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ABSTRACT

A methodology for the structural life assessment of a ship’s
structure is suggested. The methodology is based on proba-
bilistic analysis using reliability concepts and the statistics of
extremes. In this approach, the estimation of structural life
expectancy is based on selected failure modes. All possible fail-
ure modes of the ship must be investigated and the most likely
paths to structural failure identified. For the purpose of illus-
tration two failure modes are considered in this study. They
are plate plastic deformation and fatigue cracking. Structural
life based on these two failure modes is determined for an
example vessel.

The methodology determines the probability of failure of
the ship’s structural components according to the identified
failure modes as a function of time. The results can be inter-
preted as the cumulative probability distribution function
(CDF) of structural life. Due to the unknown level of statisti-
cal correlation between failure modes, limits or bounds on the
CDF of the structural life are established. The limits corre-
spond to the extreme cases of fully correlated and independent
failure modes. The CDFs of structural life are determined for
two inspection strategies; namely, inspection every year and
inspection every two years with a warranty inspection at the
end of the first year.

The meaning of the results for the case investigated in this
study is that, for example, given an inspection strategy of two
years and a desired life of 15 years, there is a 72% chance that
the vessel will not experience enough partial damage’in the
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failure modes identified to constitute reaching the ‘‘end of
structural life’’ as defined.

INTRODUCTION

The estimation of structural life is not a simple task.
Many factors affect the life of a ship, including design
methods, ship type and service, structural details, ma-
terials, and construction methods and quality. Loads on
the hull, including ship weight, water pressure, wave
loads, and engine and propeller vibrations are impor-
tant. Maintenance practices and inspection methods
also play a vital role in determining how long the struc-
ture of a ship will survive.

The final decision as to when a vessel is no longer fit
for continued service is an economic one. Many exam-
ples exist in the U.S. Navy and Coast Guard of ex-
tremely old ships which are still in effective service
today. For the most part these ships are still operating
not only because they have experienced good mainte-
nance and material management practices, but also
because the cost of retaining them was overshadowed by
the cost of replacing them with new vessels.

It is not the intention of this paper to cover the eco-
nomic decisions which go into determining a ship’s fit-
ness for further service. Rather, a probabilistic-based
approach for evaluating the likelihood of reaching a
desired service life is provided. This approach requires a
considerable amount of information regarding a ship’s
characteristics, operational profile, and an engineering
definition of when the economic ‘‘end of structural
life’” has been reached.

In order to demonstrate how this methodology might
be used, an example ship type is investigated. The ship
type used is a high performance semiplaning hull vessel.
This type was chosen for investigation because of the
recently published work [1] which provides the kind of
information needed to perform the analysis.

FAILURE MODES
DEFINITION OF POTENTIAL FATLURE MODES

One of the first tasks that must be tackled for any
type of vessel is to identify and categorize all of the
potential failure modes of the structure. In this case, the
potential failure modes of a typical high performance
semiplaning hull vessel are described. It is from this initial
survey of potential failure modes that the specific areas
for further investigation will be chosen. The failure
modes will be categorized according to the severity of
consequences resulting from the failure. It should be
noted that operator error, such as running aground, and
damage due to hostile attack are not considered.

Catastrophic Failure Modes
These are failure modes in which the consequence of

failure is the possible loss of the vessel. Such potential
failure modes include:

1. Brittle fracture of the deck or bottom as a result of
rapid crack growth from a smaller flaw.

2. Rupture of bottom plating as a result of impact with
the water surface during slamming.

End of Serviceability Failure Modes

These failure modes are not as immediately danger-
ous as the catastrophic modes, but represent conditions
which would make the vessel unserviceable for normal
operations. They typically are so expensive to repair
that it might be economically more feasible to take the
vessel permanently out of service rather than repair it.
Possible failure modes in this category are:

1. Ductile yielding of a gross panel of the deck or bot-
tom such that significant plastic deformation has
taken place. This can result in misalignment of shafts
or gun-mount train rings, excessive vessel hogging or
sagging, and areas of extremely large stress concen-
trations which could lead to catastrophic failure.

2. Buckling of deck or bottom panels. This mode is not
just the buckling of panels of plating between stiffe-
ners, but rather the overall buckling of gross panels
between transverse stiffening. Invariably such defor-
mations lead to reduced load carrying capacity
among the remaining structural members and are
precursors to some types of catastrophic failure.

3. Cracking of multiple structural details in a primary
load carrying area. Again, it is not a catastrophic
failure by itself, but rather an indication of potential
weakness in the structure which might recur even if
the symptoms are repaired.

Serviceability Limiting Failure Modes

Failure modes in this category are those which are
troublesome enough that the vessel either must be taken
out of service for a short time in order to effect repairs
or which cause some limit on operational performance
until the next scheduled repair period. Some possible
failure modes in this category are:

1. Fatigue cracking of local details which run into the
skin of the ship and penetrate it.

2. Fatigue cracking of engine mounts or other structural
supports of machinery or equipment which might
cause reduced operational capability.

