depends on whether the
bending is of the hogging type or sagging type [3-5]. For simplicity, the simple linear
model. M;(t) = M.(t) + M,(t) employed by Mansour and Thayamballi (1994) will
be used 1n the illustrative example problem. Furthermore, M, () and M,.(¢) can be
functions of time. However, in this study, they are assumed to be independent of
time in order to simplify the demonstration of the suggested methodology.

2.1 Ultimate hull girder bending moment capaciry

Various formulations for estimating the ultimate hull girder bending moment
capacity. M,(1), of ship structures have been developed. They range from simple
analytical to complicated numerical models. A review of the methods, their
advantages and limitations are given in Mansour et al. [6] and Thayamballi et al. [7].
These formulations have the following characteristics:

(i) ultimate strength obtained by applying a buckling knockdown factor to the hull
girder fully plastic bending moment [8,9];

(1) ultimate strength obtained by reduced elastic section modulus accounting for
plate buckling at deck and bottom [10];

(it} ultimate strength obtained by longitudinal stiffened single cell rectangular
construction; compression flange treated by a beam-column idealization [11];

(iv) ultimate strength based on load and end-shortening curves for beam column
and tripping failure; aimed at longitudinally stiffened vessel [12];

(v) ultimate strength based on load and end-shortening curves; hard spots
subjectively treated; elasto-plastic FEM for load and end-shortening curves of
plate-stiffener combinations [13]; and

(vi) ultimate strength based on dynamic non-linear elasto-plastic finite element
analysis of a large portion of the hull using beam elements and isotropic and
orthotropic plate elements [14].

Computer programs for computing ultimate strength capacities, for example
ALPS/ISUM [15], have been developed. The formula given in Mansour and Howen
[9]. 1s used in the current study. The hull girder bending moment capacity is
estimated by

Mu(’) = (JSGZIZ([)’ (4)

where ¢ is a non-dimensional factor known as buckling knock down factor; g, is the
ultimate strength of the ship hull crosssection; Z(¢) is the midship hull elastic section
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modulus. In cases where a relationship between damage, such as fatigue crack and
corrosion, and ¢, can be established, o, should be replaced with that relationship. It
is well known that structural degradations will affect the hull girder capacity by
reducing the section modulus Z(f) with time. The impact of the degradation
mechanisms and the modeling strategies that are adopted herein are presented in the
following sections. The buckling knock down factor is of high variability and
depends on the ship type or class and the location of a section, i.e., station.

2.2. Modeling the effect of general corrosion

Corrosion reduces the section modulus of the hull of a ship structure by thinning
the thickness of primary structural members. It reduces the ability of the structure to
resist the externally induced bending moment. Several models of general corrosion
growth have been suggested [16-19]. The most commonly used model is

1) = Ci(t — 15), (%)

where r(r) is the thickness reduction; #; is the life of coating (years); ¢ is the age of the
vessel (years); C,C, are random variable coefficients; C; represents annual
corrosion rate and although C, can take values ranging from 1/3 to 1, a value of
1 is used in the example problem. The life of coating varies for different vessels and
depends on the coating type. Thus, in the presence of corrosion, the moment
capacity is given by

M) = m{ Ao, 1< o) = 0 (6)

Z(r (), t>ty, r()>0.

Formula for calculating midship section modulus Z(r(f)) can be found in any
standard monograph on ship structures such as Hughes [20].

2.3. Modeling the effect of fatigue cracks

The presence of a fatigue crack can lead to loss of effectiveness of a structural
element when the crack reaches a critical size. Thus, the net section modulus that
resists longitudinal loads is reduced. The reduction may be in such a way as to
increase the nominal stress levels within amidship, which in turn increases the rate of
crack growth. The two main approaches for assessing fatigue strength are:

(i) S--N for crack-initiation assessment, and
(ii) fracture mechanics for crack-propagation assessment.

The S-N approach predicts the strength based on crack initiation of a critical
structural detail as a function of the number of stress cycles. The fracture mechanics
approach can be used in risk analysis based on crack-propagation assessment.

