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Abstract

This paper presents a methodology for ship structural inspection and maintenance based on the principles of probabilistic structural mechanics.  Considering that the problem of fatigue cracking in ship structures is one of the most common types of structural damage found in ships undergoing ship repairs, the fatigue fracture probabilistic analysis is used as a basis for the definition of the structural maintenance planning, in order to optimize the structural inspection and repair.  The structural details to be inspected are selected based on the fatigue reliability analysis executed during the ship design stages.  Based on the classification of the critical joints, executed during the design stages, a risk index can be associated with each of these joints, considering the consequences of the failure for the ship serviceability.  A prioritization of joints to be inspected is defined considering the results of risk analysis. The fatigue fracture mechanics procedure is also used to evaluate the crack growth for each critical joint selected by the risk assessment. The period of inspection of each joint is defined as a function of the crack growth rate and the characteristics of the non-destructive procedure used in the inspection.  The selection of the non-destructive inspection procedure and the inspection strategy for the hull structure are selected based on the use of decision analysis, specifically decision trees.
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1. Introduction
Fatigue cracking of ship structures is one of the most common types of structural damage found in ships undergoing repairs.  For commercial ships in the United States, according to the technical reports presented by Jordan and Cochran (1978) and by Jordan and Knight (1980) to the Ship Structure Committee, there are an average of 86 structural detail failures per ship at any inspection.  Although these cracks are typically small, corresponding to the initial stages of the fatigue crack growth process, their continuous growth can lead to catastrophic fracture failure.  Vessel owners and Classification Society surveyors devote a lot of effort and attention to limiting the chances that these cracks would progress through a structural member of some importance, or penetrate some plating and allow leakage into or out of the ship.  Consequently, a great amount of money and effort is spent on repairing these numerous cracks.

Traditional methods of commercial ship structural inspection are based on periodic surveys, with a frequency that is dictated by the Classification Societies.  The inspection frequencies have been established based on in-service experience of various classes of ships, representing an equilibrium point between structure safety requirements and ship operational availability.  With the introduction of large ships, mainly for liquid or solid bulk transportation, the task of conducting structural inspection has become increasingly complex.  Due to the large areas involved and the short time normally available to carry out inspections, it is necessary to focus on suspect areas to optimize the effectiveness of the survey.  At present, surveyors depend on their own experience and knowledge to qualitatively prioritize structural areas for inspection, although the Classification Societies codes present the minimum requirements for these inspections.

Methods of warship structural maintenance are centered on periodic surveys and baseline refits every four to six years.  Usually the inspection procedure involves a 100% survey of a hull structure.  Defects are identified as those with dimensions that exceed a restrictive acceptance criterion.  All these defects must be repaired according to the design/construction defect acceptance rules.  Through this process, a naval vessel presents a very high level of structural safety, being considered ready for its mission profile.  This type of structural maintenance methodology reduces the availability of the ship.

Effective inspection or maintenance programs play a significant role in minimizing equipment and structural failures and their consequences.  All aspects of inspection/maintenance, such as, scope, method, timing, and acceptance criteria, can significantly affect the likelihood of component failure.

According to Inozu et al (1996), in recent years the maintenance philosophy for ship systems, with the exception of hull structure, has shifted to a progressive maintenance approach using Reliability Centered Maintenance (RCM) for preventive maintenance, in order to meet accepted reliability and availability standards with cost effectiveness.  This change in maintenance philosophy reduces the maintenance time of ship systems, resulting in less time available for maintenance of ship structure.

Considering that the problem of fatigue cracking of ship structures is one of the most common types of structural damage found in ships, the fatigue fracture probabilistic analysis can used as a basis for the definition of the structural maintenance planning, in order to optimize the structural inspection and repair.

This paper presents a proposal for the development of ship structure inspection plan based on probabilistic fracture mechanics.  The inspection methodology is selected not only aiming the minimization of the risk of fatigue failure but also considering the use cost-effective non-destructive inspection techniques.  This selection is executed using decision-making techniques.

2. Fracture Mechanics Approach for Fatigue Assessment

Methods of fatigue prediction that considers crack growth are usually based upon the fracture mechanics approach in which the existences of small imperfections (pre-existing microscopic cracks, notches at the surfaces, or weld-induced defects) are assumed.  These imperfections propagate during the structure operational life, due to the action of stresses induced by external loading, until the propagating cracks reach some specified superior limiting crack size that is not admissible for the structure, potentially resulting into the structural failure.

