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RMS--Repair Management System

A System to Aidin theDiagnosis of ShipStructuralFailuresandtheEvaluationofRepairAlternatives

by

Keith A. Gallion

ABSTRACT

Due to the complexity of the engineering task and the limited time available,

repair decisions for crude oil carriers and other large ships often lack

structural

sufficient

evaluation. To minimize the risk of future structural failures due to poor repair, a new

approach is required to provide a more thorough and consistent approach to repti

decisions. The goal of this research is to review the process of ship structural repair and

to investigate a computerized method to help manage the information required to make

intelligent repair decisions. The proposed system, the Repair Management System

(RMS), consists of several modules to help the user step through the repair process.

These steps include determining the mode and cause of failure (Failure Diagnosis

Module), generating a list of repair alternatives (Repair Alternatives Selection Module),

analyzing the alternatives and the associated uncertainties (Repair Analysis Module), and

selecting the best alternative using decision analysis (Decision Analysis Module). To

limit the scope of the research, concentration is placed on the fatigue mode of failure for

the side shell structure of crude oil carriers. To demonstrate the feasibility of the RMS

concept, an initial version has been programmed using FORTRAN for the fatigue mode

of failure. A case study is perfomwd on the repair of a transverse cutout failure using

this initial version to illustrate the usefulness of this simple code. The initial version of

the RMS could be developed into a powerful tool to aid repair engineers in fatigue repair

analysis. However, significant effort is required to fully implement the complete RMS

for all modes of failure in a more appropriate programming environment such as C or an

expert system shell.
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PREFACE

The two year Joint Industry Research Project “Structural Maintenance for New and
Existing Ships” was initiated in 1990 by the Department of Naval Architecture and
Offshore Engineering, University of Califorh.ia at Berkeley. The objective of this project
was to develop practical tools and procedures for the analysis of proposed ship structural
repairs and to prepare guidelines for the cost-effective design and construction of lower-
maintenance ship structures.

This project was made possible by the following sponsoring organizations:

-Amen-can Bureau of Shipping -Lisnave - Estaleiros Navais de Lisboa, SA
-Amoco Transpoti Company -Maritime Administration
-Arco Marine Incorporated -Militav Seal#t Command
-BP Man”ne -Mitsubishi Heavy Industries Inc.
-Bureau Veritas -Mobile Ship and Transpoti Co.
-Chevron Shipping Company -National Defense Headquarters (Canada)
-Daewoo Shipbuilding& Heavy Machinery -Naval Sea Systems Command

Ltd.
-Exxon Company International -Newpoti News Shipbuilding& Dry Dock

co.
-Ishikawajima-Harima Heavy Industries Ltd. -United States Coast Guard
-Jurong ShipyardLtd.

In addition, the following organizations contributed to the project as obsemers:

-Germanischer Lloyd -West State Inc.
-Lloyd’s Register of Shipping

The project was organized into six studies:

Study 1-- Fatigue Damage Evaluations
Study 2-- Corrosion Damage Evaluations
Study 3-- Interaction of Details with Adjacent Structure
Study 4-- Fatigue and Corrosion Repair &essments
Study 5-- Durability Guidelines for New Ships
Study 6-- Development of Software and Appli@ions Examples

This report documents results from Study 4. The objective of Study 4 was to develop
and verify engineering guidelines for the evaluation of fatigue and corrosion repairs to
critical structural components of existing ships. This report documents a Repair
Management System (RMS) to aid in the diagnosis of ship structural failures and the
evaluation of repair alternatives.



CHAPTER 1. INTRODUCTION AND OVERVIEW

1.1. Problem Definition

The dynamic, uncertain and harsh nature of the environment in which a ship

operates makes the design and maintenance of a ship a challenging process. Through

experience, more advanced design procedures, and tougher materials the catastrophic

failunx experienced by the Liberty ships in World War II are not a problem for today’s

ships. Modern ships are now plagued with the less dramatic problem of localized

structural failures. When the ship under consideration is a crude oil carrier (tanker) that

can carry as much as 200,000 tons of crude oil, these local failures can have very serious

safety, financial and environmental implications.

To minimize the risk of structural failure, ship design, operations, human factors,

maintenance and repairs must all be addressed. It is the goal of this research is to review

the process of structural repairs of crude oil carriers and to investigate a new approach to

help manage the information used to make good decisions on the repair of these

Wuctural failures.

1.2. Overview of Ship Design Process

To understand the complexities of ship structural repair, a review of the basic

process of ship design is required. Until recently, ship design was governed by empirical

and technical rules “developed from decades of shipbuilding experience. Today the ship

designer has the power (and burden) of ftite element analysis. Using the finite element

approach, the designer develops anew ship structure by completing the following steps:

1. determine the preliminary design using experience, design rules, class~lcation

society rules, and other sources;

2. create ftite element models of the structure;

.1



3.

4.

5.

6.

analyze the overall structure for maximum 10

and ballast conditions;

analyze the structural details for dynamic loa

and ballast conditions;

inspect analysis results to ensure proper saft

failure, local fracture and fatigue, and bucldin

modify the structure and repeat the above stel

Considering the size of a typical ship, the large number

associated with the loadings and modeling process,

consuming and complex process.

The result of this design process is a ship structu

structural durability if properly constructed, operated z

current levels of durability in commercial crude oil ca.mie

to develop as the ship ages toward its intended design

fatigue, cracking, and comosion of the primary structure.

1.3. Scope of Work

The severity of fatigue, fracture and corrosion p)

factors--initial design, construction, operational factors, am

the owner and operators. The initial design governs the

intended environment and is based on various assump+

maintenance of the ship. Construction includes the use

fit-up and alignment of components, proper welding ar

proper coating applications so that the design objectives

Operational factors such as ballasting, cargo loading ar

trading routes govern the actual loads the structureis 51

The maintenance philosophy of the owner, including ins

2
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and steel renewals, governs the life-cycle condition of the structure. Inadequate initial

design, poor construction, unwise operational practices, and inadequate maintenance all

accelerate the advent of structural failures.

For a ship already in service, initial design is complete and the operation of the

ship is largely controlled by the economic goals of the owner. As a result, maintenance

of the structure is critical. Maintenance involves three levels:

● ~fn to uncover structural problems.

● Rventah “ve mainteu to address problems before they occur. This can

include programs such as “just in time” coating maintenance to ensure

wastage limits of plating are not exceeded.

● -of structural problems following discovery by inspection.

The emphasis of this research is on the proper repair of critical structural detail

(CSD) failures in crude oil carriers.

1.4. ,Repair Decisions

When a structural failure in the form of cracking or excessive corrosion is

discovered by inspection, a decision must be made as to the most effective repair. This

decision is difficult due to the vast array of engineering, construction and repair

knowledge that must be assimilated to make a good repair decision. The same technical

issues as in the design of a new ship should be considered. However, many additional

factors--both technical and otherwise--must also be considered in a much shorter time.

These factors, which wiLl be discussed in more detail in Chapter 2, include technical,

economic, and logistic factors.

As a result of the complexity and the short time allowed, the proper repair of

ships cwrently relies heavily on the experience of repair engineers and repair yard

personnel. There is simply not enough time to take into account all possible factors and

., 3
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perform detailed analyses. Repair decisions often lack thorough technical and economic

evaluation, but seine to get ships back into semice quickly.

1.5. RMS Approach

Recently, considerable effoti has been put into understanding the effectiveness of

specific repairs, especially those associated with fatigue of CSDS. This effort has

resulted both from an aging fleet of existing ships and a heightened public interest in

environmental issues and is reflected in many papers on the subject (e.g., [USCG, 1990],

[Jordon,1978,1980], nSCF,1991]). In addition, records of ship condition are shifting

from paper-based systems to computerized systems that contain inspection and repair

information in database format. This computerized information can be sorted by an

experienc@ repair engineer to help evaluate the effectiveness of past repairs and assess

the overall condition of the ship.

This poses the key question addressed in this research: How do we properly

manage the computerized inspection and repair data, the existing knowledge of

both successful and unsuccessful repai~, the complex analysis tools and additional

knowledge to make intelligent and timely repair decisions?

The answer proposed by this research, is the Repair Management System

(RMS). The RMS is a computerized framework to help repair engineers make good

repair decisions by assisting engineers with structural failure diagnosis and repair

alternative evaluation, Figure 1.2. The RMS is the fmt known attempt to handle the

complexities of ship structural repair analysis in a framework that provides both

elements critical to good repair--quick decisions and thorough evaluations.

The goals of the RMS approach are to: (1) provide a consistent and structured

repair strategy; (2) ensure complete and prompt repair evaluations; (3) increase the level

of expertise in the shipyard and office; (4) promote a sharing of repair infofiation

among ship owners, operators and shipyards; and (5) utilize analytical and historical ship



data. To reach these goals, the ability to use both numerical analysis information and

symbolic knowledge is required. As a resultj an expert system approach to

programming is explored.

To limit the scope of this research, concentration is placed on side shell CSDS of

crude oil carriers. To further define the scope, a questionnaire was sent to all the

participants in the Structural Maintenance Reject (SMI?) requesting information on the

most desirable features of computer software associated with repairs. The highest

priorities of participants that responded were the expected life analysis of repairs and a

database of repair alternatives, Table 1.1. As a resul~ concentration in this research is

placed on the development of these features within the RMS.

The primary objectives of the RMS research are therefore to: (1) develop a

fmmework for the development of a complete RMS; (2) develop a proto~e version of

the software for side shell structure, concentrating on repti life estimation and repair

alternative selection; and (3) perform a case study using the developed tool for a side

shell CSD.

1.6. Overview of Report

In Chapter 2 the basics of ship structural repairs are discussed. These basics

include a discussion of the knowledge used in making repair decisions, the steps involved

in maldng a repair deckion (gather data, determine mode of failure, determine cause of

failure-evaluate and select repair alternative), the considerations involved in making the

decision (technical, logistical, and economic), and the general repair options available.

In Chapter 3 the various approaches to repair are discussed with concentration on

the proposed RMS. These approaches include the experience-based approach, the

detailed analysis approach, and the RMS approach. Details of a computer implementation

of a complete RIMSto a.naly= the mode and cause of failure, select repair alternatives,



evaluated the life of the alternatives, and perfom a decision analysis on these alternatives

aIEdiscussed.

In Chapter 4 possible methods of failure mode amdysis for the RMS are

evaluated. These methods include experience evaluation by experts, rule-based systems

based on expert knowledge, and a probabilistic approach.

In Chapter 5 the RMS repair alternative selection is discussed in detail for the

fatigue mode of structural failure, with concentration on crude oil carrier side shell

CSDS. In addition, the specifics of side shell CSD repair are discussed.

In Chapter 6 the RMS repak alternative evaluation for the fatigue mode of

structural failure is outlined. A method for simplified comparative analysis is proposed

to estimate the fatigue lives of the repair alternatives.

Chapter 7 the RMS repair alternative decision analysis is outlined. The

uncertain~ in the analysis and decision process is discussed followed by the application

of a structured decision analysis involving expected monetary value ‘of repair alternatives

and utility theory.