The fracture mechanics approach uses crack-growth equations to predict the size
of a crack as a function of time. Two formulations for predicting the size of a crack,
namely, mechanistic and non-mechanistic have been reported (Yang and Manning,
1990). The mechanistic model relates the crack growth to the stress intensity factor,
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stress range, material and environmental properties. Implementation of a mechan-
istic model requires a detailed knowledge of all the factors that affect crack growth.
The most commonly used mechanistic model is the Paris—Erdegen formula given by

du
— = CAK"” 7
v . (7

AK = Ao Y(a) \/na, ®)

where a is the crack size; N is the number of load cycles; Ac is the stress range; AK is
the stress intensity factor; and Y(a) is a geometric factor. Assuming that Y(a) = Y is
a constant, the integration of Eq. (8) gives

a(W) = [ay "+ (1= T)C Ao YN, m2, )
2
a(N) = apexp(C Ac? anN], m=2, (10)

where q,, is the initial crack size; m and C are constants. In order to use Egs. (9) and
(10) for analysis, the stress range at the various details and joints must be known and
practical estimation of these quantities could be very difficult. Most of the reported
studies on fatigue of ship structural details have used the S-N approach. A previous
study by Dobson et al. [35] used measured load spectra to calibrate the fatigue crack
growth parameters, C and m for two steel materials, HY-80 and CS. The study
suggested that the crack length after N load cycles can be expressed by

N
——~ da da

a(N) = ag + —, — = CAK". (an
2N an

The study also showed that C = 1.77 x 107°, m = 2.54 for HY-80 and C = 2.54x
107, m = 2.53 for CS material. Threshold values of stress intensity factor AK
needed for crack growth was set at 5—6ksi/ﬁ in the study. In order to use Eq. (11),
the stress intensity factors at critical structural details have to be estimated and this is
not a trivial task.

A non-mechanistic model for crack growth that can be calibrated from measured
cracks and that has found wide application in the aerospace industry [36] is

de

i b
O Qla(n)’, (12)

where b and Q are crack growth parameters. Integration of Eq. (11) gives the crack
size as

[exp(tQ) + In(ao)], b=1,
a(t) =
Ol — by +al ', bl

Eq. (13) can be applied to an existing ship structure with measured crack sizes at
critical joints and details. The crack growth parameters ap, b and Q can be calibrated
for each critical detail. The advantage of using Eq. (12) is that it circumvents the
need to mechanically model the complex mechanism of crack growth (i.e., Egs. (9)
and (11)) especially at critical structural details where the knowledge of the stress

(13)
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intensity factor under complex loading is not well understood. Since a database to
calibrate Q, b, and ay might not exist for the current ship structure, Eq. (9) is used to
demonstrate the risk assessment procedure. In the presence of a fatigue crack, a
corrosion-enhanced fatigue crack-growth model can be given by [21]

a(N) [a(‘[’”” n (1 - %) CooC A™ Y2 2N|, m#2, (14)
A(N) = ap exp(CepprC Ac® Y?N], m =2 (15)

where Ceor is the corrosion-enhanced fatigue crack growth parameter with a value
> 1. The crack at a joint in the hull girder is modeled by considering two different
cracks both in the stiffener and the plate at the joint. It is assumed that a crack can
be initiated at the weld between the plate and the stiffener and it can propagate in
each of them as shown in Fig. 1. The crack in the plate is modeled as a through-
thickness crack that propagates away from the stiffener in the transverse direction
decreasing the net section modulus of the plate that resists longitudinal load. The
crack in the stiffener initiates on the edge connected to the weld and propagates
across the stiffener decreasing its net effective area to resist longitudinal load.

The stiffener is modeled as a flat bar with height /2, and thickness b,. The variation of
the net sectional area with time depends on the crack size a(f) can be computed. Thus

h(t) = hy(t) — a(t). (16)
The area of the stiffener i is given by
Aty = b\ih.\'i([)- (17)

The moment of inertia of the ith stiffener with respect to its center of gravity is
given by
buhi(D)  bulhe — a(t)’

i,i(1) = 12 — 12 . (18)

v Longitudinal

Cracks

& R STREGETI e P T e SR V;HP

Fig. 1. Details indicating the assumed location of cracks.
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Also, the plate has a breadth b,y and thickness /,. The variation of the net sectional
arca of the plate is given by

A/u([) - hpihpi(f)» (19)

hpilt) = bpo(t) — a(1) (20)
and the moment of inertia of the ith plate element is

byl (1) by — a(t))
ii(1) = P lg = 112 : (21)

Egs. (18) and (21) are used to update the section modulus of the hull girder Z((1)).
Thus, the ultimate bending moment capacity in the presence of cracks can be written
as

Zy, 1 <1y,

Z(a(r)), =1, 22

Ml/(’): (/)O'“{

where Z is the section modulus with no crack and ¢, is the time it takes for crack
initiation.