The fracture mechanics approach involves examining crack growth and determining the number of load cycles that are needed for small initial defects to grow into cracks large enough to cause fracture.  The growth rate is proportional to the stress range.  It is expressed in terms of a stress intensity factor K, which accounts for the magnitude of the stress, current crack size and geometry, and structure geometry.  According to Fuchs and Stephens (1980), the basic equation that governs crack growth, named Paris Law, is given by:
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where a = crack size, N = number of fatigue cycles, K = range of stress intensity factor, and C and m are crack propagation parameters that come from fracture mechanics.  The range of the stress intensity factor is given by Fuchs and Stephens (1980):
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in which f(a) is a function of crack geometry and structure geometry and (S is the stress range induced by the cyclic loading.  When the crack size a reaches some critical crack size acr, failure is assumed to have occurred.  Although most laboratory testing is typically performed with constant amplitude stress ranges, Equation 1 is always applied to variable stress range models that ignore sequence effects (Rolfe and Barsom 1987).  Rearranging the variables in Equation 1, the number of cycles for the crack grow from the initial size (ai) to a given crack size (a) can be computed from:
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Equations 1 and 3 involve a variety of uncertainty sources (Harris 1995).  The crack propagation parameter C in both equations is treated as a random variable (Madsen et al 1991).

Considering the expression presented in Equation 3, the fatigue damage related to one cycle of external loading can be calculated according to the following expression:
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where the function ((a) represents the increase in crack size due to the loading cycle and is defined as:
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The failure criterion is taken as the exceedence of a maximum crack size admissible for the structure during N loading cycles, and expressed as:
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where AF = the maximum crack size admissible for the structure, and an = the crack size after N cycles of loading.

As the function ((a) is monotonically increasing, the failure criterion can be written as:

                           
[image: image7.wmf](

)

(

)

0

a

a

n

f

£

-

Y

Y

                     (7) 

Using the definitions presented in Equations 5 and 4, respectively, for ((af) and ((an), the failure criterion is written as a limit state function, that can be used for reliability analysis. The limit state function for fatigue fracture analysis becomes:
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and failure occurs when 
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.  The random variables (X) in this equation are: ai = initial crack size presented in the structure, af = the maximum crack size admissible for the structure, C= the Paris Law coefficient, and
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= cumulative dynamic stress range acting on the structure during a given time period.

Typically, the cumulative dynamic stress range is modeled as the product of the expected number of stress range during the time period studied and the equivalent mean stress range, defined based on the stress range density probability function.

The use of the first-order second moment reliability methods associated with the former limit state function allows the definition of the reliability index for a given structural detail.  This index can be compared to a target reliability index, and the structure is considered safe if the former is bigger.

Although the probabilistic fracture mechanics approach has been studied and used to analyze the fatigue failure of offshore structures since the beginning of the 90’s, only in 1992 Pegg et al (1992) discussed the possible application of this methodology in the analysis of ship structures, and also in 1992 Sire (1992) applied a probabilistic approach to the fatigue analysis of a tanker, but considering the materials properties as deterministic parameters.

In 1995, Kaminski and Krekel (1995) applied the probabilistic fatigue fracture approach in the analysis of the possible operational life extension of a tanker in order to be used as a storage ship in a Floating Production Storage Off-loading (FPSO) offshore system.  Then, Soares and Garbatov (1996, 1997 and 1998) reported on studies related to the probabilistic fracture analysis of ship structures. 

The fracture mechanics fatigue analysis approach can be used to provide an alternative methodology to define the operational life of ship structures.  Based on the crack dimensions induced by fabrication procedures, and considering the material characteristics, the sea induced load, and the expected operational life of the structure, the proposed procedure can estimate the fatigue failure probability associated to a given structural detail.  This fatigue failure probability can be considered an indicative of the structural safety.  The fatigue failure probability can be defined for a set of times, representing fractions of the total operational life expected for the structure.  The failure probability or reliability index results can be plotted in a graphic representing the variation of the structural reliability with time.  Considering that the structure requires a minimum safety level, defined by a critical reliability index, the maximum operational life can be defined by the time when the reliability index reaches the critical reliability.  This time should be higher than the operational life required for the structure.  If the critical reliability index is reached before the expected ship operational life, the structural detail must be redesigned.  This procedure is schematically presented in Figure 1.

