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ABSTRACT

The estimationofanabsolutelifeexpectancyk a

complexprocessandtheresultsareexpectedtohave

relativelylargelevelsofuncertainty.Inthisstudy,a

parametricsensitivityanalysis-ofstructurallife

expectanqduetovariationinseveralvariablesthat
includetheSizeoftheplatingpanel,thickness,

operationalprofile,failurecriteriaandloading.

conditionswasperformed.The sensitivityofthe

structurallifeexpectancyoftheforwardbottomplating

tovariationsintheseparameterswas evaluated.A brief

comparativeanalysiswasundertakenbetweenthree

differentpatrolboats.The studyk limitedtothe

criticalforwardbottomplatingandtakesintoaccount

thedifferencesinmaterial,platedimensions,

operationalprofile,structureandloadingofthevessels.

Two failuremodes,plasticplatedeformationand

fatigue,wereconsideredanda novelapproachto

corrosionandwastagewasincluded.

INTRODUCTION

The estimationofanabsolutelifeexpectancyisa

complexprocessandtheresultsareexpectedtohave

relativelylargelevelsofuncertainty.Inthisstudy,a

methodologyforstructurallifeexpectanqwas

developed,validatedandcalibratedusingthe

performancerecordsoftheCape-Classpatrolboat.

The estimationofstructurallifeexpectanqcanbe

basedon selectedfailuremodes.Allpossiblefailure

modes oftheIsland,Heritage,PointandCape-Class

patrolboatswereidentified.The mostcriticalfailure

modes,basedon experiencesoftheU.S.CoastGuard

andthefundamentalsofnavalarchitecture(9to24),
weredeterminedtobeplateplasticdeformationand

fatigue(3,7,16,20).A novelapproachtoincludeplate

corrosionandwastagewasdevelopedasa component

ofthemethodology.Structurallifeexpectanqbasedon

these two failuremodeswasdeterminedforthe
forwardbottomplatingofthefourboatclasses.

Many factorsaffectthestructurallifeofaboat.

Theyincludestructuraltype,operationalprofile,

structuraldetails,loads,inspectionandmaintenance,

designmethods,safetyfactors,corrosion,and

environmentalfactors.Thesefactorshavefourtypesof

uncertaintynamely,physicalrandotrmess,statistical

andmodeluncertainties,andvagueness.Allcanbe

addressedbya reliability-basedstructurallife

assessmentmethodology.

STRUCTURAL LIFEEXPECTANCYASSESSMENT

A methodologyforstructurallifeassessmentwas

developed.The methodologyisbased on probabilistic
analysis using reliability concepts and the statistics of
extremes. The rnethodolo~ results in the probability of
failure of the boat structural system according to the
identified failure modes as a function of time, i.e.,
structural life. The results can be interpreted as the
cumulative probability distribution funtiion (CDF) of
structural life. Due to the unknown level of statistical
correlation between failure modes, limits or bounds on
the CDF of the structural life the structural system were
established. The limits correspond to the extreme cases
of fully correlated and independent failure modes. An
interactive computer program was developed to
perform these calculations that allows parametric
sensitivity analysis of structural life due to variations in
several .variables.

Structuralreliabili~methodsfordeterminingthe

eract (numen”cal value) of probability of failure of a
structural component or system according to a specified
performance function can be classified into two types,
closed-form solutions and simulation-based techniques.
Consider the following performance function:

Z = g(Xl, X2,.... Xn) (1)

B-1



where the Xi’s are the basic random variables. Equation

1 defines the failure surface, such that failure occurs
where g(.) <O. The probability of failure can be
determined by solving the following integral:

Pf = J J... J f~(xl,..., Xn) dxl dxz ...dx~ (2)

where f~ is the joint probability density function (PDF)

of X = {Xl, X2,,..., Xn} and the integration is

performed over the region where g(.) <O.

In closed-form solutions, Equation 2 is evaluated
making use of the probabilistic characteristics of the
basic random variables. This can be done if the joint
PDF of the basic random variables is known and the
integral of Equation 1 can be evaluated. In many
practical problems, these conditions cannot be met.