3. Fracture of major structural components which
could possibly lead to more serious consequences.

Non-Limiting Failure Modes

This category is for those failure modes which are
most likely to cause a major degradation in the vessel’s
mission, but could possibly affect vessel performance.
Some possible failure modes are:

1. Buckling of local plating between stiffeners in the
underwater hull. Local plate buckling is not a reason
to take a vessel out of service, but it could have an ef-
fect on the hydrodynamic performance of the vessel.

2. Yielding of local plating between stiffeners as a result
of combined in-plane and out-of-plane loads. The
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consequences are the same as for buckling of the
plating.

3. Bimetallic corrosion at the deckhouse-hull connec-
tion in steel ships with aluminum deckhouses.

Nuisance Failure Modes

Nuisance failure modes are those which either affect
the aesthetic appearance of the vessel or which taken in-
dividually do not represent problems which could be
classified as being in one of the other categories. An ex-
ample of this type of failure mode is the plastic defor-
mation of the side shell plating (above the waterline)
resulting from combined loads. This would give the
classic “‘hungry horse’’ look to the vessel’s sides. It rep-
resents no real threat to the performance of the vessel,
but is considered unsightly.

SELECTION OF FAILURE MODES

Only a few of the failure modes listed in the previous
section are ones which would likely cause the vessel to
be considered as unfit for further service. Some of the
potential failure modes are not very likely to occur given
the material used in its construction or the scantlings re-
quired by the design authorities responsible for the
vessel. As a consequence, only a few of the failure
modes might eventually lead to significant enough dam-
age to threaten ultimately making the vessel unservice-
able.

For the vessel type being used as an example in this
paper, a considerable amount of information is available
in Reference [1] to help identify the failure modes of in-
terest. Because of the relatively robust scantlings of the
structural framework of this class of high-performance
vessels and the comparatively small in-plane loads
shown in the quasi-static balance in extreme waves,
gross panel buckling would not be considered as a po-
tential problem. Rupture of bottom plating due to im-
pact with waves was ruled out as a problem based on
historical evidence and the enormous pressures required
to rupture a steel plate of the geometry used in this class
[1]. Again because of the relatively small in-plane loads
experienced by this type of vessel, all buckling modes of
failure were considered unlikely. This conclusion is sup-
ported by the history of a number of similar classes of
vessels which are in the same fleet. In those classes,
operating in similar environments as the vessel being in-
vestigated, the only buckling damage reported could be
traced to collisions.

The process of elimination then leaves the most likely
potential failure modes as ductile yielding of gross
panels, ductile yielding of individual plate panels, and
various fatigue related modes. Because of the relatively
robust scantlings of the structural framework, ductile
vielding of a gross panel is considered unlikely. how-
ever, the plating used on this class is somewhat thinner
than that used on previous classes (7 b vs. 7.5 Ib plat-
ing), indicating a potential problem with individual
plate panel deformation. This conclusion is supported
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by the casualty report records and background work
reported in Reference [1].

Fatigue cracking of structural details is a problem on
all types of seagoing vessels. Antoniou [2] reported that
““there is practically no ship entirely free of cracks.” In
the U.S., Jordan and Cochran [3] and Jordan and
Knight [4] estimated that there was an average of 86
structural detail failures per ship for those which they
inspected. This potential failure mode was chosen for
further investigation because it represents one of the
most common types of structural failure and one which
can grow to catastrophic proportions if not controlled.

Both potential failure modes identified for further
study can be considered as serviceability-related modes
of failure. That is, the failures will not lead directly to
loss of the vessel, but may limit performance or endur-
ance in some manner. Relating this limited serviceability
to a definition for end of useful structural life is one of
the most difficult problems faced in performing an esti-
mation of structural life.

DEFINITION OF END OF STRUCTURAL LIFE

What determines an end of structural life is, usually,
an economic factor. Once the cost of maintaining the
structural system exceeds a specified budgeted amount, a
decision must be made by the owners; either the addi-
tional repair spending is authorized or the structure is re-
placed. The scope of this study does not inciude an eco-
nomic analysis of the structural system of the vessel, or
its maintenance schedule and cost. Therefore, in order to
demonstrate a methodology for estimating the structural
service life for a portion of the example vessel, arbitrary
constraints were selected to represent the owner’s
position on vessel replacement. These constraints were
also chosen to demonstrate the broad range of possible
forms for the constraints.

PLATE DEFORMATION

The end of structural life of a vessel is defined, for the
plate deformation failure mode, as the need for replace-
ment of more than five plate panels in a specified area at
the end of any inspection and maintenance period (here-
after called inspection period). Plate panels are to be
replaced when the ratio of plastic deformation w, to
plate thickness ty is greater than or equal to 2.0.