2.4. Load modeling

The primary total bending moment on the hull can be decomposed into two
components: the still-water bending moment M, and the wave-induced bending
moment A,,. Strategies for modeling ship loads have been presented in Mansour
et al. [6]. where it is shown that M, and M, are correlated. In this study, the total
bending moment is calculated as the linear summation of M, and M,,.

2.4.1. Still-water bending moment ( M, )
The still-water bending moment is calculated from the IACS design guidance
formula [22]

M) = +14.97CL*B(8.167 — C)(Ibin), hogging, 23)
MUl —64.88CLEB(0.7 + Cy)(lbin),  sagging,
where
2917 x 107L, L <3540 in
11,810 — L\ '?
1559 x 1073 — [ —=——— = 40<L<11,8101
1 x 10 <1,426,575> . 3540<L<11,8101n
C = , (24)
1.559 x 1073, 11,810< L <13,7801n
L— 13,780\ "?
559 x 1o - (2 Y 780 in.
1.559 < 10 <2,139,860> , L>13,7801n

The above formulae are usually used to provide estimates of the deterministic
design still-water bending moments for a vessel. They are thus extreme, rather than
average, or point in time values, procedures for estimating point in time values of
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still-water bending moment will have to be developed for time-dependent reliability
analysis.

2.4.2. Wave-induced bending moment (M,.)

Two general loading conditions, namely short-term and long-term conditions are
used for analysis of ship structures. The long-term condition is based on adequate
knowledge of the ship routes over its service life, while the short-term condition
assumes that the routes are not clearly defined or can change from time to time. In
short-term loading analysis, the routes that are considered the severest or the most
extreme waves are used in computing the wave-induced bending moment. In the
demonstration example, the short-term loading procedure is employed. A descrip-
tion of the short-term and long-term wave modeling strategies is given in Mansour
et al. [6]. The essential steps are: identification of ship routes; computation of occan
wave slatistics; calculation of extreme wave-induced bending moment using either
linear or second-order strip theory [23]; and application of the largest extreme wave
bending moment in analysis. For the current study, a simplified direct method based
on pre-calculated seakeeping tables is used. In the proposed method developed by
Loukakis and Chryssostomidis [24], seakeeping tables pre-computed based on
parametric ship motion studies considering the variation in ship size, operating
speed. significant wave height and block coefficient is used. Among other response
parameters, the tables are designed to efficiently determine the root mean square
value of the wave-induced bending moment, given the values of Cy, L/B, H,/L, B/ T,
and F,.

3. Reliability assessment strategy

The reliability of a ship structure can be defined as the likelihood of it maintaining
its ability to fulfill its design purpose for some time period. In this study, the goal is
to calculate both instantaneous and time-dependent reliabilities based on its ultimate
strength when extreme loads act upon the vessel. The time limit state function used in
the current analysis is

.‘/([) — ,X,,¢G,,Z(l) - x.&‘H'M.\'\\'(t) - wast(t)a (25)

where v, is the random variable representing modeling uncertainty in ultimate
strength; x;, is the random variable representing modeling uncertainty in still-water
bending moment; x,, is the modeling uncertainty in wave bending moment; and x; is
a model that accounts for non-linearity in the wave bending moment. Typical values
for random variables of model uncertainties are given in Mansour and Howen [9].

3.1. Instantaneous reliability
The instantaneous reliability of a ship structure may be obtained based on the

limit state defined in Eq. (25), where the failure domain is defined by £ = [g(1) <0]
and its compliment Q' = [g(?) > 0] defines the safe domain. The instantaneous failure
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probability at time ¢ is defined by
P = [ st ay, (26)
JQ

where f(x(7)) is the joint probability density function of the basic random variables
at time /. In general, the joint probability density function is unknown, and
evaluating the convolution integral is a formidable task. Several practical
approaches including first-order reliability method (FORM), SORM and Monte
Carlo simulation are usually used. SORM available in the general-purpose reliability
analysis software COMPASS by Orisamolu et al. [25,26] is used in the demonstration
example. The theories of FORM, SORM, and Monte Carlo Simulation are well
established and can be found in Ayyub and McCuen [27].