In Chapter 8 the RMS approach is used in the development

computer routine to illustrate the evaluation of repair alternatives for

of a FORTRAN

fatigue failure of

crude oil carrier side shell CSDS. A case study analysis is conducted to verify the code

and illustrate its effectiveness as a repak tool.

Finally, in Chapter 9 the research is summarized with some concluding remarks

and recoinmendations for future developments.

In the appendices the following are provided: a brief introduction to the basics of

expert systems (Appendix A); a Listing of the initial version of the RMS and the

associated input and output files (Appendix B); and a review of previous repair study

work (Appendix C).
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Feature A B c D E F G H Avg.

Expected life analysis of repair 1 5 3 1 1 1 2 3 2.1

alternatives

Economic tradeoff analysis of 4 6 5 5 3 2 3 1 3.6

repair alternatives

Graphical database of possible 2 4 1 3 2 4 1 2 2.4

repairs

Extendibility to allow updating 5 2 4 4 6 3 5 6 4.4

with new repair data

Repair database analysis 3 3 6 6 5 5 4 4 4.5

capabilities (statistical)

Reliability-based information 6 1 2 2 4 6 6 5 4.0

Table 1.1. Remits of Repair PC Code Questionnaire
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Figure 1.1.Typiml Crude Oil Carrier Structure

[TSCF,1991,page 13]
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CHAPTER 2. BASICS OF SHIP STRUCTURAL REPAIRS

c

2.1. Introduction

The purpose of this chapter is to look at all the factors that go into an intelligent

repair decision to demonstrate the complexity of the process. Chapter 3 will discuss the

approach used by the Repair Management System (RMS) to handle this complexity.

2.2. Repair Decision Steps

In any structural repair situation, there are four basic steps to determining the

“best” repair. These steps are summarized below.

Step 1: Gather Data on Structural Failure

Visual structural inspection of tanks on crude oil carriers is performed at regular

intenmls to locate structural failures and describe the basic properties of the failures.

These properties include crack location, crack orientation, crack len~h, percentage plate

wastage and other information necessuy to analyze the failure. Due to the enormous

size, poor lighting, and dirtiness of the tanks, visual inspection is considered a “heroic”

task that cannot locate all structural failures. The probability of crack detection governs

the probability that a certain size crack will be detected during an inspection.

Step 2: Determine Mode of Structural Failure

Various ways have been proposed to categorize modes of failure, including by

loading type, stress”type and others. The Ship Structures Committee categorizes cracks

into two levels of crack severity [Stambaugh,1990]:

● Nuisance crack are small cracks detected before they propagate into adjacent

structure. Nuisance cracks are usually repaired by welding.

10



● Simifiant fractu re~ are serious cracks that usually propagate perpendicular to

the longitudinal and pose a serious threat to structural integrity, including a

~ss of watertight integri~ or complete failure.

For this research, both nuisance cracks and significant fractures are arranged into two

load categories of ship structural failure-dynamic and static loading failure. The

dynamic failure mode occurs under the condition of cyclic loading and includes the

following spedlc modes of failure:

Lo
.

● w cv& fatl guGfailure occurs under cyclic loading of 0.5 to 1000 cycles.

Loads generally exceed the yield strength of

rapid crack initiation and growth.

● ~~h cvcle fatim e failure occurs under cyclic

The endurance limit of a material (“infinite”

the material. Failure occurs by

loading of 1000 cycles or mo~e.

life) exists when failure cannot

occur below a certain stress level. Failure is predicted by the Goodman

diagram approach or by Linear Elastic Fracture Mechanics (LEFM)

techniques using the Paris equation. Failure occurs by crack initiation and

growth. Cracks already exist in welded structure in the form of weld

imperfections and failure occurs by crack growth only. The fracture surface

is usually flat and contains small lines (beach marks) that radiate out from the

crack origin.

Corro . .
● ~ is the acceleration of crack propagation

cyclic loads in a comosive environment, such as sea water.

in the presence of

The static failure mode occurs under the condition of static loading and includes

the following specific modes of failure:

● Brittle btu~ occurs under static loading and is typical in materials with

yield strengths less than 0.5 percent strain before fracture, such as cast iron,

concrete and ceramic. Failure is predicted fairly accurately by the maximum

normal stress theory and occurs by fracture (not yielding). Materials that are

11
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not normally brittle can become brittle in some environments, such as low

temperatures. The fracture surface is usually flat and contains mow shaped

lines known as “Chevron marks” which point to the origin of the failure.

● frac~ occurs under static lodng and is typical in materials with

yield strengths greater than 0.5 percent strain before fracture, such as steel and

aluminum. Failure k predicted by several failure theories, including the

maximum shear s~ss theory and the distortion energy theory (von Mises).

The fracture surface is usually distorted due to failure by yielding.

.
● ~ occurs under compressive loading under sufficient load to

surpass unstable equilibrium. Standard solutions exist for bucking of a simple

column under compression with various end constraints. More complicated

structure, such as the plate structure of a ship, is a dMcult analytical problem

that requires finite clement techniques.

● can occur in parts subjected to continuous static

loads in a corrosive environment. The degradation of stren@h is represented

by the reduction of fkacture toughness with time.

All the above modes are influenced by environmental factors. For example,

general comosion reduces plate thiclmess and increases both the static and dynamic

stresses on the plate, possibly leading to a dynamic or static failure mode. As another

example, hydrogen embrittlement would accelerate the advent of brittle fhmure.

In addition, a single fracture can contain seveml modes. For example, a small

crack that exists at a welding imperfection will grow in a stable manner by fatigue. At

some crack length, the stress may reach a critical level and cause unstable crack growth

by brittle fracture. This brittle fracture may be arrested by load sharing with adjacent

structure or an increase in material thickness along the crack tiont.

Since a majori~ of ship structural failures are initiated by high cycle fatigue and

corrosion effects, the RMS will concentrate in these areas. However, it is important to

12 ,- ,,



keep in mind these other possible modes. The mode of failure dictates the analysis

procedures required to evaluate a failure.

Step 3: Determine Cause of Structural Failure

There are five basic causes of a ship structural failure. These causes are the

following:

● Robb . This cause includes insufficient static, fatigue and/or

buckling strength in the design. This insufficiency could result from poor

analysis procedures, poor material selection for the semice conditions,

underestimation of loadings

modeling.

● ltv Con@ .

and/or incomect or insufficient structural

This cause occurs during construction and

results in faulty material processing or fabrication. Examples include poor or

inconect welding procedures, incomplete welding, material defects and

tolerance problems. ”

● Qverlo@@ This cause includes situations that cannot be foreseen in initial

design. Examples include collisions, poor tug operations and poor

seamanship in extreme weather. ‘

● fiviroti Fac~ . The primary environmental factor is comosion of the

ship structure due to inadequate maintenance.

● .

In reality, structural failures usually result from combined effects. Two or more

factors usually contribute to the cause of damage in varying degrees. For example, the

environmental factor of corrosion exists in some form for most ship structural failures

but is not always the primmy cause of damage.

The Ship Structural Committee has categorized the causes of fracture in a similar

manner. These categories include abnormal forces, presence of flaws or notches,

13
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inadequate physical

[Stambaugh,1990].

properties at service temperatum, and combination of causes

Step 4: Evaluate Repair Alternatives and Select

Once the mode and cause of failure have

certainty, alternative repairs can be evaluated. This

been determined

step is one of the

with a degree of

most difficult due

to the large number of factors that should be considered. The repair that best satisfies the

technical, logistical, economic and other considerations is the one that should be chosen.

These repair considerations are discussed in the following section.

2.3. Repair Considerations

Technkal Considerations

A complete technical evaluation should determine the primary factors that

influence structural failure. The appropriate repair solution can be determined

only after these factors are known with some degree of confidence. The

following is a partial list of these factors:

●

●

●

●

●

●

●

mode of failunq

cause of fail-,

expected life of repti,

type of structure (primary, secondary, or minor);

location.of structure in ship (amidships, side shell, etc.);

trading route of ship; and

type tank environment which may influence failure, including

. tank type (cargo, dirty or segregated ballast),

. COW (crude oil washing),

. IGS (inert gas system),

● steel coatings information,



● cathodic protection, and

. temperature of cargo.

In addition, if the approximate time of a significant fracture is known, factors at

the time of fracture maybe significant [Starnbaugh,1990]:

. ship speed and heading

● ship heading relative to prevailing sea conditions;

● wind speed and direction;

● Beaufort number or wave height and length;
—

● sea and air temperatures;

. distribution and weight of cargo, ballast and other variable loads;

. displacement and drafts forward and af~ and

● unusual circumstances (e.g., freak waves, bottom slating, green water on

deck).

Unfortunately, for the more common problem of nuisance cracks and even signiilcant

fractures on large crude oil carriers, failures may go undetected for some time so that the

conditions at the time of fracture are often unknown.

Logistic Considerations

Even if the technically best repair is determined, logistic factors may limit

what type of repairs may be done. These factors include the location of the

repairs and time considerations.

lle location of repairs falls into two categories. vov~ ir are made at sea

mostly in emergency situations. Voyage repairs are often very difficult since “hot work”

(welding) is usually prohibited in critical hull structure due to the presence of flammable

materials. As a result, cold patching is a popular temporary remedy. ~ ir

me made either at dockside or in a drydock environment after the tanks are Ventilated

and washed to accommodate hot work in the tanks. This is the most ideal repair



environment although it still presents problems due to the enormous size of crude oil

carriers.

Time considerations include factors such as the time available to complete repairs

and the time until the next inspection and repairs. More thorough repairs are required if

there is a long time before the next inspection or overhaul period.

Economic Considerations

Economic considerations can play’ a dominate role in repair decisions. These

economic factors include the future plans for the ship, age of the ship, total cost and time

to complete repairs, cargo transport obligations, money available, current steel costs,

repair rates, wage rates, etc..

The economic decision is usually based on the certain initial repair costs and not

the possible future costs of maintenance. This is mainly due to the complexity of the

repair decision, which makes futore costs difficult to evaluate. However, future costs for

inadequate, non-durable repairs may dominate the decision. A complete economic

analysis should take into account the tradeoff between initial and future costs. In the

same way that a more durable ship has lower maintenance costs, more durable repairs

will have lower future repair costs.

Additional Considerations

Several additional considerations must be taken into account in repair

alternative evaluations. These considerations include the following:

. .
●

. .
~ dictate the minimum structural requirements for

compliance with class rules. These societies include the American Bureau of

Shipping (ABS), Bureau Veritas, Det Norske Veritas (DNV), Germanischer

Lloy& Lloyd’s Register of Shipping and others.

● , such as the United States Coast Guard, dictate the

minimum requirements for ship operation within their jurisdiction.



● Environmental safetwhas become a major consideration in the repair of ships.

Environmental disasters can produce both ecological damage and serious

financial damage to the owner and operators of the ship as illustrated by the

grounding of the Exxon Valdez in Prince William Sound ~avidson,1990].