This definition is based on the assumption that having
to replace six or more plates in a critical region during
any inspection period would cause the owner to use
more resources than currently allocated for repair and
steel replacement in the vessel’s lifetime maintenance
budget. The allowable deformation of the plate panel,
wp/th = 2.0 was chosen for the sake of demonstration.
This value could easily have been more than 2.0, but
realistically it would likely be less than 3.0. Defining a
critical region introduces another level of complexity;
now there is a specific number of panels to consider and
the end of life is in terms of an event where more than
five of the total panels in the region need to be replaced.
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FATIGUE FAILURE

For this potential failure mode, the end of structural
life of the vessel is defined as the development of at least
one fatigue failure of a critical detail at the end of any
inspection period within a specified critical portion of
the vessel. The critical details would typically be identi-
fied by the owner’s engineering staff as those which
would cause a significant degradation in strength if
cracked.

For the purposes of this paper, this definition of the
“‘end of structural life’” according to the fatigue failure
mode is used. Other definitions could similarly be han-
dled. Realistically, it is not likely that the cracking of one
structural detail would be reason enough to consider
taking a vessel out of service.

METHODOLOGY FOR STRUCTURAL
LIFE ASSESSMENT

STRUCTURAL RELIABILITY ASSESSMENT

The performance function that expresses the relation-
ship between the strength and load effect of a structural
member according to a specified failure mode is given
by

Z = g(X1,X2, . . . ,Xn) ¢))]

in which the Xi’s are the basic random variables, with
g(.) being the functional relationship between the basic
random variables and failure (or survival). The perfor-
mance function can be defined such that the limit state,
or failure surface, is given by Z = 0. The failure event is
defined as the space where Z < 0, and the survival event
is defined as the space where Z > 0. Thus, the proba-
bility of failure can be evaluated by the following inte-

gral:
Pr T[/: .. :ﬁx(xl,Xz, . Xpdxydxz . L Wdxa (2)

where fyx is the joint density function of X,
X2, . . . ,Xn, and the integration is performed over the
region where Z < 0. Because each of the basic random
variables has a unique distribution and they interact, the
integral of equation (2) cannot be easily evaluated.
However, a probabilistic modeling approach of Monte
Carlo computer simulation with Variance Reduction
Techniques (VRT) can be used to estimate the proba-
bility of failure [5,6].

The strength (or resistance) R of a structural com-
ponent and the load effect L are generally functions of
time. Therefore, the probability of failure is also a func-
tion of time. The time effect can be incorporated in the
reliability assessment by considering the time depen-
dence of one or both of the strength and load effects. In
the following sections the modeling of time dependence
of strength and load effects is briefly discussed.

TME DEPENDENCE IN STRUCTURAL
RELIABILITY ASSESSMENT

Time Dependence of Load Effects

There are generally three approaches which can be
used to model the time dependence of the load effect:

1. Stochastic Process Modeling. In this approach, the
load effect is modeled as a stochastic process. Infor-
mally defined, a stochastic process L(t) is a random
variable that is a function of time t. In this case, the
instantaneous value of the load at the point in time t
is of interest. Therefore, the time duration aspect is
not present in the modeling process. The determina-
tion of the probability of failure in a time period
from the probability of failure at a point in time can
be arithmetically difficult, and this method is not
suitable for structural life assessment based on relia-
bility theory.

2. Extreme Value Modeling. The statistical character-
istics of the extreme load in a time period t can be
determined using the basic concepts of extreme sta-
tistics [7]. Then, the resulting extreme value prob-
ability distribution can be used in the reliability
assessment methodology to determine the probability
of failure. By varying the time period t from zero to
the design structural life, a plot of the probability of
failure as a function of time can be developed. This
method can be used in reliability and structural life
assessment according to certain failure modes, for
example, plate plastic deformation, member buc-
kling, etc.

3. Cumulative Value Modeling. For certain failure
modes, e.g., fatigue and brittle fracture, the failure
event occurs because of the accumulation of damage
due to repeated application of loads of variable am-
plitudes with varying frequencies. The variable
amplitude and frequency loading that causes failure
can be transformed into an equivalent constant am-
plitude loading necessary to cause failure. The num-
ber of load cycles to failure can be related to the
number of years of structural service. Therefore, the
cumulative value loading and resulting probability of
failure are functions of the number of load applica-
tions, which means that they are functions of time.

The time dependence of the loading can come from a
number of sources. For the case of fatigue the time de-
pendence is obvious. For the case of plate deformation
the time dependence results from increased exposure to
extreme events over longer time periods. Another con-
tributing factor could be the general tendency of ships
to increase in displacement with age, the result of add-
ing new equipment, carrying more stores and spares
than originally planned, and increasing crew size. The
net effect of these changes can be illustrated as shown in
Figure 1.

Time Dependence of Strength

The strength or resistance of a structure is also a func-
tion of time. Generally, all structural members in ships
become weaker in the course of time due to material
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Figure 1. Time Dependent Strength R and Load Effect L.

corrosion and deterioration. In this study, the failure
modes of interest are based on structural strength that is
not time dependent. Therefore, strength is considered to
be a constant amplitude random variable.