In the classical use of the simulation-based
methods, all the b~ic random variables are randomly
generated and Equation 1 is evaluated. Failures are
then counted depending on the sign of Equation 1. The
probability of faihtre is estimated as the ratio of the
number-of failures to the total number of simulation
cycles. Therefore, the smaller the probability of failure
is, the larger the needed number of simulation cycles to
estimate the probability of failure within an acceptable
level of statistical error. In additiou direct simulation

requires binmy definition of failure according to the
limit state equation. The level of computational effort
in this method is relatively small. The fundamentals of
this method are available in several references
(1,2,4,25,26,27).

The et%ciency of simulation can be largely
improved by using variance reduction techniques.
However, the level of computational effort is increased.
One of the commonly used methods is conditional
expectation combined with antithetic variates variance
reduction techniques (VKl%) for structural reliability
assessment (li2i25). These methods were determined
to be highly efficien~ and converge to the correct
probability of failure in a relatively small number of
simulation t’ycles. The methods are mathematically
simple, do not require large spaces of computer
memog’ and,”therefore, can be programmed on small
micro- and personal computers. A menu-driven
computer program, “R4SCS, Eeliability_Asessment of
Structural components and systems,” was developed
based on these methods by Ayyub and White in 1988.
Lnthis study, conditional expectation with antithetic

variates ~T were used for determining the
probabilities of-failure.
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Figure 1. .Comparative Results for Failure in Plate
Deformation

The details of the methodology that was used in
this study were described in detail by Ayy_ub,et al
(5,6,7,8). Example results are comparatively shown in
Figures 1 and 2 for the Point, Cape and Island-Class
patrol boats.
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Figure 2. Comparative Results for Failure in Fatigue . ___

PARAMETRIC ANALYSIS

A parametricsensitivityanalysisofthedeveloped

analyticalmodelwasperformedon theIsland-Class
patrolboat.Inordertoperformtheanalysis,a

referencesetofvaluesfortheanalyticalmodel

parametersneedstobe defined.Thissetisusedto

assignvaluesforalltheparametersexceptthe

parameterbeinginvestigated.The valueofthe

parameterunderinvestigationisvanedtocovera

selectedrange,andthe’variationoftheestimated

structurallifeexpectanqaccordingtothetwofailure

modes duetothisparametricvariationisplotted.T’he

referencesetisselectedsuchthatalltheparametersare

atthenormallevelsofthestrength,loadingand

operationalprofilecharacteristics.The referencesetof

parameterswill”bedefhie~inthepaper.”

The parameters that are considered in this
sensitivity analysis iriclude the simulation cycles, size of
the plating panel, thiclmess of the plating, operational
profile; number of operational hours per year, loading
profile, fatigue details, arid plate failure criteria. The
selected parameters are summarized in Table 1. The
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sensitivity of the structural life expectancy of the
forward bottom plating to variations in these
parameters was ev~uated. The evaluation was..
performed for both the plastic plate deformation and
fatigue failure modes. The treatment and presentation
of the MO failure modes were maintained separate in
order to keep track of the .sensitivi~” of each failure
mode to the variation ii the parametric values. The
resulting probabilities of failure as a function of time
are summarized in fi~res that correspond to the
reference case and the takes with each v~ed
parameter.

Table 1 Definition of Parameters

Plate Figure
Parameter Deformation. Fatigue Number

b
Plate size x Not

shown
Wastage x 4
Annual use x x 5-a &5-

b
Plate failure x 6&7
criteria

Speed and sea x Not—,..
state combinations shown
Percent use in x Not
combination 8 shown
Fatigue loading x 8
cycles
Fatigue local x 9-4 9-b
details & 9-c

Results

In this sectio~ the results of the parametric
analysis are summarized. A brief discussion of the
results is provided. These results can be used to study
the effects of future design changes.