The goal of repairs is to minimize the chance that such an incident is caused

by poor repair and maintenance of the structure.

● Person e] safe~n is always a primary concern and is closely tied to

environmental safety.

● Access ibilitv for momton“nP by crew will determine whether monitoring of

minor structural problems is feasible. If a structural failure cannot be

monitored effectively it must be repaired.

2.4. General Repair Options

There are several fixed repair options available when a structural failure is

discovered. Basic options for both cracks and comosion are discussed in the following

sections. The speciilcs of the crack repair options for crude oil camier side shell structure

are further elaborated in Chapter 5.

For both cracks and corrosion one option is to not repair and monitor the failure.

This option is usually only chosen for minor cracks in non-critical structure and may not

be allowed under classtilcation society or regulatory guidelines.

Crack Repair Options

When a crack or series of cracks is discoverecL there are a limited number of

repair options that could be selected These options are summarized in Table 2.1.

As shown in Table 2.1, post-weld improvement techniques are always an option

in the repair of cracks, although they are usually cost prohibitive. These methods seine

“to increase the fatigue life of a part at the weld and include both geometric and residual

stress methods. Geometric methods increase fatigue life primarily by reducing the

17
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geometric stress concentration at the weld location. Geometic methods include grinding

(full profde burr grinding or disc grinding), weld toe remelting (TIG dressing or plasma

dressing) and weld proffing. Residual methods increase fatigue life through the

mechanical addition of residual compressive stresses on the surface of the weld to

decrease the magnitude of the resultant tensile alternating stresses when the part is in

service. Residual methods include shot peening and hammer peening.

Tests have shown an increase in fatigue life by as much as a factor of two by

post-weld improvement methods; however, the increased cost of these procedures must

be considered. For more detailed information on the effects of post-weld techniques,

good references include the following: [Alrnar-Naess,85], USSC,1988], I?SSC,1991].

Corrosion Repair Options

When corrosion h discovered, there are also a limited number of repair options

that could be selected. These options are summarized in Table 2.2. In all cases of

recoating, the spec~lc type of coating must be determined. The life of a coating is

dependent on many factors [Pollard,1991], including quality of surface preparation, tank

and structure type, number of coats applied, type of coating and thickness of coating.

The allowable comosion margins vary among classification societies and are based on

various approaches [Chen,199 1].
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Crack Repair Option I

Notesno repair tid monitor

tempor~ fix and monitor
1. drill hole at crack tip

2. drill hole at crack tip, tigh~n lug to impose
compressive s~sses at crack front

3. add doubler plate

4. cover crack with cold patch
Permanent fIX,

1. gollge Outcrack and reweld
‘*P same desi~

Z cut out section and butt weld ‘

3. app~yPOStweld improvement techniques

Permanent f~,
1. gouge Outcrack, m-w~]d, @/~moVe/modify

mOdfy desi~
scandings, brackefi, stiffene~, Iugs or COUtiplates

2. cut Out section, reweld, @/mmove/mo~Y

scantiirigs, brackets, stiffeners, lugsor.co~mp]aks
3. apply PO

St weld improvement ~chniques

ITable 2.1. Crack Repair Options
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Severity of Type of Corrosion Corrosion Repair Options

Corrosion

minor general corrosion 1. no repair and monitor

coating 2. spot blast and patch coat

breakdown 3. addfmaintain anodes

pitting corrosion--small, 1. no repair and monitor

shallow pits less than 50% 2. spot blast, epoxy pit fill and patch coat

plate thickness in depth 3. add/maintain amodes

major general Conosion 1. no repair and monitor

coating 2. spot blast and patch coat

breakdown 3. reblast and recoat

4. add/maintain anodes

pitting conosion--large, 1. no repair and monitor

deep pits greater than 50% 2. spot blas~ weld fall, patch coat

plate thickness in depth, 3. add/maintain anodes

small number

pitting corrosion--large, 1. no repair and monitor

deep pits greater than 50% 2. spot blast, weld cover plate, patch coat

plate thickness in depth, (temporary repair)

large number 3. cut out, weld new plate, blast, coat

(permanent repair)

4. addfmaintain anodes

Table 2.2. Corrosion Repair Options
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CHAPTER 3. APPROACHES TO REPAIR AND THERMS
APPROACH

3.1. Introduction

Several possible approaches to the repair of CSDS in ships are presented,

including the experience-based approach, the detailed analysis approach, and the

recommended Repair Management System (RMS) approach.

3.2. Traditional Approach to Repair

Currently, an experience-based approach to repair decisions is primarily used.

Sometimes referred to as the “black magic” approach by those in the repair business, the

traditional approach handles the complexity of the repair problem by using a general set

of guidelines for the repair of structural failures. Decisions can be made quickly, but

many important technical factors such as the cause of failure are not considered. No

detailed analysis to estimate the life of a repair is petiormed.

3*3. Detailed Analysis Approach to Repair

In special situations, a detailed analysis approach is applied to particularly

troublesome structural problems. This involves lengthy detailed ship motion analysis,

global and local ftite element models, and fatigue analysis such as the analyses by

classification societies [A13S,1988] and consulting fmns [MCA,1987,1991]. This

approach produces repair decisions that are based on the best available analysis

techniques and results in technically superior repair decisions. However, significant time

and money are spent on this approach, mabng it inappropriate for most day-to-day

decision requirements for repairs.

21
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3*4. RMS Approach to Repair

Clearly, the traditional approach lacks adequate technical evaluation and the

detailed approach, although necessary at times, is inadequate to make on-the-spot repair

decisions. The goal of the RMS is to provide a computerized system to allow for a

sufficiently complete evaluation of repair alternatives in a reasonable time. Thus, the

RMS is a compromise between the traditional and detailed repair analysis approaches,

Figure 3.1.

To accomplish this goal, the approach taken by the RMS is to provide efficient

and effective access to the information required to make repair decisions. Since the

information involved in making a repair decision is both numeric (analysis procedures)

and symbolic (experience-based knowledge, etc.) in nature, an expert system approach to

programming is suggesti. The basic concepts behind expert systems are discussed in

Appendix A.

The specillc roles of the RMS system are to help determine the mode and cause

of failure, list the corresponding repair alternatives and estimate the expected repair life

based on a technical evaluation. Once the expected life of the repair is known with some

degree. of coti~dence, a repair alternative may be selected based on the logistics and

economics of the situation or by a structured decision analysis.

J

3.5. Brief Review of Expert System Applications

Several diagnosis and structural assessment expert system applications are briefly

reviewed to illustrate the successful application of expert systems. The requirements of

the RMS are compared to these applications.

Application 1: MYCIN

MYCIN is probably the best known

developed. MYCIN was developed at Stanford

diagnosis expert system application

University to help in the diagnosis and
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treatment of infectious blood diseases. MYClli is a rule based expert system that

contains over 400 rules for its knowledge-base. IF-THEN rules are described with

certainty factors to repnrxent the confidence that each rule is accurate. Because expert

options of numerous specialists are embedded in the expert system, MYCINS

performance h diagnosis has proven to be equal to or better than any single infectious

bloml disease specia.lis~

Because the RMS requires various forrhs of knowledge including analytical

results, the purely heuristic approach used by MYCIN is inappropriate.

Application 2: SPER~

SPERIL (Structural Peril) has been under development since 1980 at Purdue

University to aid in the damage assessment and safety evaluation of existing structures.

The damage assessment of structures due to earthquake and other situations is a very

complex process which contains a high degree of uncertainty and human judgment By

encoding expert opinions, a consistent and accurate assessment of darnage can be made

by any inspector [Adeli,1988].

The approaches used by SPERTL are applicable to global failure analysis. Since

the RMS is presently concerned only with local failures, details of the SPERIL system do

not fit in the RMS framework. However, the goal of a consistent and accurate

assessment are the goal of both SPERIL and the RMS.

Application 3: CRACK

CRACK is an expert system under development at the University of Kansas to aid

in the evaluation of fatigue and fracture in steel highway bridges. Due to an increasing

population of bridges at or beyond their design lives, the evaluation of fatigue and

fracture a very important problem. To aid in the difficult problem of ffacture evaluation,

CIL4CK seeks to link the quantitative steps associated with numerical fracture mechanics
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analysis witi the heuristic knowledge about how to gatier data, structure the data into a

model, and interpret the analysis results [Roddis,1988,1992].

As discussed in Chapter 6, the concentration of RMS is on the fatigue mode of

failure using a simplifkd SN cume approach. Roddis uses a fracture mechanics

approach that is required to determine if and when cracks require repair. Presently,

regulating authorities require that all cracks discovered on crude oil carries be repaired,

independent of length.

Application 4: FALCON

FALCON is a Failure Analysis Consultant developed by Duke University to help

determine the mode and cause of structural failures. This approach uses a probabilistic

approach to determine the mode and cause of failure [Morrill&Wright, 1988]. This

approach to failure diagnosis is

explored further in Chapter 4.

3.6. RMS Proposed System

directly applicable to ship structural failure and is

For the RMS, knowledge can take heuristic (rule-based), probabilistic and

numerical forms. These forms include: (1) heuristic/probabilistic knowledge about mode

and cause of failm, (2) heuristic knowledge about valid repair alternatives; (3)

numerical routines for alternative evaluation; and (4) heuristic or probabilistic decision

analysis. Since this knowledge is not simply heuristic, the RMS is a “coupled” expert

system that requires both symbolic and numeric processing. The RMS uses the same

basic steps to evaluate repairs as discussed in Chapter 2. The type of information

required to evaluate these steps is summarized in Table 3.1.

The overall architecture of an ideal RMS would consist of the standard expert

system components--the user interface, knowledge-base, database, analysis procedures

and inference engine--as detailed in Figure 3.2. To organize the wide array of

knowledge required for repair analysis, the knowledge in the RMS is grouped together
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into several module, each of which require different knowledge representation schemes.

These modules include the following:

● control module;

● failure diagnosis module;

. repair alternatives selection module;

. repti analysis module; and

. decision analysis module.

Unlike FALCON and CFL4CK, th~ RMS must address all aspects of structural

failure. FALCON only addresses failure diagnosis and CWCK concentrates on failure

analysis. Conceptually, SPERIL is closest to

and evaluation required in damage assessmen~

Control Module

the RMS since it addresses the diagnosis

The control module is a guide to lead the user through the initial steps of making

a repair decision. These steps include:

1.

2.

3.

4.

inspect the ship and input structural problems to database;

identify specific structural detail and failure to evaluate;

search ship condition database to determine if similar problems encountered

and if past repairs successful or unsuccessful; and

search repair guidance database for spec~lc information about structural

problems.

This module would combine heuristics with database search procedures.

Failure Diagnosis Module

The failure diagnosis module would be a guide to evaluate the mode and cause of

the structural failure based on the physical appearance of the failure, location of the

initial failure, the orientation of the failure, the location in the ship, the type of structural



detail, and other factors. The result of this module would be a list of possible modes and

causes with their associated levels of certainty.