Time Dependence of Risk Measures
and Structural Life Definition

Based on the load effect L(t) and strength R(t) shown
in Figure 1, the probability of failure can be computed
according to a specified failure mode using, for exam-
ple, Monte Carlo computer simulation with variance re-
duction techniques. The resulting probability of failure
P(t) is a function of time as shown in Figure 2. Math-
ematically, the probability of failure can vary from zero
to one. Realistically, the probability of failure varies
from an initial (design) probability of failure based on
design values to a final probability of failure at the end
of useful structural life. The resulting mathematical
variation of the probability of failure with time can be
viewed as the cumulative distribution function of the
structural life SL. of a component according to a spec-
ified failure mode. Actually, the curve satisfies all the
conditions of a cumulative probability distribution
function. This relationship can be expressed as follows:

FsL(t) = Prob (SL < t) = Pgt) 3)

where Fsi(t) is the cumulative distribution function of
structural life.

STATISTICS OF EXTREMES

Extreme values based on observational data are very
important in structural safety assessment. The predic-
tion of future conditions, especially extreme conditions,
are necessary in engineering planning and design. The
prediction is based on an extrapolation from previously
observed data.

Consider a set of observations (x1, X2, . . . , X») from
an identically distributed and independent set of random
variables (X1, Xz, . .., X,). The distribution of X; is
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Figure 2. Probability of failure as a function of time.

called the initial (or parent) distribution, which has the
cumulative probability distribution function Fx(x) and
the density probability function fi(x). The maximum
value of the observed values is a random variable M,
which can be represented as

M, = Maximum (Xj, Xz, . . . , Xn) ©6)

The exact cumulative and density probability distribu-
tion functions of the maximum value are given by, re-
spectively [7]:

Fmp(m) = [Fx(m)}” (M
fmp(m) = n[Fx(m)]™" f(m) @®

It can be shown that for relatively large values of n,
the extreme distribution approaches an asymptotic form
that is not dependent on the exact form of the initial dis-
tribution, but rather depends on the tail characteristics
of the initial distribution in the direction of the extreme.
The central portion of the initial disribution has little
influence on the asymptotic form of the extreme distri-
bution. These facts are of great practical interest and
importance.

For probability distributions of exponential tails, the
extreme distribution approaches an extreme value distri-
bution of double exponential form as n — o, for exam-
ple, a normal or lognormal probability distribution ap-
proaches a Type I extreme value distribution as n — oo.
In this case, the difference between an exact distribution
for M, and the Type I extreme value distribution is rela-
tively small. The difference diminishes as n — . Prac-
tically, the difference is negligible for n larger than ap-
proximately 25 [7].

For the purpose of the structural life expectancy as-
sessment, the mathematical model for extreme distribu-
tion must be a function of n in order to relate the
outcome of the analysis of extreme statistics to time. Ex-
treme value distributions, like Type I or Type II extreme
value distributions [7], are used in this study to model
extreme load effects. Since the mathematical model is
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Figure 3. Load vs. Permanent Set for plates of finite aspect
ratio [8].

not sensitive to the type of the initial distribution, as
long as it is within the same general class, the mathe-
matical model used in this study is based on an initial
distribution that follows the class of normal probability
distributions.

STRUCTURAL LIFE ASSESSMENT
OF COMPONENTS

PLATE DEFORMATION

The structural life of a ship according to the plate
deformation failure mode as previously defined can be
determined in several steps that are discussed in the
following sections.

Limit State Equation

The limit state equation for the local plate deforma-
tion failure mode can be expressed in a general form as
g(x) = R(X1, X2, . . ., Xp-m) - LXp-m+1, . . . , Xn) (9
in which R(X1,X2, ..., Xnm) is the strength of the
structural component or system according to the
specified failure mode, X, ..., Xum are the basic
strength random variables, L(Xy-m+1, . . . , Xgn) is the
load effect on the structural component or system in the
specified failure mode, and Xp-m+1, . .., Xn are the
basic load variables. Since X;, ..., X, are random
variables, g(X) is a random variable. In this study, the
limit state equation for plate yielding is given by

g(x) = Resistance - Still Water Load - Dynamic Load (10)

Each of the terms in the above equation are expressed
in units of pressure. The still water load is the hydro-
static pressure at the depth of interest. The dynamic
pressure is the extreme dynamic pressure based on the
results from full scale experiments conducted on one of
the vessels of this class [1]. The resistance term is an

empirical expression developed by Hughes [8,9] based
on elastoplastic methods and is given as:

2
Resistance = ny {Qv + T(RWIAQo + AQIRy]}  (11)

where
Fy is the yield stress of the material
E is the modulus of elasticity of the material
Qy is the initial yield load calculated from elastic

theory

AQo accounts for curved transition portion of load
deflection curve (see Figure 3)

AQ: accounts for subsequent straight portion of
load deflection curve

Rw is the ratio of the deflection wp at a given load-
ing to the deflection at the completion of the
edge hinge formation wpo

TRw) = [1 - (1-Rw)’]"3 forRw =< 1
= 1lforRy > 1.