3. Structural Inspection and Maintenance Methodology

Although the proposed fatigue fracture analysis is suitable for the use in the structural design stage, it can also be used in the in-service stage for development of structural inspection and maintenance methodologies.  

The development of a ship structure inspection process should include the prioritization of the details for inspection and the definition of a strategy (i.e., the inspection frequency and method) for performing the actual inspections.  The process should also include logic for making repair, replace, or do nothing decisions following inspections.  This type of maintenance approach is based on the risk based inspection process.

The proposed structural inspection and maintenance planning methodology is summarized in Figure 2.

The ship structural risk based inspection planning process, as for fatigue crack detection and repair, is composed of the following three parts:

i) Definition of the structural details that are being considered for inspection;

ii) Application of quantitative risk analysis methods to focus the inspection efforts on details associated with the highest calculated economic, safety and environmental risk;

iii) Development of the inspection program for the structural details, using decision making analysis methods to include economic considerations, such as definition of the inspection methodology.

The key step in defining the structural details for inspection can be based on the results of the fatigue reliability analysis performed during structural design, in accordance with the method presented in Figure 1.  The structural details that must be selected for inspection are those details that reach the lowest reliability index at the end of the ship structural life.  This set of structural details can be considered to define the ship structure life expectancy, at least when considering the ship structure fatigue failure.

The second step in risk based inspection planning utilizes expert judgment and experience in prioritizing the structural details for inspection.  A key element of this assessment is to identify the consequences of the fatigue failure of each structural detail selected on the previous step.

 Based on the classification of the critical joints, executed during the design stages, a risk index can be associated with each of these joints.  This risk index is time-dependent, and is defined as


                      R(t)=Pf(t)Cr                                 (9)

where R(t) = a risk measure associated with a given structural detail in the time t, Pf (t) = probability of fatigue failure of the structural joint in the time t and Cr = criticality of the failure.  The probability of failure is defined based on the reliability index ((), through the following relation


                      Pf (t)= ((-()
                             (10)

where ( = the standard normal cumulative distribution probability function.

The criticality of the failure is a measure of the consequences of failure.  The criticality can be measured in terms of money, loss of human lives, or a criticality index, as adopted by the Failure Mode and Effect Analysis (FMEA) procedure.  The most important point is that high criticality is associated with large consequences. The usual consequences of the failure are: loss of vessel, lives and cargo, effects on personnel and cargo safety, and reduction of serviceability.  The higher the risk index associated with a joint, the higher the necessity of inspection.  Based on this evaluation, a prioritization of joints to be inspected can be defined.

The failure consequences can be estimated using the following sources: (1) in-house failure and loss records, (2) in-house failure databases, (3) published results based on literature review, (4) cause-consequence diagrams or event tree analysis, and/or (5) expert opinion elicitation.  

The consequence assessment of structural component failure needs to be propagated to all systems compounding the ship.  This assessment is executed by examining the effects of the detail fatigue failure on other systems that can be of non-structural type.  Figure 3 shows a procedure for assessing the impact of fatigue failure on other ship systems.  The impact assessment includes evaluating the remaining strength, stability, repair criticality, propulsion and power systems, and combat systems, in case of naval ships.  The input of experts in ship performance is needed to make these evaluations.

In order to define the inspection interval, the fatigue fracture mechanics procedure can be used.  The limit state function for fatigue fracture reliability analysis can be used to predict the crack growth with time, as suggested by Fuchs and Stephens (1980).  For a given time, considering the distribution of the initial crack dimensions, the material characteristics, and the sea induced load, a mean value and the standard deviation of the crack dimension can be predicted, allowing the definition of the crack growth curve, as shown in Figure 4.  These values are calculated according to the following expressions:
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and
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and
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where E(C) = mean value of C, E(ai ) = mean value of the initial crack size, E((Se) = mean value of the mean stress range, E(a(N)) = mean value of the crack size after N load cycles, SD(a(N)) = standard deviation of the crack size after N load cycles, and Y = constant.