3.2. Time-dependent reliability

In the presence of degradation mechanisms, the ship hull ultimate strength U(?) is
a decreasing function of time, therefore, the probability of failure is also a function
of time. By varying the time period ¢ from zero to an expected service life,
the decreasing values of ultimate strength U(#) can be estimated. Furthermore, the
instantaneous failure probability at any time ¢ defined by P[U(f)<L(1)]
without regard to survival of a vessel in the previous years can be obtained using
Eqg. (20).

Successive, yearly loading and decreasing values of yearly ship ultimate strength
are however dependent events and must be accounted for in reliability estimation.
This is accomplished by using time-dependent or progressive reliability estimates
that are based on conditional probability theory. The hazard rate or failure function
strategy is used in this study. The progressive or time-dependant reliability, 7p(0), of a
degrading ship structure is given by

1) = eXD<~ / i(r)dr>, 27)
0

where 1 is the variable of integration, and A(¢) is a conditional probability function
called the hazard rate [28-31] and is defined by A(f)=Prob[Failure between time ¢
and r+dt|no failure up to time ¢]. For continuous systems, the hazard rate is defined
by Ang and Tang [34] as

J(@)

o == F(1y

(28)

where /(1) is the joint probability density function and F(r) is the joint cumulative
density function. For discrete space with one year increment, the hazard function
becomes

Pr(t)

/l(f,‘) = P .
R SRy

(29)
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Substituting Eq. (29) into Eq. (27) gives the time-dependent reliability. The time-
dependent failure probability is given by

Po(t) =1 = 3,(0). (30)

where (he subscript f7 is for time-dependent failure probability. Eq. (30) is used to
estimate the progressive or time-dependent reliability. It is emphasized that Pp(1) =
I —7,(1) is not equivalent to P[R(t)< L(1)], the latter being just an instantaneous
failure at time, ¢, without regard to previous or future performance. This is a very
important point that is lacking in much of the literature that is available.

4. Demonstration example

The principal dimensions of the hull and structural details used in the demon-
stration example are given in Table 1. It is assumed that the tanker experiences both
fatigue and corrosion. Schematic diagrams of the vessel and its cross-sectional profile
and dimensions are shown in Figs. 2 and 3, and Table 2. Furthermore, it is assumed
that general corrosion of primary hull structure is prevalent after 5 years and that the
corrosion grows at a constant rate. Also, it is assumed that cracking of major and
minor structures in the midship is prevalent after 5 years and that the cracks grow
according to corrosion-enhanced Paris law.

Short-term extreme wave conditions that result in the largest wave-induced
bending moments among the various sea states that are encountered by the vessel are
used in the yearly analyses. A significant wave height of 10 m is used to model the
wave Joad and the vessel is assumed to operate at 12 knots. The ship is assumed to
remain in this peak sea condition for 3 h. The long-term mean value of the still-water
bending moment is calculated based on IACS formulae. For this example problem,
the maximum still-water bending moments occur in sagging conditions, therefore,
results for only this condition are presented. Probabilistic characteristics of the still-
water bending moment and the wave-induced bending moment used in the analyses
are presented in Table 3, and probabilistic characteristics of the modeling
uncertainty factors are given in Table 4. Although, the buckling knock down factor
is of high variability and depends on ship type or class and the location of a section,
it was considered as a constant in this study.

Table |

Principal dimensions of a tanker vessel

Item Dimension (m)
Length (L) 220

Breadth (B) 38.1

Depth (D) 17.4

Draft (T) 13.5

Block coefficient 0.75
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Fig. 2. Schematic diagram of tanker (Section A-A): dimensions of longitudinal plating (inches).