This could include heuristic or probabilistic knowledge based on the opinions of

experts in the field of ship structural mechanics and the ship condition and repti

guidance database information. For ‘example, a heuristic for determining if a fracture

mode is fatigue based on the appearance of the fracture surface might be:

IF the fracture surface is flat and contains beach marks
THEN mode of failure at this crack location is fatigue with

Rule:

a confidence factor (CF) of 0.9.

As shown, confidence factors maybe assigned to each rule depending on the confidence

in the knowledge. Using this heuristic approach, the proper knowledge representation is

critical to a successful application. A thorough evaluation of rule syntax, organization,

use of metarules, and conflict resolution are required.

A probabilistic approach as used by FALCON is probably the most appropriate

for the RMS. Details this approach to failure mode and cause analysis are discussed in

Chapter 4.

Repair A1ternativ~ Selection Module

The Repair alternatives selection module seines to select the viable repair

alternatives based on the mode and cause of failure, the detail cordiguration and other

considerations.

Details of repair alternative selection with concentration on crude oil carrier side

shell CSDS discussed in Chapter 5.

Numerical Analysis Modules

Analysis is conducted by the analysis modules. The type of analysis required

determined by the results of the failure diagnosis. For example, if the failure mode

is

is

.—
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high cycle fatigue with a high degree of certainty, then a fatigue analysis would be

required. Various types of analyses might be required, including:

. fatigue analysis;

● corrosion analysis;

. buckling analysis;

. global failure analysis; and

● structural reliability and condition assessment analysis.

These modules seine to link symbolic information concerning analysis steps,

numerical procedures and interpretation of numerical results to conduct analysis.

Knowledge representation is a key issue in this module, and Roddis’ three level approach

linking the heuristic, qualitative, and quantitative levels is required [Roddis,1992].

Since ship repair engineers are often unfamiliar with the details of fatigue,

fracture, corrosion, and other analyses as applied to the complex case of a ship structure,

the modules associated with these analyses could also serve to educate the users through

an extensive explanation facility.

To account

structural details is

required.

for the different structural configurations, a library

required in the general database. New details must

of standard

be added as

A probabilistic approach to the calculations in which the historical database is

used to establish a prior probability of

incorporated into these modules.

Details of repair life estimation

Chapter 6.

Decision Analysis Module

failure for a particular structural detail could be

for the fatigue mode of failure are discussed in

A final module, the decision analysis module, k required to select the most

appropriate repair alternative. A structured procedure k required due to the high level of
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uncertainty involved in the various stages of the analysis. These uncertainties are

associated mairdy with the following:

● mode and cause of failure;

. repair life analysis procedure+

● cost estimates; and

● economic variables.

Depending on tie repair option selected, the expected life of the repair and the

uncertainty in life will vary. By accounting for the various economic factors discussed in

Chapter 2 and the uncertainties in the life estimation process, this module could help a

repair engineer evaluate alternatives based on both initiil and expected future costs,

including the cost of failure.

Details of decision analysis applied to fatigue mode of failure are discussed in

Chapter 7.

.
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Step

1

2

4

Description

Gather Data

Determine Mode of Failure

Determine Cause of Failure

a.

b.

Determine Repair Alternatives

Evaluate Repair Alternatives

c. Select Repair Alternative

Computational Requirements

Data

Knowledge

Knowledge

Data+Knowledge

Data+Knowledge+Numerical

Knowledge

Table 3.1. RMS Computational Requirements

“29



Quick hg

and and
Dq Pailful

Figure 3.1. RMS Analysis Level

30 ...

5-Y .—



.
.

Expert Explanation
Knowledge Advicel

Data
~aintenaneel Question

Maintenance

Aquiskion

1 1

A

I
Control
Module

Faiture
Diagnosis
Module

Repair
Alternative

Module

Repair
Alternative

Analysis
Module

Decision
Analysis
Module

Identifystructure
Swrchdatabaseforsirnilsrproblems
Searchdatabaseforsp=ificguidance

Determinemodeandcauseoffailure

Asemblelistofrepairalternative=
basedonmde andcauseoffailure,
guideance,and&tabaseofpossible
mrdigurations

Tcchnicilevaluaitonofrepair
altcrnativ=todetermineexpemilife
andwiationinlife

Performdecisionardysistodetermine
optimumrepairalternativebasedon
ex@ed monetmyvalue

.

FatigueAnalysis
4

BucklingAIXdySiS

CmosionMysis

Etc.

ShipInspectionData

RepairHistoryDm

ShipCharacteristicsData

ShipOperationsData

RepairAlternativesData

CSDStressConcenlxationData

CSDLmdingData

CSDFatigueChamcteristicsData

+

Figure 32. RMS System Architecture



CHAPTER 4. RMS FAILURE DIAGNOSIS

4.1. Introduction

Failure diagnosis consists of deterrninin g the mode of failure and the cause of

failure. Since repair action is generally a function of the mode and cause of a structural

failure, the proper determination of the mode and cause is critical to accurate repair

analysis in the Repair Management System ,@MS). This discussion will concentrate on

modes involving metal fracture--the predominant mode of ship structural failure. For a

complete discussion of failure analysis for all modes of metal failure, refer to the

American Society of Material Engineer’s Metals Handbook [ASME].

The mode of ship stmctural fracture (either fatigue, brittle fracture, or ductile

fracture) can usually be determined by experts through inspection of the fracture surface,

but repair engineers are generally not experts in fracture inspection. The exact cause of

failure cannot usually be determined due to the many factors that contribute to the cause

of failure as discussed in Chapter 2. As a resul~ failure diagnosis should concentrate on

two problems:

● increasing the expertise of repair engineers in the field of failure mode

analysis and

. assist in the determination of the contributing causes of failure.

Two basic approaches are to be considered in the following sections--a rule-based

approach and a probabilistic approach.

4.2. Rule-Based Approach

Applying rules for the spec~lc case of ship structural metal fracture is fairly

straight-fommrd. Sample rules to help determine the mode of failure at the origin of

cracking are:
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Rule 1:

Rule 2:

IF the fracture surface is flat and contains beach marks or
appears smooth
THEN mode of failure is fatigue.

IF the fmcture surface is flat and contains chevron marks
and appears bright and granular
THEN mode of failure is brittle fracture.

Rule 3: IF the fracture surface is not flat (shear lips) and appears
dull gray and non-granular
THEN mode of failure is ductile fracture.

This set of rules, which was developed based on a ship fracture investigation guidance

manual [Stambaugh, 1990,Part 2], could be easily programmed in a rule-based expert

system format for use by repair engineers.

Unfortunately, this set of rules is only useful if the fracture s~e is visible. A

much more extensive set of rules is required to determine the mode ‘of failure based on

other atibutes. In addition, it is much more difficult to develop a concise set of rules for

the determination of the cause of failure due to a large number of possible contributing

causes. This difficulty leads to the categorization approach discussed in the following

section.

4.3 Categorization Approach

An alternate to the rule-based

through their work on the

approach

Failure

was developed by Duke University

Analysis Consultant (FALCON)

[Momill&Wright,1988]. This approach uses a probabilistic approach to determine the

mode and cause of failure and is probably most appropriate for the RMS. Merrill and .

Wright illustrate how the determination of the mode and cause of material failure can be

viewed as a categorization problem. A table of modes of failure and associated possible

causes of failure was developed by questioning experts in failure analysis, Table 4.1.

The entrees in Table 4.1 represent Pr( Ej I Mi )--the probability that, given the mode of
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failure associated with the row, the evidence associated with the column will exist.For

example, for the brittle fracture mode and evidence concerning loading:

Pr ( LOAD=static IMODE=brittle fracture ) = 0.28
Pr ( LOAD=dynamic IMODE=brittle fracture ) = 0.20
R ( LOAD-4mpact IMODE=brittle fracture ) = 0.52

Assuming this a collectively exhaustive and mutually exclusive list of loadings, the sum

of the probabilities associated with an evidence category must be 1.00. In addition, each

citigory of evidence must be independent of all other evidence categories.

To determine the mode of failure, a series of questions is asked. Initially, the

probability of each failure mode is equal to the inverse of the total number of possible

modes (O.1 for Table 4. 1). For example, the fust question might be:

Question:

Answer:

After this answer is

applying Bayes’ rule.

What was the mode of the loading that caused failure?

static

given, the probability of all failure modes may be updated by

Bayes’ rule states that the conditional probability that the failure

mode is Mi given that the new evidence Ej is calculated based on the prior probability of

mode i by:

Pr(Mil Ej)’=
Pr(Mi)Pr(Ejl Mi)

Pr( Ej )
(4.1)

Given m possible modes of failure, the probability of evidence Ej is given by:

Pr(Ej)= $Pr(Mi)Pr(Ejl Mi) (4.2)
i-l
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Therefore, after the fmt question is asked, the new probability of, for example, brittle

mode of failure is:

Pr(Ej) = fpr(Mi)~(Ejl,Mi)
i-l

=.1(.28 )+.1(.63)+.1(.005)+.1(. 005)+.1(.005) -t

.1(. 73)+. 1(.77)+.1(.94)+.1(.80)+.1(.80)

= 0.496

%( Mi)R(Ejl Mi)
Pr(Mil Ej)=

Pr( Ej )

= 0.10 (0.28)= 0056
0.496 “

+ probability of brittle fracture before next question
~

This process is continued for each mode after each question until there is a relatively

high probability of a single mode of failure.

There are several possible sources of emor in this procedure. These sources

include the following [Morrill&Wright,1988] wood, 1990]:

. probabilities in table (evidential attributes) not accurately accessed

● evidential attributes not independent and exhaustive;

● competing failure modes are not mutually exclusive or exhaustive; and

● lack of knowledge (not known answer) results in equal probabilities among

the possible evidences (same as when evidence known with certainty but also

equiprobable).

The’magnitude of all these errors can be reduced by careful construction of the table of

conditional probabilities.

Additional investigation into failure mode and cause analysis was conducted at

Duke. Methods investigated include reasoning by analogy [Momill&WrighL 1989] and

pattern recognition techniques ~ood,1989]. These investigations explored solutions to

35

@
L,’ ‘



some of the weaknesses of FALCON, including the use of case study data to determine

the mode and cause of failure. Detailed evaluation of these approaches will be reserved

for future work.

Of current interest is the significant attibutes of failure presented by Merrill and

Wrigh~ These thirteen attributes-anx

1.

2.

3.

4.

5.

6.

7.

8.

9.

microscopic fracture appearance (striations, cleavage, etc.);

macroscopic fracture appearance (benchmarks, chevron marks, etc.);

operating Temperature (low/medium/high);

corrosion (true/false);

crack is branched (true/false);

stress rate (plane strain/plane slress);

material strength (low/medium/high);

loading mode (static/cyclic/impact);

stress type (tension/compression/shear);

10. crack propagation (intergranular/transgranular);

11. crack speed (stable/unstable);

12. point of crack initiation (fille~ scratch, wel~ etc.); and

13. alloy type (1020 steel, 7075 aluminum, etc.).