This expression was calibrated with available experimen-
tal data [8]. It tends to provide a lower bound on stresses
required for a specified deflection, but is extremely
accurate for wp/ty ratios of less than 4.

Extreme Load Effects

In this study, only loads and load effects in head-seas
are considered. No other heading is considered because
the stress records in Reference [1] indicate that they
result in much smaller stresses than the head-seas condi-
tion. Tests and stress measurements at the locations of
interest were reported by Reference [1]. Eight combina-
tions of ship speed and sea state for the head-seas condi-
tion are considered as described in Table 1. The combi-
nation of high sea state and high speed was not included
because historical records indicate that this type of
vessel is almost never operated under those conditions.
The percentages shown in Table 1 for each combination
represent the assumed usage of the ship in the corre-
sponding speed/sea state combination. The total of the
percentages in the table is about 20%, which is the
expected percent usage of the ship in head seas.

Table 1. Percentage of Operating Time at Various
Combinations of Speed and Sea State in Head Seas

Ship Speed

Sea Low Medium High

State (12 kts) (24 kts) (29 kts)

Low Case 1 Case 2 Case 3
(1&2) 4.0% 1.7% 1.0%
Medium Case 4 Case 5 Case 6
B&d 4.7% 1.3% 0.7%

High Case 7 Case 8 Not Considered

5) 5.3% 1.0%
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Table 2. Statistical Characteristics
of the Maximum Stress

Interval Mean Value Coefficient
Case No. (sec) (psi) of Variation
1 30 2027 0.0993
2 30 2181 0.0993
3 30 2303 0.0993
4 30 7136 0.0993
5 30 7818 0.0993
6 30 3556 0.0993
7 30 8821 0.0993
8 10 15462 1.0121

In order to use the theory of statistics of extremes, the
parent distribution for the measured stress needs to be
defined. The stress due to the still-water pressure com-
ponent should not be considered in the statistics of
extreme analysis. The parent distribution of the stress is
defined as the probability distribution of the random
variable which is defined as the maximum stress in each
stress record. Based on this definition, the statistical
characteristics of the parent distributions of stress for
the eight cases were determined. The results are summa-
rized in Table 2. For cases | through 7 the lengths of the
stress records were 30 seconds, while the record length
for case 8 was 10 seconds [1]. The mean values and coef-
ficients of variation (COV) for cases 6 and 8 were based
on the maximum values taken from 10 and 23 records of
stress time-history, respectively [1]. Each record repre-
sents the stress time-history for 30- and 10-second inter-
vals of measurement, respectively. For the other cases,
one record per case was used; therefore, the maximum
value in each record was considered as the mean value
of the maximum stress for the corresponding case and
the coefficient of variation was assumed to be the same
as the COV for case 6, i.e., 0.0993.

A transformation from measured stress to uniform
lateral pressure was performed using the approach
shown in Reference [1]. Essentially, that approach uses a
formulation from Mansour [10] to determine a uniformly
distributed pressure which causes the measured stresses in
the plating. Then the mean value of the maximum
pressure can be determined using the theory of extremes.

Table 3. Statistical Characteristics of Pressure

Maximum Pressure Extreme Pressure

Case Mean No. of Mean

No. (psi) Cov Intervals (psi) CcOov
1 1.75 0.0993 216000 2.55 0.0177
2 1.89 0.0993 91800 2.71 0.0186
3 1.99 0.0993 54000 2.83 0.0192
4 6.17 0.0993 253800 8.99 0.0175
5 6.76 0.0993 70200 9.66 0.0189
6 3.07 0.0993 37800 4.35 0.0196
7 7.63 0.0993 286200 11.13 0.0174
8 13.37 1.0121 1620(20 74.30 0.0477
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Table 4. Statistical Characteristics of Pressure

for Case 8
Maximum Pressure Extreme Pressure
Usage

Period Mean No. of Mean
(Years) (pst) COVv Intervals (psi) COoVv
0.2 13.37 1.0121 2160 60.49 0.0732
0.5 13.37 1.0121 5400 63.70 0.0657
1 13.37 1.0121 10800 66.02 0.0610
2 13.37 1.0121 21600 68.24 0.0569
5 13.37 1.0121 54000 71.07 0.0523
10 13.37 1.0121 108000 73.13 0.0493
15 13.37 1.0121 162000 74.30 0.0477
50 13.37 1.0121 540000 77.67 0.0435
100 13.37 1.0121 1080000 79.54 0.0414

It is reasonable to assume that the maximum dynamic
pressure has the same coefficient of variation (COV) as
the maximum measured stress. The mean value and COV
of the extreme pressure were then determined for a ship
usage period of 15 years at a rate of 3,000 hours per year
and according to the percent use presented in Table 1.
The selection of the usage period of 15 years and 3,000
hours of operation per year were for the purpose of
illustration. The results are summarized in Table 3.