It is assumed that each and every member of the hull crosssection experiences
thickness reduction due to general corrosion after 5 years and that there is no
painting, steel renewal or corrosion repair. Typical corrosion growth rates for
various members of the primary hull structure given in Table 5 are adapted from
TSCF [32]. Probabilistic characteristics of the yearly corrosion rates for the different
members are given in Table 6. The effect of spatial variability of the general
corrosion is not considered by assuming the corrosion to be homogeneous (i.e.,
uniform) in its distribution for each member. It is assumed that cracking starts



U.O. Akpan et al. | Marine Structures 15 (2002) 211-231

1t 1 2 1t 1t 2 1t 1 11 2 4
1 1 LIJ l [ 12 1
<6
5/ -3¢
9-e’ 5 —6
Sk —6
L, —e
6 —e e
6 —6
6 ‘ 6
Sp —5
. ot >
L s
Sk * ~5
S —s
S-g PV
s ¥ 5 ib sarer
S ‘ —S
3 —3
PV
3 * —3
3 —3
- —3
- —3
3 —a 1976
1L, 3 3
I ’ I T [ I [ 1)57‘3
I T IYT 11 1 1 I 1 3
3 3 4 3 3 4 3 3 3 3 4 4 3 3 4 3
27+ 35'-6*
62'-6t

Fig. 3. Schematic diagram of tanker: dimensions of crosssection (feet and inches)/stiffener types.

Table 2
Stiffencr dimensions

Stiffener dimensions (mm)

Stiffener no. Web Flange

1 450 x 36

2 1000 x 16 400 x 16
3 465 x 18 190.5 x 25.5
4 1220 x 16 350 x 25.5
5 370 x 16 100 x 16
6 297 x 11.5 100 x 16

after 5 years and the crack sizes are the same at all stiffeners and plating, although it
is recognized that in practice, crack sizes vary with joints. Table 7 presents the crack
growth parameters. Furthermore, it is assumed that there is no repair to fix the

cracks.

Fig. 4 shows the normalized mean values of the hull section modulus without
corrosion or cracks, with corrosion, with fatigue and with both degradation modes.
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Table 3

Probabilistic characteristics of principal random variables

Random variable Mean value Coefficient of variation Distribution type
Ultimate stress, g, 281 MPa 0.1 Lognormal
Knockdown factor, ¢ 0.95 Fixed

Stillwater moment, M, 2053MNm 0.4 Normal

Wave induced moment, M, 3205 MNm 0.1 Extreme

Table 4

Probabilistic characterization of model uncertainty random variables [9]

Random variable Distribution type Mean Coefficient of variation
X, Normal 1.0 0.15

X Normal 1.0 0.05

X, Normal 0.9 0.15

X, Normal 1.15 0.03

Table 5

Typical corrosion rates for tanker members [32]

Corrosion rates

Location Mean (mm/yr) Min (mm/yr) Max (mm/yr)
Deck plating 0.065 0.03 0.10

Deck longitudinals (web) 0.065 0.03 0.10

Side shell plating 0.030 0.03 0.03

Side shell plating longitudinals (web) 0.030 0.03 0.03

Bottom shell plating 0.170 0.03 0.30

Bottom shell longitudinals (web) 0.065 0.03 0.10
Longitudinal bulkhead plating 0.065 0.03 0.10
Longitudinal bulkhead longs. (web) 0.065 0.03 0.10

Table 6

Probabilistic characterization of random variables related to corrosion

Corroston rates

Location Mean (mm/yr) Coefficient of variation Distribution type
Deck plating 0.065 0.5 Weibull
Deck longitudinals (web) 0.065 0.5 Weibull
Side shell plating 0.030 0.1 Weibull
Side shell plating longitudinals (web) 0.030 0.1 Weibull
Bottom shell plating 0.170 0.5 Weibull
Bottom shell longitudinals (web) 0.065 0.5 Weibull
Longitudinal bulkhead plating 0.065 0.5 Weibull

Longitudinal bulkhead longs. (web) 0.065 0.5 Weibull
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Table 7

Probabilistic characterization of random variables related to cracks

Random variable Mean Coefficient of variation Distribution type
A, 1.0 0.1 Extreme
M 2.5 1.0 Fixed
C 1L16x 107 0.1 Lognormal
Y 1.0 1.0 Fixed
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Fig. 4. Variation of mean value of ship section modulus with age.
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Fig. 5. Instantancous and time-dependent probabilities of failure for a tanker with corrosion.