4.4* Categorization Approach Applied to Ship Structure

The FALCON technique is now applied to ship structural

.

failures. The fmt step

in application is the development of a list of significant evidential attributes and

significant failure modes for ship structural failure. l%ese attributes must conform as

close as possible to the rules discussed above. Based on the discussion in Chapter 2, the

following failure modes are proposed for ship structure:

1. high cycle fatigue;

2. corrosion fatigu~
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3.

4.

5.

6.

brittle fkactuny

ductile fracture;

buckling failure; and

stress coxrosion craclhg.

Also based on the discussion in Chapter 2 and on the work of Merrill and WrighL the

following signiilcant attributes are proposed:

1. fracture appearance information, including

● macroscopic fracture appearance (benchmarks, chevron marks, etc.),

. crack is branched (true/false),

. crack speed (stabIe/unstable), and

. point of crack initiation (fille~ weld, etc.);

-- 2. material information, including

. materkd type (low tensile steelhigh tensile steel), and

. corrosion wastage (none/moderate/severe);

3. loading information, including

. stress rate (plane strain/plane stress),

. loading mode (static/cyclicfimpact), and

● dominant stress type (tension/compression/shem); and

4. tank environment information, including

. tank heating (yes/no),

● @type (cargo, dirty, segregated ballast),

. COW (yes, no),

● IGS (yes, no), and

. sacrificial anodes (yes, no).

Note that all attributes requiring laboratory testing are not considered significant

since, in reality, they are seldom performed for standard ship structure repair.

Alternatively, loading information could be determined by analysis based on the type of

.~~



detail, the location of the detail within the in ship and the trading route of the ship. In

addition, historical information on the performance of specific structural details under

spe~ifmd loading conditions could be maintained in a database to establish the initial

probability of a certain failure mode and cause for that detail.

Using the same atrnbutes, the cause of failure may also be investigated. The

proposed significant causes for ship structural failure discussed in Chapter 2 ae:

1. design problem,

2. insufficient quality control;

3. overloading and

4. environmental factors.

In order to implement this approach, Table 4.2 should be sent to experts in the

field of ship structural failure. An average of the responses could be used for the ship

structure failure mode and cause evaluation process. If a large discrepancy in the data

exists, a careful evaluation of the responses and the attributes will be tiquired.
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Evidential Attributes

Failure Load stress Terhp Mat

Mode Static Dyn Impact Tens Comp Shear b)w Med High Brittle Duct

Brittle Fracture .2a .20 .52 .82 .11 .07 .60 .32 .08 .84 .15

Buckling “ .73 .03 .24 ,005 .98 .015 .22 .56 .22 37 .63

Corrosion Fatigue ,005 .99 .005 .87 .m .10 .12 .68 .20 .23 .77

Creep .94 .03 .03 .55 .14 .31 .05 .35 .60 .20 .80

Ductile Fracture .63 .22 .15 .57 .06 .37 .13 .53 .34 .14 .86

Gross Yielding .77 .07 ,16 .50 ,18 .32 ,13 .53 .34 .02 .98 ,

High Cycle Fatigue .005 .99 .005 .80 .10 .10 .20 .63 .17 ,27 .73

Hydrogen .80 .10 .10 .92 .03 .05 .10 .78 .12 .05 .95

Embrittlement

Low Cycle Fatigue .005 .99 .005 .77 .10 .13 .10 .50 .40 .12 .88

S(ress Corrosion .80 .10 .10 .92 .03 .05 .10 .72 .18 .07 .93

Table 4.1. FALCON Based .Method for Fatigue Mode Evaluation

[Morri~~andWright, 1988]
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Falhe Mode FsrUure Cause

Attrhrte AUrlbuteSub. Faiigue Corrosion Briuk Wile Buckle Slrcss Ihign Quality Overload Envir

Catagory Category fatigue fmcwm fracture failure corms pmb Ccmtml faclom

Macmscouic
fraclsrrt chcvrcmmarks

w~= flat

dwm lirn

FracfNrsr Csackh true

Appeasmce branched falls

Attributes Crocksued
unstable

Point of crack “ fi~ld

initiation rmtner

oliser

steeltvuc
Mmterlal

Attrlbutaa Corswiar
Was!age moderale

severs

Slressrate

Loadingmode
hmdl~

Attributes

Dominanl

Slrmst~ comprcwion

shear

Tankhcatinz
no

TankWPC cnreo

dirtv

Tti TankCOW
Attrfbutaa no

Tti IGS

no

Tankanodes ves

Table 4.2. l%LCON Based Ship Structural Failure and Cause Attributes
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CHAPTER 5. RMS REPAIR ALTERNA~VES
SELECTION

5.1. Introduction

A ship structure may be viewed as several levels of structural categories, from

global to detail structure. For each level, a different approach to analysis is required.

The hierarchy of structure maybe viewed as:

global structure (entire ship) -- mikle up of many tank structures;

tank structure (cargo tank, ballast tank) -- made up of several substructures;

substructure (stiffened panels, ete.) -- made up of many CSDS;

critical structural details (side shell CSD, deek CSD, etc.) -- made up of

several components; and

CSD component (steel plate, bracke~ stiffener, wel~ etc.).

To organize and manage this structural information in a database format, a frame-based

or object oriented representation is proposed for the Repair Management System (RMS).

A frame-based representation takes advantage of inheritance to represent data as

discussed in Appendix A. The frame network proposed for the RMS is provided in

Figure 5.1.

To demonstrate the process of selecting repair alternatives, concentration will be

placed on crude canier side shell structure and the fatigue mode of failure. In the

following sections, the basics of crude ctier side shell structure are explored followed

by side shell repair alternative selection.



this structure is of great concern since it may propagate to the side shell and result in

cargo leakage. This structure is also subjected to high alternating loads due to the effect

of wave pressures.

Crude cmier side shell structure consists of six basic components: side shell

plate, transverse plate and cutou~ longitudinal side shell plate stiffener, flatbar m.nsverse

plate stiffener, lugs and brackets. In order to computeri~ the possible configurations of

these components, a method to catalog the available configurations must be’developed.

Table 5.1 summarizes the possible variations in the components of side shell structure

along with a coded representation of each component. Side shell plate is not included

since there is only one configuration of this component. As new designs are developed,

Table 5.1 must be updated.

To automate the selection of valid redesign alternatives, components should be

subdivided further into fixed and interchangeable components. Fixed component are

those components that cannot be easily changed during repair because they are an

integral par&of a higher level structure. Fixed components include the side shell plate,

the longitudinal stiffener, and the transverse cutout since they are part of the side shell

stiffened panel structure. Interchangeable components are those that can be easily ripped

out and replaced with alternate designs. Interchangeable components include the flatbar

transverse plate stiffener, lugs and brackets.

5.3. Side Shell Structure Repairs

The repair alternatives can also be categorize-din a similar manner. A catalog of

possible repair alternatives is listed in Table 5.2. The redesign repair option is the most

complex and involves any change in an interchangeable component.

To illustrate how Tables 5.1 and 5.2 m used, consider

configuration which may be described in terms of Table 5.1 as

B=N):

the following side shell

(L=L, C=l, G=N, F=N,
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If there is a high probability that thecrack discovered in aside shel.l cutout is due to

fatigue (based on failure diagnosis), then the repair options from Table 5.2 are VW, 1P,

or R. Redesign options, would consist of changes to interchangeable components. A ~

of these options are the following

● Redesign 1:

● Redesign 2:

B=H)

Add lug component (L=L, C=l, G=S, F=N, B=N)

Add lug component + hard toe bracket (L=L, C=l, G=S, F=N,

The combination of 2 redesign options and 2 crack repair options gives a total of six

repair options. These options are summarized in Figure 5.3. It is clear that the number

of options for all possible redesigns is very high. For the RMS, it ‘is proposed that a

shorter list of valid design alternatives be chosen by the user for evaluation.

As shown, repair alternatives that should be considered area function of the mode

of failure and the configuration of the detail. In general, any repair option for a given

mode of failure is viable no matter what the cause of failure; however, the analytical

evaluation of

The spectilc

process:

the alternatives is highly dependent on both the mode and cause of failure.

cause of failure will have the following impact on the repair decision

● Design problem -No impact.

● Insufficient quality aDetennine if initial design adequate under proper quality

control control. Jnclude material and assembly imperfections in

analysis. If adequate, refurbish. If not adequate, redesign

detail.



!
. Overloading

. Environmental

factors

-Determine if load can be reduced

operational changes. If so, original design

redesign detail.

or avoided by

adequate. If not,

-Determine if environmental factors can be reduced or

eliminated through proper coating, anodes, etc. If SO,

originaldesign adequate. If no~ redesign detail.

The following chapter addresses the analytical aspects of the fatigue mode of

failure. The speciilc impact of the causes of failure and their integration into the RMS

are resemed for future work.

44

b P ‘,”“
“,



Component
Longitudinal

m)

cutout (c)

Lug(G)

Flat Bar (F)

Bracket(B)

Description Comment.dGraphic
T T I
L Angle
B Bulb
1

2
“R

.....

k!:]
,,::.:...;::

I J

4

N None
s Sinde
D Double
N None
H HardToe ~
s SoftToe

F, A Fommrd,Aft Location of flat bar

N None
H HardTIX
s SoftToe

F, A Forward.Aft Locationof bracket

Table 5.1. Component Dwignations for Side Shell Structure

45

h? $._,”



.8r=pa M — ---- . ..w -

CrackingRepair NR Norepair
(CR) TR

Temporary Repair

. VW=v and weld

. DP=add double plate

● DH=drill hole at crack tip
PR

Permanent Repair

. VW=v and weld

. IP=insert new plate

. R=redesign detail
GeneralCorrosion NR NoIl!pti

Repair SP Spotblastandpatchcoat
(GcR) RR Reblastandrecoat

P Addinsertplateandcoat
CP Modifycathodicprotection

Pitting Corrosion m NotWlair
Repair
m) Sw Spotblastweldfill

P Addinsertplateandcoat
CP Modifycathmiicprotection

Table 5.2. Repair Alternative@for Side Shell Structure
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Figure 5.1. RMS Frame Network for Ship Structure
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CHAPTER 6. RMS REPAIR FATIGUE LIFE ESTIMATION

6.1. Introduction

The key to any repair analysis is the ability to rank repair alternatives according

to some index. For the Repair Management System (RMS) the expected life of a repair

is used as the index. This index is most useful since time is a critical component in the

decision process.

The method of repair life estimations will vary with the mode and cause of

failure. For each mode, a different analytical procedure is requirecL Because ships are

plagued primarily by fatigue problems, only the fatigue failure mode is explored in this

study.

For quick comparison of repair alternatives as required by the RMS philosophy, it

is necessary to adopt an approach that does not rely on lengthy, cumbersome finite-

element analysis. The proposed method to be used for the RMS is an approximate

method which incorporates existing knowledge of material SN curve characteristics

(cyclic stress range versus number of cycles to failure cumes) and stress concentration

factors for CSDS as discussed below. Other approaches could be adopted for the RMS

fatigue evaluation, such as the linear elastic fracture mechanics (LEFM) approach

adopted by Roddis for CWCK [Roddis,1992].