It is evident from Table 3 that case 8 is the most crit-
ical sea state/ship speed combination. Therefore, for
this case the statistics of the maximum and extreme
pressures were determined for usage periods of 0.2, 0.5,
1, 2, 5, 10, 15, 50 and 100 years. The results are shown
in Table 4.

Since the stresses due to still-water pressure were not
measured, the mean value of the still-water pressure was
determined from hydrostatics to be 2.667 psi. The coef-
ficient of variation and distribution type of still-water
pressure are assumed to be 0.20 and normal, respec-
tively (after [6]). The still-water pressure is considered a
random variable because Reference [1] does not provide
information on the vessel draft and displacement at the
time the strain gages were zeroed. The total pressure
applied to the plate is the still-water pressure plus the
extreme dynamic pressure.

Strength Characteristics

The statistical characteristics of the strength of the
material used in the ship, and the dimensions of the
plate of interest in this study are based on those given in
Reference [1] and are shown in Table 5.

Table 5. Strength Characteristics

Strength Mean

Property Value COov
Yield Stress 47.8 ksi 0.13
Modulus of Elasticity 29,774 ksi 0.038
Plate Thickness 0.161 in 0.01
Plate Width 11.75 in 0.05
Plate Length 23.5in 0.05
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Table 6. Probability of Deforming a Single Plate

Usage Probability
Period (Years) of Failure, Pyp COV (Psp)

0.2 0.03004 0.0490
0.5 0.05092 0.0401
1 0.06765 0.0351

2 0.09403 0.0294

5 0.13950 0.0284

10 0.17200 0.0244
15 0.20310 0.0215
50 0.27760 0.0155
100 0.32900 0.0121

Assessment of Probabilities of Failure

The probabilities of plastic deformation (Pfy) of a
plate according to the limit state of equation (10) can be
determined using Monte Carlo simulation with variance
reduction techniques. Conditional Expectation with
Antithetic Variates variance reduction techniques [6]
were used in the analysis. A computer program was
developed for this purpose. The average simulated
probabilities of failure (Psp), coefficients of variation of
the estimate of the probability of failure COV(P¢,) and
the numbers of simulation cycles for different usage
periods of the ship are shown in Table 6.

Assessment of Structural Life According to Plate
Deformation

The end of structural life due to piate plastic defor-
mation was defined as plastic deformation more than
twice the thickness of the plate in at least six plates
within the critical region. The critical region was defined
as that area of the vessel’s bottom and side plating
which experiences the most pressure as a result of regu-
lar operation as well as extreme events such as bottom
slamming. The selection was done based on a finite ele-
ment analysis provided in Reference [1]. This critical
area of the vessel has a total of 28 plates. These plates
are assumed to experience the same loading and have
approximately the same strength characteristics, and
therefore have approximately the same probability of
failure. The vessel is assumed to have the following in-
spection and maintenance strategy (hereinafter called
inspection strategy): The ship is inspected at the end of
the first year because it is the end of the warranty peri-
od, then the ship is inspected every 1 years. It is assumed
that the probability of failure of a plate within the war-
ranty period is the same as the probability of failure of a
plate within a usage period that is equal to the warranty
period. 1t is also assumed that any damage found during
the inspection is restored to a ‘‘like new’’ condition. In
order to demonstrate the effect of inspection interval,
values of I of one and two years are considered.

Given the probability of failure of a plate (Pfp) within
the inspection period I as defined previously, the proba-
bility of failure of six plates out of 28 plates (Pss/28,1) can

Table 7. Probability of Deforming 6 Out of 28 Plates

Inspection
Interval Upper Limit, ¢ = 1 Lower Limit, ¢ = 0
I (years) Pip Pr6/28,1 Psp Pre/28,1
1 0.06765 0.06765 0.06765 0.009895
2 0.09403 0.09403 0.09403 0.042719

be determined using the probability mass function of
the binomial distribution {11]. The binomial distribu-
tion is based on a Bernoulli sequence of trials, i.e., fail-
ure of plates which are assumed to be statistically inde-
pendent. Actually, the events of plate failure are statisti-
cally correlated with relatively small correlation coeffi-
cients. The probability of failure of the plates is a func-
tion of the correlation level. Therefore, it can be esti-
mated in the form of upper and lower limits which cor-
respond to coefficients of correlation (g) of one and
zero, respectively. Since the events of plate failure are
statistically correlated with relatively small correlation
coefficients, the probability of failure of the plates in
plastic deformation is closer to the lower limit. The cal-
culations for both limits were performed; however, the
results of the lower limit are used in this study. The re-
sults of Pr, and Pyes2s,1 for inspection intervals of one
and two years, and for the lower and upper limits are
summarized in Table 7.

The probability of failure of the ship due to plate de-
formation within its structural life (SL) depends on the
inspection strategy of the ship. For the assumed inspec-
tion strategy, the probability of failure within the struc-
tural life can be determined. Using the probabilities of
plate failure from Table 7, the probabilities of failure of
the ship due to plate plastic deformation P51 were de-
termined for I = 1 and 2 years, and SL = 1, 3, 5, 11,
15, 21, 31, 51 and 101 years. The results are shown in
Figure 4.