1.Simulation CWles: In order to select the least
number of simulation qcles that gives results with
acceptable levels of statistical’ accuracy, the resulting
failure probabilities for the analytical model were
determined as a function of the number of simulation
cycles. The statistical accuracy is measured in terms of
the convergence of the estimated probability of failure
and the magnirude of its coefficient of variation (COV).
The selected numbers of simulation qcle is based on
satisfying the convergence criterion and maintaining a
level of COV less that 0.1. By inspecting the resulting
figures, 2000 simulation cycles and 500 simulation qcles
for plastic plate deformation and fatigue failure modes,

respectively, yield in statistically accurate results.
Therefore, these numbers of simulation qcle were
selected and used in all the program runs in this study.

~$ : The plate thickness of the
forward bottom plating of the Island-Class patrol boat
was varied from its current value of 0.161 in (7#) plate
to 0.171 in (7.5#), 0.224 in (9#) and 0.236 in (10#)
plate sizes. Based on the results as shown in Figures 3-a
and 3-b, the structural life”expectanq of the forward
bottom plating of the Island-Class patrol boat in this
critical failure mode can significantly be improved by
increasing the plate thickness to 7.5# or 9#. The effect
of plate thickness vahation on fatigue life expectan~ of
the criticalregionk minimal,therefore,war-not

considered.
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Figure 3-a. Effect of Plate Thickness on Pf

Plate Deformation for the Island-Class
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Figure 3-b. Effect of Plate Thickness on Pf

Plate Deformation for the Island-Class

3. Plate Aspect Ratio: The current aspect ratio of
a plate in the forward bottom part of the boat is 2. This
aspect ratio is based on the plate size, length x width, of
23.5 in x 11.75 in. In this analysis, the aspect ratio was
changed to, 1, which corresponds to change in the plate
size tcr 11.75 in x 11.75 in. The structural life expectanq
of the forward bottom plating of the Island-Class patrol
boat in this critical failure mode can sigtilcantly be
improved by reducing the plate size. It will be shown
that this approach is more effective than increasing the
plate thickness. The effect of this change on fatigue is
in the form of igcreming the number of fatigue details.
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However, since the failures of fatigue detail are
considered to:be statistically highly correlated, the
effect of this change on fatigue life expectanq is
rninimall:

~ ~: The probabilities of
failure in plastic plate deformation were estimated for a
mean value of wastage rate of O, 1, 1.5 and 2 mpy.
Unquestionably the inclusion of a wastage allowance in
the strutiturallifeexpectanqmodelisvitalfora

realisticpredictionof life. However, the model is
slightlysensitive to the selection of the plate wastage
rate within the range,l to 2 mpy as shown in Figure 4.
In this study, a wastage rate of 1 mpy WaSused.

Prob.of FailurafCDFof Life)
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Effect of Plate Wastage orI Pf for Island-Class

The effect of plate wastage on fatigue life
expectanq is in the form of slightly shifting the location
of the neutral axis of the cross section at the fatigue
details. The effect of this neutral axis location change
on the structural life e~ectancy of fatigue details is
relatively small. It-can be shown that after 30 years with
a plate wastage rate of 1 mpy, this effect results in
detail-stress transfer function values that are 10 to 20%
less than the case of nowastage allowance.
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5. Annual Use : The.current average annual use
of the Island-Class patrol boat is 2167 hours/year.
These results are based on varying the annual use from
2167 to 1500 and 3000 hours/year. The effect of
increasing the annual use of a boat is greater on fatigue
than plastic plate deformation structural life expectarq’.
However, the analytical model is slightly sensitive to the
selection of the average value of annual use.

6. Plate Failure Criteri z The plate ”failure criteria
are defined by mainly two parameters, the deformation
ratio wp/th and the total number of failed plates within
the critical region np/Np. The effect of variation in

these parameters on structural life expectancy is studied
in this section.

a.

b.

Deformation Ratio. The deformation ratio
“-.

wp/th for the Island-Class patrol boat was .. __J.,’
selected to take the value of at least 3. The
effect of varying this ratio on the probability of
failure in plastic plate deformation is shown in
Figure 6. In this figure, the ratio takes” the values
of 2.5, 3.0 and 3.5. Evidently, structural life
expectancy breed on plastic plate deformation is

sensitive to variations in this parameter.
However, this ratio was carefully selected to take
the value 3 in the reference cases for the Island
and Heritage’Class patrol boats based on the
model calibration process.