6.2. SN Curve Considemtions for Fatigue Failure

The following discussion is based collectively on the material from the following

references: @NV,1984], ~e&1990], [ACEA], ~irsching,1984,1987].

SN cmwes for ship structural details have been developed for use in the fatigue

evaluation of components. Using the United Kingdom Department of Energy approach,

different locations within a detail are assigned a letter designation (B, C, D, E, F, F2, G,

W) that represents the fatigue characteristics of that location. SN class designations
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closer to “A” in the alphabet (i.e., B) represent

designations for side shell CSDS have be developed by

[Chen,1992].

more durable locations. Class

the American Bureau of Shipping

Table 6.1 summarizes the design SN cues assmiated with these designations.

These curves, which represent the mean data minus two standard deviations (for design

purposes) of log N, may be described by

logN~ -log A-210g6d-m log S=log A’-mlog S (6.1)

Nf = Predicted number of cycles to failure under stress range S

A = Life intercept

log ad = Standard deviation of log N

m = Inverse slope of SN cume

There is a size effect associated with these curves. To account for this, Equation

1 maybe modified to the following for all types of welded structure except for butt welds

dressed flush and low local bending across the plate thickness:

log N = log A’ -
()

f log ; - mlog$ (6.2)

The variable t is the thiclmess in millimeters through which a crack will grow (e.g., plate

thickness).

There are wo distinct regions in the figure above Table 6.1. For cycles N>107

there is a change in slope to model the effect of corrosion. There is some controversy

over the actual effect of sea water and cathodic protection on these curves; however, the

RMS will allow the SN cum

unprotected steel in sea water,

2.0.

data to be modiiled to the form desired by the user. For

a fatigue strength is assumed to be reduced by a factor of
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Unlike typical SN tunes for polished steel in air, there is no endurance limit due

to the presence of welds and a corrosive environment. For typical ship operations, a 20

year life would correspond to approximately 0.5x108 cycles, or 2.5x106 cycles per year.

This can be checked by approximating the average number of cycles per year by:

“’=”70(-)(-)(%9(%3(%3
= 2.5x1O’ cycles / yr

(6.3)

This calculation assumes 70 percent ship operation and an average wave encounter

period of 9 seconds (actual values for a particular ship will vary).

6.3 Weibull Loading Model for Marine Environment

To evaluate a component for fatigue, the alternating stress level must be

determined. The effect of mean stress can generally be ignored due to its small influence

on the fatigue strength of steels ~SSC,1988,199 1]. Several models can be used to

represent the long term stress range, including wave exceedance diagrams, spectral

methods, the Weibull model and the Nolte-Hansford model. A Weibull model to

represent the long term distribution of cyclic stress ranges will be used for the RMS due

to its relative simplicity. Using the Weibull model, the alternating stress in ship rmucture

is represented by: .

[())
e

F(S) = Pr(s>S)=exp-~ (6.4)

F(S) = Probability that stress range S is exceeded

E = Weibull shape parameter

8 = Weibull scale parameter

The scale parameter 5 maybe related to the stress range and the return period No by:
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(6.5)

S0 is the alternating stress that is exceeded on an average of once cwe~ No cycles

(design life or actual life in cycles). So now we have a one parameter distribution

represented by:

F(S) = R(S > s) = exp(-[~}~No) (6.6)

Defining N as the number of stress variations of NOthat exceed S this equation maybe

expressed as:

(6.7)

This distribution is plotted in the figure above Table 6.2. The Weibull shape parameter E

will vary with the environment (trading route, sea conditions) and the response of the

ship structure to the environment. Specifically, ~ will vary with ship length, ship type,

location within the ship and the trading route under operation. For crude camiers and

cargo ships E is typically between 0.7 and 1.3 ~unse,1981]. General guidelines maybe

developed based on experience and analysis, such as provided in Table 6.2 for a typical

crude camier. The Weibull parameter may be obtained more accurately by direct

instrumentation or detailed wave and structural analysis.

6.4 Cumulative Fatigue Damage Model

Allowable stress ranges for failure in a number of cycles may be calculated using

the Weibu.11distribution and the Miner-Palmgren rule of cumulative fatigue damage. To

evaluate the damage to a detail due the Weibul.1loading shown above Table 6.2, Miner’s
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rule of cumulative damage is assumed. The number of cycles to failure Nf under a single

alternating load S is given by Equation 6.1 and the accumulation of damage D due to the

full range of alternating stresses is approximated by:

D=
“ N(S, ) = T#mJ2

xi-l N~(Si) A
(6.8)

N(SJ =

Nf(Si) =

Tf =

B=

n=

A=

Number of cycles alternating StreSSSi appli~

Number of cycles to failure at slress Si

Time to failure

Uncertain~ factor in estimation of fatigue stress

Stress parameter. mean

Life intercept mean

When the damage is greater than or equal to one failure is usually assumed to occur.

Laboratory tests have shown wide variation in the actual cumulative damage at failure.

Defining the damage at failure as Af, Equation 6.8 can be rewritten as:

A~A
T~=— (6.9)

B“ S2

For the Weibull stress range model and a single slope SN curve, the stress parameter LI

is given by:

()
Q = f. s: [h N~](m”) r : + 1 (6.10)

The average frequency f. of the Smss cycles was c~culated in Equation 6“3” For

multiple slope SN cumes, a bias factor to Equation 6.8 has been developed for two slopes

wi.rsching,1987]. Using these closed-form solutions allowable stress ranges may be

tabulated using the parameters of the SN cumes, as illustrated in Figure 6.1 for a 20 year

fatigue life. Similar cumes may be developed for any desired life. A numeric~
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approach that will work for any SN curve could also be adopted In addition, the mean

SN, data should be used to remove the bias in the design curves when making

comparisons.

To examine how this information can be used to evaluate repairs, consider a’crack

discovered in 10 years that developed due to high cycle fatigue. Assuming a Weibull

parameter and curve designation, the stms range required to produce the failure may be

determined. Due to the many assumptions involv~ this stress range is only useful when

used on a comparative basis. For example, if a crack originating at a cutout corner (C

class, m=3.5, log

parameter 0.9) is

A=14.03, single slope approximation) in

discovered in 10 years (Tf=10 years,

the side shell (Weibull

fo=2.5x106 cycles/year,

No=foTf=2.5x107 cycles), then the calculated peak Weibull stress range to cause failure

(Af=l) based on the mean SN data and no uncertainty (13=1)is:

II
1/-

S = (ln (fOT,))”s ‘f A
= 777 N/mrn2o B

()
foTfr~+l

“(6.11)

If this crack is then ground out and welded up, the SN ctuwe degrades to F class (m=3.0,

log A=l 2.24), the stress range and Weibull parameter remain the same, and the new

mean life to failure Tf (Af=l) may be estimated by solving the following by iteration for

Tf :

(6.12)

Mean values are computed to remove bias from the comparative analysis and to support

decision analysis as discussed in Chapter 4.
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6.5. Stress Concentration Factor Considerations for Fatigue Failure

Fatigue is dependent on the local stress in a CSD. The local crack opening stress

may be estimated either by detailed ftite element analysis or through the intelligent use

of stress concentration factors. Stress concentration factors have been developed for

various structural details based on both testing and finite-element analysis results. A

stress concentration factor is defined mathematically by:

(6.13)

0 = Concentrated stress level

an = Nominal stress level

For a ship structural side shell detail, the nominal loadings maybe broken up into

longitudinal stress due to hull bending (vertical and athwart ship), shear (vertical), and

net external pressure. For a complete description of the stress concentration factors from

a finite element analysis model, each of these load cases should be applied independently

to the part. The results from each of these analyses can then be used to complete a table

of stress concentrations that is a function of the detail conjuration, the location within

the detail, and the applied stress direction. An example of these factors is shown in Table

6.3.

These stress concentrations should be expressed in terms of the tensile stress

normal to the expected direction of cracking since typically we deal with Mode I

cracking (resulting from tensile stress). A negative stress concentration could be used to

represent a reversal between applied nominal stress and the stress at the crack location.

Careful consideration of the restraints on the model is also required for all loading cases.

When new details are analyzed by ftite element methods or by testing, results can be

stored in this tabular format for immediate use in the evaluation of repairs. Stress
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concentration factors for side shell CSDS have been developed by several authorities

using various loading conventions [ACEA] ~K,1991].

Depending on the location of the detail within the ship, the effect of these stress

concentrations will vaxy. For example, around the waterline location of the ship, the

stress due to vertical bending is minimal (close to the neutral axis) and the stress due to

extemaJ pressure is ve~ high (wave loading). Therefore, to compare the stress levels at

various locations within several repair alternatives, we must develop a table of the

relative magnitudes of the loadings as a function of the location within the ship.

To avoid the tedious process of wave spectrum and global structural analysis to

identify the local loads, a best estimate based on expert opinions is used to evaluate

repairs. Table 6.4 summarizes these expert load ratios for the RMS based on “typical”

moment and shear diagrams as illustrated above Table 6.4. The maximum value of one

for a given load case represents the ship location of maximum load contribution. A more

detailed loading library for future use might account for a freer definition of the location

in the ship, the size of the ship, trading route, the beam approximation of

other factors to get a more accurate estimate of the loading variation.

As the actual performances of repaks are evaluated and additional

the ship and

analyses are

completed, the stress concentration factors and the expert load ratios could be continually

updated, resulting in more accurate repair life estimations.

6.6. RMS Calculation Approach to Changes Due to Repair

When a repair is made, a combination of three things can occur

1. a change in the SN tune designation of a location due to modifications such

as welding

2. a change in the stress concentration factor

location due to change in geometry and/or

(thus alternating stress level) of a
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3. a change in component thiclmess (thus alternating stress level) due to the

addition of a thicker insert plate or doubler.

To compare repair alternatives, these three changes must be accounted for. First, No is

assumed to be life at inspection. For example, if a crack is discovered at a ship life of 10

years then:

NO =lofo=lo (2.5 x 106 cycles
years

)
= .25 x 10s cycles

1 yex
(6.14)

Alternative approaches to determine the mean life of a structural failure are discussed in

Chapter 7. Second, a best estimate of Sold to cause failure based on the SN cume

designation, the Weibull shape parameter and the cumulative darnage approach is

calculated by the following:

11
urn

so =

(ln No)’” A~A

B

()
foTfr~+l

(6.15)

Third, this estimate is modMed by the following equation to correct for changes in stms

concentration factors and component thicknesses in the repaired detail:

(6.16)

K = Stress concentration factor of the repaired and original detail

t = Thickness of the repaired and original detail

n = Factor which is dependent on the dominant stress direction

Since typically we deal with Mode I cracking (resulting from tensile stress), n will equal

1 in most cases. Fourth, a fatigue life that corresponds to the So’ stress range and the
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new SN muweparameters is calculated using this new stress level by solving the

following for Tf by iteration:

(6.17)

This life estimation process is represented by Figure 6.2 for a repair situation where the

SN cume is degraded from a C to an F cu.we by repair and additional stress

concentrations are added (a poor repair, indeed).