The lower limit on the probability of failure in struc-
tural life assessment is a more accurate estimate than the
upper limit. It is evident from Figure 4 that by reducing
the inspection interval, expected structural life can be
increased. This is due to the fact that at the end of each
inspection interval, any reported deformation damage is
to be fixed before sending the ship to sea for the next us-
age period. However, it should be noted that these re-
sults are highly dependent on the underlying assump-
tions, for example, the number of hours of operation
per year, the percent usage in each sea state/speed com-
bination, loading conditions, definition of end of struc-
tural life, and strength characteristics.

FATIGUE

Fatigue and brittle fracture in ship structures is con-
sidered as one of the most critical failure modes. The
structural life of the ship according to fatigue and brittle
fracture failure mode as previously defined can be deter-
mined in several steps that are discussed in the following
sections.
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Figure 4. Lower limit of structural life based on plate deforma-
tion.

Identification of Fatigue Details

For the purpose of illustration, a structural detail type
in the example vessel was identified as susceptible to fa-
tigue and brittle fracture due to wave loading and water
pressure. The structural detail type is shown in Figure 5.
The critical fatigue detail within the structural detail is
the weld between the longitudinal stiffener with two-
inch scallops and the shell plating. This detail can be
classified as fatigue detail no. 36 according to the classi-
fication by Munse, et al. in SSC-318 [12]. The detail is
referred to, in this study, as ‘‘Detail 36.”’

Limit State Equation

The fundamental relationship for the analysis under-
taken in this part of the study can be expressed in the
form of a simple limit state equation as

Z = Resistance - Load (12)

For the purpose of fatigue analysis, equation (12) is
usually handled in one of two ways; either using stress
range vs. number of cycles to failure (S-N) fatigue test
data, or from the principles of fracture mechanics. For
this study, an S-N relationship approach was undertak-
en because of the popularity of the approach, and be-
cause the procedure is fairly well established. Munse et
al. [12] provides an in-depth discussion concerning this
approach as well as much of the needed S-N data to ac-
complish the tasks.

For the case of fatigue analysis of structural details,
the resistance is expressed in terms of the strength char-
acteristics of the various fatigue details that make up the
particular structural detail of interest. The S-N curves
provide information concerning the stress range to life
relationship usually expressed in terms of constant am-
plitude stress range. A least squares regression line
through the mean values of life at each stress range
tested provide a curve which can be expressed in a log-
log linear form as [13]

log N = log C - mlog Sr (13)
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36

Figure 5. Structural Detail Number 36.

where Sr is the constant amplitude stress range at N
cycles to failure; the regression coefficients are the nega-
tive inverse of the S-N curve slope, m, and the intercept,
log C. The loading term in equation (12) is represented
by an equivalent constant amplitude stress range for the
lifetime load histogram for the fatigue detail of interest.
Because the loading in equation (12) is represented as a
single value, the solution for the probability of having a
fatigue failure in a given lifetime reduces to

P = P(Na < N) (14)

Here N is a random variable representing the number of
loading cycles which the detail of interest can survive at
the equivalent constant amplitude loading from the life-
time histogram. The term Ny represents the number of
loading cycles expected in the life of the vessel based on
the lifetime load histogram. The solution to equation
(14) becomes nothing more than evaluating the cumula-
tive distribution function (CDF) of the random variable
N at the value Ng.

Load Effect Histograms

In order to evaluate equation (12) an expression for
the loading expected in the vessel’s lifetime needs to be
developed. The ideal form for the loading information
is a histogram (or probability density function, PDF) re-
lating stress ranges to frequency of occurrence. Such a
histogram or PDF can then easily be related to an equiv-
alent constant amplitude stress range, as shown by
Munse [12].

The stress records [1] for the eight cases in Table 1
were evaluated to determine the stress range cycles en-
countered. A ‘‘Rainflow Counting Method’’ [14] was
used to build a frequency histogram of stress ranges from
time-histories of stress for each case. The individual
histograms were then weighted by their respective percent
usage factors from Table 1 and combined to form a stress
range frequency histogram for head-seas. The total
lifetime load stress range histogram is shown in Figure 6.

Fatigue Strength Characteristics

The S-N curves and their statistical characteristics are
taken from Munse, et al. in SSC-318 [12]. The fatigue
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Figure 6. Lifetime stress range histogram for head seas.

strength characteristics of Detail 36 are m = 6.966, Log
C = 15.15 and VN = 0.63. The Weibull probability dis-
tribution is used to model fatigue strength. The param-
eters of the distribution are w = 6.82x10® and k =
0.969.