The period of inspection must be defined as a function of the crack growth rate and the characteristics of the non-destructive procedure used in the inspection.  The period of inspection must be equal or less than the period that the crack could reach a critical dimension, defined based on the probability of structure brittle fracture.  The period of inspection must be also equal or greater than the period that the crack could reach the minimum crack dimension detectable by the non-destructive inspection methodology.  This procedure allows the definition of the period of structural inspection of the joint, defined by the symbol ti in Figure 4.  This procedure must be repeated for each of the structural joints selected on the risk analysis.  

As the definition of the period of structural inspection is dependent on the non-destructive inspection technique chosen for inspection, the decision-making techniques can be used to define the inspection strategy for a given structural detail.  The candidate inspection strategies that define the frequency and inspection method must be pre-selected.  The method of inspection includes the procedure, equipment and level of personnel qualification to perform the inspection.  From the candidate inspection strategies, the effect of each of these strategies on the failure probability of the component is estimated, considering the inspection costs and costs related to structural failure.  An inspection strategy is chosen with the use of Decision Tree technique.

Based on the risk prioritization and on the inspection interval for each critical structural detail, an inspection plan can be developed, considering the time to periodic inspections and the areas to be surveyed.  If the crack dimension evaluated during the inspection is higher than the predicted by reliability analysis, the structure at the crack location must be repaired.

This procedure provides the basis for an advanced inspection process that can reduce the time for structural inspection, keeping the structural safety related to fatigue failure within a target level.

4. Example

The application of the fatigue fracture mechanics approach for the development of risk based inspection planning is examined based on the development of an example, using one specific joint considered typical of a ship structure.

4.1. Problem Description

As the crack growth parameters are dependent on the material properties and on the structural detail geometry, the example considers a welded joint subjected to a uniform load perpendicular to the weld line, corresponding to the joint detail 10Q used by Munse et al (1983).  The schematic representation of the structural detail is presented in Figure 5.  The example considers a ship structure built with HY-80 steel that is a material usually used in naval ships.  The material mechanical characteristics are presented in Table 1.

Table 1. HY-80 Steel Mechanical Properties (Rolfe 

                    and Barsom 1987)

Mechanical Property
Magnitude

Elasticity Modulus (ksi)
29.18x103

Yield Strength (ksi)
80

Fracture Toughness (ksiin0.5)
80

The performance function as defined in Equation 8 is used to analyze the joint reliability as for fatigue failure.  The random variables are C, ai, af, and (Se.   The number of load cycles (N) is considered to be a deterministic variable, and the reliability index is defined for a set of values of N, in order to evaluate its variation with cycles.

The crack growth evaluation is executed using Equations 11 and 12, respectively for estimation of mean value and standard deviation of the crack size after N load cycles.

The initial crack size is assumed to be an elliptical surface crack having a mean depth of 0.02 in.  

The upper limit for the crack dimension can be considered in two ways: (i) the failure occurs when the crack grows from a surface elliptical crack and penetrate the plate thickness, or (ii) the failure occurs when the crack grows until a given dimension that would cause the brittle fracture of the structure.  The first criterion is based on serviceability analysis and considers that the structure is not suitable for service under the presence of a through thickness crack, due to the possibility of leakage.  The second criterion is based on the linear fracture mechanics concepts, which state that the brittle fracture occurs in the presence of a given crack dimension that induces a stress intensity factor greater than the material critical stress intensity factor.

In this study the fatigue failure is attained when the semi-elliptical crack becomes a through thickness crack.  The hull plate is considered to be equal to 0.25 in, a typical value for naval ships.

The sea-induced loads generate the dynamic stresses that affect the ship structure fatigue failure.  In this analysis the mean stress range magnitude is supposed to be equal to 24 ksi (30% of the material yield strength).  The stress range used in this analysis is selected to demonstrate the methodology of risk based inspection planning and is higher than the recommended stress range usually adopted in ship design, typically less than 10% of the material yield strength, as shown by Mansour et al (1997).

The coefficient C for joint detail 10Q is defined according to the Gurney Law, as presented by Souza and Ayyub (2000).

The probabilistic characteristics of the random variables that are used in this example are provided in Table 2.

Table 2. Random Variables for Fatigue Analysis

Random Variable
Mean
Coefficient of Variation
Distribution Type

(Se  (ksi)
24.
0.10
Lognormal

m
5.124
-
Constant

C
3.04x10-13
0.40
Lognormal

ai         (in)
0.02
1.00
Exponential

af      (in)
0.025
0.10
Normal

4.2. Numerical Results
The reliability index associated with the structural detail as a function of the number of load cycles is presented in Figure 6.  The reliability index grows very rapidly for small numbers of load cycles indicating that until a specific number of load cycles the main concern of the structural design should be the occurrence of brittle fracture instead of fatigue failure.