The example situation in Figure 5.3 will be analyzed to illustrate how this

evaluation process might proceed. A crack in the cutout radius is assumed to be

discovered at a ship life of 10 years (Tf). The “No Repair” option requires more detailed

crack growth rate and critical crack length analysis and is not discussed below. As a

temporary repair, the stress concentration factor of approximately 9 for the sharp crack

can be reduced to approximately 3 simply by drilling a hole at the crack tip ~SSC, 1992].

B
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The geometry of this detail has not been modikl and the loadings are

unaffected. As a result, the stress at the crack location will remain relatively unchanged

except for the addition of the weld. The material degradation due to welding is

accounted for by the modification of the SN curve from C to F class.

This is not a good repair solution unless the crack originates from a weld or if it is

an isolated case. If the crack originates from a welded location, there will be no penalty
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in the SN tune for this repair option. If many similar cracks in the same loading zone

exist then a condition of over-stress or underdesign probably exists and redesign is the

most prudent repair.

The effect of post weld improvements on butt welded plates may be taken into

account during analysis using existing statistical data such as in Figure 6.3 [AImar-

Naess,1985]. The life extension effect can be significant, but the cost can be prohibitive.

B
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The geometry of this detail has not been modiiled, but the insert plate thickness

may be different from the original plate and the new weld locations should be evaluated

based on their impact on the detail. At the original crack location, the life of the repair is

assumed to be equal to Nold unless the plate thickness t is moti~ed. h this case, the

new stress range is estimated by Equation 6.16 using stress concentration factors of 1.0.

At the weld locations, a combination of a stress concentration factor increase due

to the change in plate thiclmess and a change in the SN tune due to the addition of the

weld occurs. The stress concentration factor, which is important only for plates that are

significantly smaller or larger than the original plate, may be approximated by the stress

concentration results for a flat plate with fdlets as reported by Peterson or other sources

[Peterson,1953). The new stress range and life at these locations can be estimated by

Equations 6.16 and 6.17, respectively.
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level plus a change in SN cume designation at the crack location. The change in stress

level is ,detennined by the load ratio in Table 6.4 and the stress concentration factors for

the original and modified details at the crack location, Table 6.3. The overall stress

concentration factor for both the original and modified detail is determined as:

i-l

i =

j. =

n =

‘ij =

‘j =

Location number on

Load case number

(6.20)

the detail

Total number of load cases

Stress concentration factor for load case i at detail location j

Load ratio for load case j at the ship location under study.

A linear combination is valid only if stress concentration factors are defined normal to

the crack direction and not in terms of combined stresses. The SN cume has been

degraded at the lug weld location and at the location of the crack. Each of these

locations should be evaluated separately by Equations 6.16 and 6.17.
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13uau
In this case

level plus a change

the SN curve at the

the geometry has been modified so that we have a change in stress

in SN cum designation at the weld locations. There is no change in

original crack location, but possibly a change in plate thiclmess of the

inserted plate. Evaluation continues as for Repair 3.

FQ12au

In this case the geometry has been modified beyond repair 4 with the addition of

brackets. Evaluation continues as for Repair 4.

6.7 Summary

A simplifmi approach to the estimation of the fatigue life of repair alternatives

has been outlined and demonstrated for a typical crude oil carrier side shell CSD.

Depending on the data available, some required information might be missing to estimate

the repair life. The RMS should report this missing data and allow for easy addition of

any new results to the lmowledge-base and database.
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(Mllll#) lm
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1 1 1 r lN-
1 I I 1 1 1I

I I I 1

,.-.

I [r Ml / /1 1~

I I

I IG “ 1 IT

Au

105 106 ‘710

Endurance (cycles)

108

Paratuetem
NS107

Curve A (MPa) A/A’ m COVofA*
class

B 2.34E15 2.29 4.0 0.44

c 1.08E14 2.54 3.5 0.50
D 3.99E12 2.63 3.0 0,51
E 3.29E12 3,14 3.0 0.63
F 1.73E12 2.74 3.0 0.54

F2 1.23 E12 2.88 3.0 0.56
G 5A56E11 2.30 3.0 0.43
w 3.68E1l 2.32 3.0 0.44

Table 6.1. Mean SN Curve Constants in Air or Adequately Protected in Seawater

(SN cume plotted above)

[DNV,1984] ,~irsching,1987]*
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Normalized
Stress Range

-E
eta=O.6
eta=O.8
eta=l.0
eta=l2
eta=l,4

J

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

n

“ 1 10 15 103 104 10’ 10’ 10’ 10”

Number of Exceedances

I StructureLocation Weibull ShapeParameter E I
DeckStructure Lo

Bottom Structure 0.9
SideshellStructure 0.9
TrammerseStructure 0.8

Table 6.2. Typiml Weibull Shape Parameters for Crude Carrier Structure

(long term distribution of alternating stress shown above)
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Load case
1 2 3 4

Location vertical Athwart , Pressure Shear
Bending BendinR

1 K11 K17 K1q KIA
2 K?1 K?q K23
3

K~A
Kq1 Kq7 Kqq KqA

Table 6.3. Str=s Concentration Factors K, Side Shell Detail A

(loading convention shown above)
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Value

Ship Location

Load Case
1 2 3 4

FordAft Vertical Vertical Athwartship Pressure Shear
Location Location
Fonwi.rd Top 1/3 .5 .5 1 0
1/3 Mid 1/3 o .5 1 1

LowerIn .5 .5 1 0
Amidships Top1/3 1 1 0 0

Mid1/3 ‘ o 1 1 .5
LOwer1/3 1 1 .7 .0

Aft Top 1/3 .5 .5 0 1

1/3 Mid1/3 o .5 1 0
Lower1/3 .5 .5 .7 1

Table 6.4. RMS Expert Load Ratios for Side Shell Structure Due to Ship Lacation

(typical hogging load distribution shown above)
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Weibull Shape
Parameter

1.6

1.4

1.2

1

0.8

0.6

0.4
0 2~ 4~ 6MI 8~ 1(NM lm 14m Im IWXI 2m 2m

Stress Range (N/mm2 )

Figure 6.1. Allowable Str~s Range for Design, 20 Year Life, U. K. DEn SN Curves

[Chen,1992]
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Figure 62. Repair Life Evaluation Process
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CHAPTER 7. RMS DECISION ANALYSIS

7.1. Introduction

Up to now, the most critical aspect of the

repair evaluation has not been discussed--cost. To

Repair Management System (RMS)

be effective, a decision analysis that

deals with the uncertainties of the problem and the cost criteria of the owner and operator

of the ship is required to help evaluate the optimum repair option. In terms of COSbthe

optimum repair option is defined as the one that results in the minimum total costs (initial

plus future) over the life of the ship, Figure 7.1.

Repair decision trees for crack repair

reference in Figures 7.2 and 7.3, respectively.

method that has been applied successfully to

and corrosion repair

Decision analysis is

are provided for

a well developed

many engineering problems including

marine applications such as platform design @3e~1984] and shipping financial decisions

pevanney,197 1]. Raiffa is a classic reference for background information on decision

analysis [Raiffa,1970].

7.2. Uncertainty in Fatigue Evaluation

There are many sources”of uncertainty in the fatigue evaluation procedure. In

reference to the four step repair life estimation process in Chapter 6, these uncert&ties

include:

. material’parameters, including

1. SN cume parameters;

. stress analysis process, including

1.

2.

3.

Miner rule assumption,

load ratios, and

Weibull load modet

● detail conilguration data (original and repair configuration), including

.,
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1.

2.

3.

Weibul.1parameter,

stress concentration factors, and

SN clam designation; and

. mean time to failure of original detail.

Uncertainty in the fatigue analysis involves the fmt three sections above--

material parameters, stress analysis process, and detail configuration data--and is

discussed below.

7.3. Uncertainty in Fatigue Analysis

Significant work has been done to address the uncertainties associated with

fatigue in the marine environmen~ The work done by Wirsching is the primary source

for the following discussion ~irsching,1984,1987] .

A Iognorrnal variation in the fatigue variables is assumed due to the resulting

closed form and exact expression for the probabili~ of failure and the good fit to fatigue

data. As a resul~ the variables conform to the following lognormal probability density

function f~) and cumulative lognonnal density function F(y):

{}
F(y) =@ %

The function @(z) is the standard normal cumulative distribution

function is available in tabular form or calculated using the error

equation:

‘(z)=i’+ew]
70
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,

(7.2)

function. This

function by the

(7.3)



Using mathematics of variations and Equation 6.9 to define the mean time to

failure, the probability of fatigue cracking failure (failure is defined by the mean SN

data) of a repak at semice life Ts for a detail with a mean life TfiOis calculated by:

P~=Pr[T~s T~]=l-@
[h%:”))

= l-@(Pf) = @(-Pf ) (7.4)

&is the fatigue safety index of the CSD. The standaml deviation (the estimate of the

variability of the data) of the natural log of the time to failure is given by:

olnTf= J kh 1 + Cov: )(1 + Cov: )(1 + Cov; )m’} (7.5)

The coefficient of variation COV (relative dispersion of the results, ratio of standard

deviation to the mean) is calculated by:

COVi = ~exp(~~ ) -1 (7.6)

The subscript B in Equation 7.5 refers to the variation in the stress analysis process,

including variations in component fabrication (M), sea state (S), wave loads (F), member

loads (N), and stress concentration factor predictions (H). The variation and the bias due

to B are computed by:

Table 7.1 provides typical

.

and B~ . ~B i i= M, S, F,N, H (7.7)
i

values for these uncertainties ~irsching,1987]

[Bea,1990]. Using these “typical” uncertainties, the probability of failure of vtious

repair options tight be calculated to as shown in Figure 7.4. The lower the probability

of failure, the higher the durability. Repair option D in Figure 7.4 (the least durable)
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1
might represent vee and welding of a crack. The choice of the “best” repair option from

this list ~quires a structured approach to decision making under uncertainty.

7.4. Accurate hsessment of Mean Time to Failure

The repair life estimation process is a multi-step procedure that initially assumes

the mean life of a location on a detail to be the life at the discovery of the failure. This

information is then used to estimate the required mean extreme stress range to cause

failure. ,This estimate of extreme stress is then used to estimate the lives of various repair

options. This simplification is required because the loading history in ship structure is

very difficult to evaluate quickly and accurately. Unfortunately, there is a high

probability that the failure did not occur at the mean life of the detail.

Role of Instrumentation

There are several ways to get a better estimation of mean life. One approach is to

use instrumentation to tiectly determine the stress history of the ship over the life of the

detail. Once the loading history is known, the expected mean life may be calculated

directly by Equation 6.9. Several types of instrumentation are currently being explored

in the shipping indusby. These types include strain gauges, accelerometers, wave height

sensors, and weather data.

capacity and time intensive

fatigue life of the structure.