Plots of the instantaneous and time-dependent probabilities of failure and reliability
indices of the primary hull structure with corrosion and with fatigue are shown
in Figs. 5-10. The following general comments are applicable to the results.
Instantaneous failure probabilities are always smaller than time-dependent failure
probabilities, or conversely instantaneous reliability indices are always greater than
time-dependent reliability indices, therefore, instantaneous failure probabilities
(reliability indices) might not be given very reliable estimates of structural risk in the
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Fig. 6. Instantaneous and time-dependent reliability index for a tanker with corrosion.
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Fig. 8. Instantaneous and time-dependant reliability index for a tanker with cracks.

presence of degradation modes. A better measure of structural risk is the time-
dependent probability of failure. The impact of the growth of structural degradation
models with time is reflected in the increase value of instantaneous failure
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Fig. 10. Time-dependent reliability index.

probabilities and decrease section modulus with age. Combined effect of operation
and degradation is accounted for in the estimate of time-dependent probabilities of
failure. The retirement age of a vessel depends on the value of the target reliability
and classification society rules. The selection of this value can reflect the gravity of
failure consequences. Using a target reliability of 0.95, the corroding tanker vessel is
this example, which has not been maintained will have to be retired after it has been
in operation for 29 years. The values of the time-dependent reliabilities can be used
to set maintenance and inspection dates based on targeted values. For example,
based on a target reliability of 0.99, the corrosion in the vessel should be repaired by
10 years.

Sensitivities of the structural integrity of the vessel to probabilistic characteristics
of the corrosion growth and corrosion-enhanced fatigue growth parameters have
been investigated. The findings are presented in Figs. 11-16. It is seen that the failure
probabilities (reliability indices) are not very sensitive to the probabilistic
distribution of the corrosion growth rate parameters and corrosion-enhanced
fatigue growth parameters. It is more sensitive to the mean value of corrosion-
enhanced fatigue growth parameter. Therefore, more resources should be directed
toward accurate calibration of the mean value of corrosion growth rates.
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5. Limitation of results

The following limitations apply to the results that have been presented:
International Association of the Classification Societies (IACS) [33] has guidelines
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Fig. 16. Sensitivity of time-dependent reliability index to the probability distribution of corrosion growth
parameter.

on minimal allowable corrosion margins for ship structural members. Operators of
tankers are expected to renew those members once the allowable corrosion margins
are reached. Renewal of structural members is not included in the analyses. Also,
general corrosion does not operate independent of pitting and it is well known that
cracks and corrosion usually exist simultaneously in vessels. The simultaneous effect
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of pitting and general corrosion is not considered in the studies. Therefore, the value
of time-dependent failure probabilities that are estimated in this study could be non-
conservative. Furthermore, the presence of pitting corrosion could lead to leaks
resulting in environmental risk and this has not been considered in the presentation.
The rate of corrosion growth is assumed to be invariant with time, and this might not
be true in all locations and cases. The fidelity of the reliability results depends on the
integrity of the structural model used for ultimate strength capacity. An analytical
model is used in the demonstration example, however, numerical models such as the
ISUM method might improve the quality of the result. The wave bending moment
and the still-water bending moment used in the analysis are assumed to be invariant
with time. This might not be true in all cases; extreme loading conditions are used in
the analyses. therefore, it is expected that the time-dependent structural integrity
results could be conservative.

6. Conclusions

A practical strategy for risk assessment of the ultimate strength capacity of an
aging ship subject to structural degradations has been presented. Time-dependent
random function models for corrosion growth, fatigue cracks and corrosion-
enhanced fatigue cracks that weaken the capacity of a ship hull have been developed.
The second-order reliability method (SORM) was used to calculate instantaneous
reliability of the primary hull structure. Methodology for computing the time-
dependent reliability of a degrading aging ship structure has been advanced. An
example of a problem involving an aging tanker structure has been used for
demonstration. Sensitivities of the aging structure reliability to statistical and
probabilistic description of corrosion and fatigue crack parameters have been
investigated. It is shown that, in general, the time-dependent reliability is always
lower than instantaneous reliability and is a better estimate of the risk of operating
an aging degrading vessel. Sensitivity studies on the example problem indicate that
the time-dependent reliability is not very sensitive to probabilistic distribution
description of corrosion growth and corrosion-enhanced fatigue growth parameters,
it is more sensitive to the first moment of the corrosion-enhanced fatigue growth
parameter.
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