The standard deviation of the fatigue life data can
easily be found; however, the scatter of the data about
the mean fatigue line is not the only uncertainty in-
volved in the S-N analysis. A measure of the total uncer-
tainty (coefficient of variation, COV) in fatigue life, vg,
is usually developed to include the uncertainty in fatigue
data, errors in the fatigue model, and any uncertainty in
the individual stresses and stress effects. Ang and
Munse [15] suggested that the total COV in terms of fa-
tigue life could be given by:

VR? = VN? + VE? + Vet + (mvg)? (15)

where vy is the total COV of resistance in terms of cycles
to failure, vn is the variation in the fatigue test data about
the mean S-N line, vr is the variation due to errors in the
fatigue model and use of Miner’s rule, vc is the variation
due to uncertainty in the mean intercept of the regression
line that includes effects of fabrication, workmanship,
and uncertainty in slope, vs is the variation due to
uncertainty in the equivalent stress range that includes
effects of errors in the stress analysis, and m is the slope
coefficient of the mean S-N regression line.

Values of m and vn can be obtained from sets of S-N
curves for the type of detail being investigated; a num-
ber of which are tabulated by Munse in SSC-318 [12].
Reasonable values for the remaining uncertainties are
available in the literature [7, 11, 12, 16). Typically, vs is
taken to be 0.1, vc is assumed to be 0.4, and vr is taken as
0.15.

Assessment of Probabilities of Failure

The probability of a fatigue detail failing to reach the
design usage period can be determined using the cumu-

Figure 7. Structural life based on the fatigue failure mode.

lative distribution function of the Weibull distribution.
The resulting probabilities of failure of Detail 36 are
0.00150 and 0.00293 for one and two year usage peri-
ods, respectively. The total number of critical local fa-
tigue details depends on the section of the ship identified
as critical. For the purpose of illustration, assume that
the number of local details in the critical region of the
ship is 76. All 76 local fatigue details are assumed to
have the same load effect and strength. The end of
structural life for this mode of failure is defined as the
failure of at least one local fatigue detail at the end of an
inspection interval. Similar to the method used for plate
deformation mode of failure, the probability of failure
of at least one detail out of the number of details at the
end of inspection periods of one and two years can be
determined using the binomial probability distribution.
The resulting probabilities are 0.01075 and 0.01996 for
one- and two-year inspection periods, respectively,
under these assumptions.

Assessment of Structural Life
According to Fatigue Failure

The structural life of a ship detail is dependent on the
inspection strategy. As in the case of plate deformation,
two strategies are considered. In the first, the ship is in-
spected at the end of every year during its entire struc-
tural life. In the second strategy, the ship is inspected at
the end of the warranty period, i.e., the end of the first
year, and then at the end of every two years during its
structural life. The structural life also depends on the
correlation level between the fatigue details, which is
unknown. The calculations for structural life were per-
formed for the two limiting cases that correspond to
correlation levels of statistically independent (coeffi-
cient of correlation = 0.0), and fully correlated (coeffi-
cient of correlation = 1.0). Since fatigue damage is cu-
mulative in nature, and the same welding process and
source of loading apply to all fatigue details, the coef-
ficient of correlation between fatigue details of the same
type can be assumed to be large, i.e., close to the fully

Naval Engineers Journal, May 1989 165



STRUCTURAL SERVICE LIFE

AYYUB/WHITE/PURCELL

correlated limiting value. Based on the underlaying as-
sumptions, it was determined that the resulting proba-
bilities of failure of the ship in fatigue are almost inde-
pendent of the inspection strategy. The results are
shown in Figure 7.

CONCLUSIONS

The assessment of the structural service life of a ship
is a complicated and difficult task. The ability to deter-
mine with some confidence the expected service life of a
structure holds the potential for large economic gains.
These gains could be seen in more effective utilization of
initial construction material and resources, more effec-
tive maintenance and repair strategies, and possibly
more return value in disposal at the end of the
structure’s life. It therefore seems reasonable that work
in this area should be pursued.

The structural service life of the example vessel ana-
lyzed in this paper according to the defined ‘‘end of
structural life’’ was determined for two failure modes.
In the plate deformation failure mode, Figure 4 indi-
cates that for inspection intervals of two years, there is a
72% chance that the vessel will not sustain enough dam-
age in 15 years of operation to constitute reaching the
“‘end of structural life’’ as defined. For the fatigue fail-
ure mode, Figure 7 indicates that for inspection inter-
vals of two years, the probability of reaching 15 years of
life without experiencing a fatigue failure of one of the
identified critical details is 98%. Both of these results
are based on the definitions of ‘‘end of structural life”’
provided in this paper.

The methodology and examples provided in this
paper are meant to be a catalyst for further discussion
and investigation into the subject. While not meant to
be taken literally, they do show one manner in which
probabilistic methods can be used to address the subject
of life assessment. The results of the approach are
highly dependent on the assumptions with which the
model works. In particular, the operational profile of
the vessel and the definition of ‘‘end of structural life”’
drive the entire procedure. Exercising the methodology
by performing a parametric analysis could possible pro-
vide the user with additional insights into the problem
of life assessment. Those insights might lead to addi-
tional savings through improved maintenance or inspec-
tion strategies.
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