The estimated crack growth is presented in Figure 7.  The chart presents the crack growth considering the mean crack depth value and the mean crack depth value added to one and two crack depth standard deviations, defined according to Equations 10 and 11.

Until 106 cycles the crack growth is very small, with a large increase in the crack growth rate just after this number of cycle.  For 3x106 load cycles, the crack depth may reach the plate thickness, since the mean value added to one standard deviation almost reaches the plate thickness.  Considering that during the structure operational life are expected 3x106 load cycles, the structural detail must be inspected through the operational life in order to detect and repair any undesirable fatigue crack.

4.3. Inspection Strategy

The inspection of welded structural details can be executed using non-destructive techniques such as liquid penetrant testing, radiographic testing, ultrasonic testing and magnetic particle testing, Simonen (1995).  

According to Moan et al (1997) the magnetic particle testing is usually used to inspect built welded structures since it can aid in visual examinations by revealing surface and near surface flaws, such as cracks, voids, inclusions, and other material and geometric changes.

Defining that the structural detail will be inspected with magnetic particle testing, the probabilistic characteristics of the method must be evaluated.  The characteristics are usually expressed through the use of the probability of detection curves.  The probability of detection can be defined as the ratio of number of cracks actually detected to the number of cracks that would have been detected given a perfect non-destructive examination.  The probability of detection is expressed as a probability function that is dependent on the crack size.  For magnetic particle testing, the probability of detection curve is expressed as (Moan et al 1997)

                       
[image: image18.wmf](

)

÷

÷

ø

ö

ç

ç

è

æ

-

-

=

d

a

exp

1

a

POD

l

                      (14)

in which POD(a) = probability of detection of a crack with depth a, and (d = the parameter of the distribution (shape parameter).

For magnetic particle testing the parameter (d varies between 0.040 in and 0.055 in ( Moan et al 1997).

The probability of detection curves for the magnetic particle testing considering the extreme values for the shape parameter are presented in Figure 8.

Based on the crack growth prediction analysis and on the magnetic particle testing characteristics, two strategies of inspection can be formulated:

1) Inspect the structure at 1x106 cycles and at 2x106  cycles, considering that the crack growth will occur according to the curve mean value plus two standard deviations, as presented in Figure 6.  The magnetic inspection testing would have a shape parameter equal to 0.055 in.

2) Inspect the structure at 1x106 cycles and at 2x106  cycles, considering that the crack growth will occur according to the curve mean value plus one standard deviations, as presented in Figure 6.  The magnetic inspection testing would have a shape parameter equal to 0.040 in.

Both strategies consider the inspection at the same intervals, but the first one considers a large crack depth associated with the use of an inspection technique that is suitable for the detection of large cracks.  The second strategy considers that the crack depths in the structure will be smaller than the adopted by the first strategy, and considers the use of an inspection methodology suitable for the detection of small crack depths.

As proposed in section 3 of this paper, the decision tree can be used to select the best strategy for the structural joint inspection.  The decision tree associated with the problem analyzed in this example is presented in Figure 9.  This tree illustrates the sequence of decisions and uncertainties involved in the choice between the two alternatives.  Starting from the left end of the tree and following any particular path through the tree leads to a single value of the decision criterion, in this case the total cost.  The probabilities attached to the branches at each chance node represent the likelihood of following that path.  By starting at the left end of the tree and following a process of taking expected values at chance nodes, the tree is averaged out to yield an expected cost for each alternative.  For the sake of example, the numerical calculations are shown to the right of the tree along with the path scenario.

The first decision node involves the possibility of detection fatigue crack in the inspection.  The probabilities associated with this node are defined using the probability of detection curve for each inspection method.  For this purpose the crack depth for 106 cycles, predicted by the crack growth law, is used for the probability estimation.

The second decision node involves the estimation of the structure failure probability if the fatigue crack is not detected.   This probability is defined based on the results of the reliability analysis, presented in Figure 6.  The values presented on the decision tree corresponds to the probability of failure at 2x106 cycles, considering that if no crack is detected in the inspection at 1x106 cycles, the structure must operate until the next inspection at 2x106 cycles.