‘.,.
Ml mber of Plates. The total number of failed
plates within the critical region np/Np for the

Island:Class patril boat was set to take the value
of at least 6/28~” The effect of varying this
criterion onihe probability of failure in plastic
plate deformation is shown in Figure 7. The
criterion was changed to take the values of 3/28,
6/28 and 9/28: Evidently, structural life
expectanq” based on”plastic plate deformation is
sensitive to this’parameter. However, this
criterionwti carefiilly”selected to take the value
6/28 in the reference case for the Island-Class

patrol boat based on”the current practices of the
U.S. Coast Guard.

,,.
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Figure 6. Effect of Plate Deformation on Pf

7. Sf3eedlSea State: As was discussed by Ayyub et

al (7,8), combination 8 of the speed and sea state
condition represents the most critical case of the
operational profile. This case corresponds to the
medium speed and high sea state. It results in
significant values for the probabilities of failure in
plastic plate deformation. For other speed/sea state
combinations, the resulting probabilities of failure are
insignificant virtually zero.
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Figure 7. Effwt of Number of Failed Plates on Pf

8. Percent Use in SDeed/ Sea State Case 8: The

effeet of varying the percent use in the spe’ed/sea state
combination that corresponds to case 8 on thk
probabilities of failure in plastic plate deformation will
be discussed. This case corresponds to the medium
speed and high sea state. The percent use is considered
to take the values 0.5, 1, 1.5 %. Evidently, structural life
expectanq based on pl=tic plate deformation is
moderately sensitive- to variations in this parameter.
The magnitude of this parameter was selected based orI
a survey that was sent to operators of the Island-Class
patrol boats.

9+ Fatim e hadin~ Cvcle$: Based on the study
performed by Ayyub and White in 1988 on the Island-
Class patrol boat, the number of fatigue loading cycles
was determined to be on the average 1402 qcles/hour
based on the strain time-history records. The effect of
varying this number on the probabilities of failure in
fatigue is shown in Figure 8s in this figure are 1200,“,

expectanq based on fatigue is slightly sensitive to
vahatiominthisparameter+
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Figure 9-a. Effect of Local Fatigue Detail on Pf for the

Island-Class

10. Fatimse Local Details: According to this study
and other previous studies (5,7,8), fatigue local detail 36
was determined to be the most critical one in the
forward bottom plating of the Island-Clam patrol boat.
The effect of eliminating this detail and using in its
place local fatigue detail 4 in the form of a continuous
weld “between the longitudinal and the shell on the
structural life expectanq in fatigue is shown in Figure 9-
a. Obviously, structural life expectanq based on fatigue
cati be greatly improved by using local fatigue detail 4 in
place of local fatigue detail 36. Similar results are
shown for the Point-Class in Figures 9-b and 9-c.
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SUMMARY AND CONCLUSIONS

The estimation of an absolute life expectancy is a
complex process and the results are expected to have
relatively large levels of uncertain~. In this s~dy, a
parametric sensitivity hnalysis of structural life
expectancy due to variation in several variables that
include the size of.the plati~g panel, thickness,
operational profile, failure criteria and loading
conditions was performed. The sensitivity of the
structural life expectanq of the forward bottom plating
to variations in these parameters was evaluated. A

“summary of this analysis is shown in Table 2. A brief

comparative analysis was undertaken between three
different patrol boats. The study is limited to the
critical forward bottom plating and takes into account
the differences in material, plate dimensions,
operational profile, structure and loading of the vessels.

Table 2. Summarj of Parametric Analysis

Effect on
Plate Effect

Variation of Parameter -De formatio oti Fatigue
-,

n

Plate thickness brge Not
considered

Plate size Very large Not
considered

Plate wastage Moderate Not
considered

.%mual use Very small Small

Plate failure criteria Moderate Not
considered

Percent use in high speed Small Not

and medium sea state considered

combination
Wave encounters Not Very small

applicable

Type of fatigue details Not Moderate

applicable to large

Two”failure modes, plastic plate deformation and
fatigue, were considered and a novel-approach to
corrosion and wastage wak included.

..
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