The costs presented on the decision tree are adopted for the example, and do not correspond to any real case.  An important point is the adoption of different costs of inspection for the inspection methods, since the greater the detection capacity of the method, the greater are the costs associated with its use.

Based on the data presented in the decision tree, the first inspection strategy is seen to have the lowest expected cost, 198.55 thousands of dollars, versus 226.60 thousands of dollars for the second strategy.  Examination of the tree reveals that the probability of crack detection defined by the better inspection method is not high enough to reduce the weighted consequential costs related to the structure failure in comparison to its higher inspection costs. 

In addition to the analysis of the expected costs, the risk profiles of both strategies can also be studied.  The risk profile is a graph that shows the chances associated with possible consequences of the inspection presented in terms of costs.  The risk profile is presented as a cumulative distribution function of the costs associated with each strategy, as presented in Figure 10.

The comparison between the risk profiles associated with both inspection strategies shows that the first one presents higher probabilities associated with lower costs.  The results support the use of the first inspection strategy for structural inspection.

Considering both approaches for the analysis of the decision tree results, the first inspection method is the most suitable for the joint structural inspection

Although a sensitivity analysis of the results is not developed in this paper, it can be explored in future studies in order to reveal the uncertainties that are critical in affecting the choice of inspection method.  This analysis could also provide estimates of the dollar amount that should be invested in information-gathering activities directed toward resolving or reducing the critical uncertainties.

5. Conclusions

Because the ship structure contains a large number of details subjected to the fatigue failure, a great effort is made by the Classification Societies to establish the frequency of ship structure periodic surveys in order to reduce the risk of fatigue failure.  The inspection frequencies have been defined based on in-service experience of various classes of ships, representing an equilibrium point between structure safety requirements and ship operational availability.

The absolute safety against fatigue failure of a ship structure can neither be achieved or guaranteed due to the presence of uncertainties in the variables that define the ship structure fatigue process.  Therefore, a fatigue failure probability exists for all ships.  Among the random variables that affect the fatigue process, the uncertainty in the dimensions of the defects present in the weld lines of the structure has a great importance.  The probabilistic fracture mechanics approach is capable of dealing with the uncertainties in the sizes of these defects, allowing an evaluation of the crack growth under cyclic loading.

This paper discusses and demonstrates the use of probabilistic fracture mechanics to model the fatigue process of a ship hull structure as a basis for the development of a risk-based inspection planning of that structure.  The development of the inspection planning is required to keep the failure probability of the structure below a specified target level.

Taking in view the complexity of the ship structure, the inspection planning is developed based on the prioritization of the structural details to be inspected, according to their contribution to a possible fatigue failure of the hull structure.  Then, optimal or cost-effective inspection schedules are established for the most critical structural details, taking in view the crack growth rate predicted for each of these details and the non-destructive methodology used in inspection.

The decision-making techniques, specifically the Decision Tree methodology, can be used to define the suitable inspection strategy for a given structural detail.  This method is capable of dealing with the probabilities of occurrence of fatigue failure and costs involved in the structural inspection, or structural repair, in case of fatigue failure, providing an equivalent cost associated with a given inspection strategy.  The equivalent costs associated with various inspection strategies can be compared in order to define the best inspection strategy for a given structural detail.
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Figure 1. Flowchart for Fatigue Fracture Reliability Analysis of Ship Structures


[image: image20.wmf]Probability of failure

P

f

Time (t)

Criticality

Risk

Classification of Joints

According to Risk

Define for all Joints Selected in Design Stages

a(t)

Time (t)

Crack Growth Curve for

Each Joint

Inspection Planning for

the Ship structure

Possible

Inspection Strategies

Inspection

Program for  each

of the Joints

Decision

Tree


Figure 2. Flowchart for Inspection Planning Based on Fatigue Fracture Mechanics
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Figure 3. Assessment of Structural Detail Failure Criticality
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Figure 4. Crack Growth Curve
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Figure 5. Joint Detail 10Q (Munse et al 1983)
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Figure 6. Reliability Index as a Function of Load Cycles
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Figure 7. Crack Growth as a Function of Load Cycles
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Figure 8. Probability of Detection Curve for the Magnetic Particle Testing
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Figure 9. Decision Tree for Choosing Inspection Strategy
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Figure 10. Risk Profiles for Inspection Strategies
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