The output from these gauges require significant storage

post processing to determine the impact of loadings on ke

An alternate gauge that directly measures the fatigue darnage the fatigue gauge.

Fatigue gauges are small pieces of material (same as material to be tested) with known

flaws and fatigue characteristics. Gauges can be welded or epoxied to any surface

(parent) and will undergo the same loading history as the parent. The geometry of the

gauge can be modifmd so that fracture occurs at a predetermined percentage of the life

of the parent material. The use of several of these gauges in various ship locations could

provide a quick, accurate indication of actual accumulated damage in the structural
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details without any fatigue analysis. This information would provide a solid basis for

repair analysis. It would also provide the ship owner with a quick tool to evaluate the

overall level of fatigue damage in the structure.

Additional work on

for future resewch.

Role of Historical Data

the important role of instrumentation in the RMS is resemd

An alternate and cumently more attractive approach to estimate the mean time to

fadure is a combination of initial design analysis, expert opinion, and statistical analysis

of the performance of details from a historical database.

As a starting poin~ an initial estimation of the mean time to failure TfiOcan be

made by a combination of initial design analysis [as required by the ship classification

societies) and expert opinions. For a rough estimation, assume the ship is designed

pefiecdy to tie design life Tde~i~n(usually 20 years) using the ‘design SN cmes.

Correcting for the two standard deviation safety factor in the design curves, mean life can

be estimated by ftist estimating the safety factor on life:

N = AS”

}
s FSH~=*=2 ~ 2.5 (see Table 6.1)

N’= A~!Jm

(7.8)
. T~~O_. . = TMW(FSW6)s (20 years) (2.5) = 50 years

Once the ship is in service, performance data on all critical details can be coIlected to

continually update the mean times to failure. After sufficient data is collected, the fmt

approximation may be replaced.

To illustrate how database information is used, suppose there is a total of 100 of

the same side shell CSDS located in ship locations exposed to similar loading patterns.

For example, the component confqgu.ration (L=L, C=l, G=N, F=N, B=N) located in the
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same load zone, (amidships near the waterline). From the database, a summary of the

failure history of a detail can be developed, Table 7.2.

The mean time to failure originally estimated by analysis and expert opinion TfeW

can now be updated by using the historical probability of failure to recalculate the mean

time to failure using Equation 7.4. This updating process is shown graphically in the

figure above Table 7.2. This new historically based mean time to failure should only be

used after sufficient data is collected. In Table 7.2, sufficient data was assumed after 7 or

8 years when the change in the calculated mean time to failure is small. An alternate

‘approach--curve fitting all the data--is reserved for future research.

Care must be taken when historical performance is used to establish the mean life.

For the same location on the same detail at “similar” ship locations (same zone in Table

6.4, exposed to approximately the same alternating

information on pefionnance may be used directly. To

stress component Cl), database

take advantage of additional data

for details at “dissimilar” ship locations, a function to determine the expected life under a

new loading environment can be developed based on Equation 6.9 and the expert load

ratios in Table 6.4. From Equation 6.9 Tf is proportional to 1/S2so that:

(7.9)

Since m1=m2 for the same location on a detail and assuming &lS2 Equation 7.9 may be

Simplifk.d to:



(7.10)

Thus, if the time to failure is calculated at location 2, an estimate of the time to failure at

location 1 can be made by iteration of Equation 7.10 and added to the estimation of Tf50+

7*5.

failure

Repair Costs

Repair costs can be broken down into initial and future costs. Once a structural

is discovered, initial costs include the costs of repair analysis, repair labor and

materials, and opportunity costs due to loss of semiceability. Future costs am incurred if

the detail fails again (once or multiple times) due to inadequate repair and includes the

costs of repair analysis, repair labor and materials, and opportunity costs due to loss of

serviceability.

A good estimate of initial costs due to structural repairs can be made using either

repair man-hours or repair

option can be computed by:

material weight estimates. As a result, costs for a repair

()$
Ci s (~p& h~~) _

()
s (repair weight) ~

manhour pound

Cf E c, [PVF) (7.11)
a present vaiue of costss Ci (1+ PVF)

PVF is a the present value factor to convert the future costs of failure to present value.

The PVF is dependent on the effect of the inflation rate on future repair costs and effect

of the rate of return on the present value of the future repair cos~ For a repair at time tin

the future, the present value of the repair is approximated by:

75

99 (,”“.-,“’”



C~ = Ci (F/ P,i%, n)(P/F, r%, n)

- PVF = (F/ P,i%, n)(P/F,r%, n) (7.12)

Equation 7.12 assumes that the only costs associated with failure are repair costs

(repairs made during standard overhaul periods so that no opportunity costs involved).

In addition, failure costs associated with environmental pollution and loss of life, Figure

7.5, are not considered due to their low likelihood for the case of local fatigue damage.

In an expanded RMS system that deals with global failures, these costs could dominate

the decision process and should be included.

7.6. Expected Monetary Value

l%ere are two types of mo&ls that may be used to evaluate the expected

monetary value (EMV) of a repair alternative. These are discreet and continuous

replacement models. The optimum repair option is the one that mininiizes the EMV (i.e.,

minimizes costs).

Discreet Replacement Model

For a single failure of a

dollars is:

repair in n years the EMV of a repair option in present

EMV = Ci + Cf (n) = Ci [1+PVF~ (n)]

()

l+i “
PvFd = —

l+r

(7.13)

Inflation and rate of return are the effective rates per compounding period n. If multiple

~ptis wiu ~ mquired over the semice life Ts, the mean number of mptis m ~d

the mean time between repairs MTBR expected for a repair alternative is calculated by:
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()T,
MNR = integer — MTBR = T~~O

T
(7.14)

f50

The total PVF maybe estimated by the cash flow represented in Figure 7.6. The PVF of

this flow is calculated by:

PVF,, s ~P~,(n,) where n,= r(MT’BR) (7.15)

Alternately, the cost at the end of each year may approximated using the probability of

failure at the end of one year. Using this model, the total costs up to the semice life may

be calculated by:

PVF,, s ~P, (n = l)PVF,(n)
n=l

(7.16)

Continuous Replacement Model

A better estimate of EMV is determinedby integrating over the desired semice

life of the repairusing continuous compounding. For continuous compounding, the PVF

isdefined by: .

Inflation and rate of return are now be defied as the nominal rate over the total

compounding period n. The effective interest rate for each compounding periods and the

nominal rate over the total number of compounding periods k are related by the

expression:

“ ‘(l+inOrF1Lffdivc (7.18)



For a single repair with

by integrating over the possible

no replacement in the future, the PVF may be estimated

life of a repair by:

PVFC= J()f t e’i-r)ndt(7.19)
t-o

Since multiple repairs may be likely for a repair option, a better estimate of EMV is

obtained by setting a cutoff probability of failure at which replacement is assumed to

occur. Using the mean life as a basis (same as for the discreet approach), the total EMV

may be estimated by integrating the probability density function f(t) of failure times the

present value function PVF over the service life. This process is represented in Figure

7.7 and the following equation:

(7.20)

It is important to note that all the above methods will provide some mekure of

the future costs associated with repairs. All will result in higher future costs for less

durable repairs as required, but the magnitudes of these costs will vary. The use of the

continuous model is demonstrated in Chapter 8.

7.7. Utility Theory

To account for the decision maker’s attitude toward risk and non-monetary

outcomes, utility theory is a proven method and could be incorporated into decision

aqalysis in the RMS.

Risk Asswsrnent

Through a series of the

functions can be developed to

decision maker’s responses to

mathematically represent the

simpler questions, utility

decision maker’s attitude
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toward the risks associated with costs, loss of life, environmental impact and any other

possible consequence of a decision.

For @pical fatigue and other local repairs, the likelihood of environmental impact

and loss of life are very low. As a resul~ a single attribute risk utility function relating

repair costs to utility is sufficient for the RMS, Figure 7.8. The maximum utility in this

case is 1.0 for zero costs. The goal now is to maxirnk the utility of a decision. For the

risk neutral utility function, the repair option with the minimum EMV will be the same as

the one with the maximum utility.

Non*Monetary Outcomes

Another use of utility analysis is the evaluation of non-monetary consequences

snd the combination of costs associated with these “fuzzy” consequences. For the RMS

this would be required when the likelihood of environmental impact or loss of life in

Figure 7.5 were significant, such as in the evaluation of the condition of the overall ship

structure and the probability of global failure of the hull girder. An ex~ple of a multi-

attribute utility function that combines the utility of costs with environmental damage

was developed for offshore platforms. Defining Xl as monetary costs and X2 as barrels

of oil released to the environmen~ the combined utility based on an additive model may

be expressed as [Bea,1990]:

(-%)+0+%)u(x~,x~) = 0.4 1 (7.21)

This utility function represents a relative scaling of 0.4 and 0.6 for monetary costs and

bamels of oil released respectively (decision maker placed more importance on

environmental impacts). The additive utility of outcome (xl,x2,...,xn) is calculated by:
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u(xl, x2,..., xn) = ~kiu(xi)
id

(7.22)

The expected value E of the total utility of an alternative is found by summing over all

possible outcomes the probability of e~h outcome times the utility of the outcome by:

E(U) = ~p(xl,xz,...,x, ) U(xl,x,,...,xn) (7.23)

For a complete discussion of decision analysis with multiple objectives refer to Keeney

and Raiffa ~eeney&Raiffa,1976].



Symbol Cov
.

Type Uncertainty c ~& .;RV
estimated

Damage at Failure Af 0.19-0.67 0.19-0.61 0.69-1.15
(estimate Af=l.0)

SN Cwe Life Intercept A 0.43-0.67 0.41-0.61 ---

Fabrication M 0.10-0.30 0.10-0.29 0.90-1.30
Sea State s 0.40--0.60 0.39-0.55 0.60-1.20

Wave Loads F 0.10-0.30 0.10-0.29 0.60-1.10
Member Loads N 0.20-0.40 0.20 “ 0.39 0.80- i.10

Stress Concentration H 0.10-0.50 0.10-0.47 0.80-1.20
Factor

Stress Range Estimate B 0.49-1.15 0.89-1.32 0.21-2.27

CB=F

‘B ‘~Bi
i

Natural Log of Time to in Tf --- 1.46-2.89 ---
Failure (m=3)

‘hTf = /{
h (1+c~ )(1+c;)(1+c;)m2

1
.

‘%

Table 7.1. Ranges of Coefficients of Variation for Fatigue Life Calculation

~i.rsching,1987]
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1
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10 100

Exposwe Time (VS) T’
fsocst

Sample database analysis of historical failures of csd with the same component
configuration in same loading zone:

II
t nf Pf(t) Tf50 ‘f50estTime in Number of Cumulative Mean Time to Estimated

Service( New Failures Failures for Failure (1J Mean Time to
m) in Year 100 details Failure(z)

(%) (yrS)
1

(yrs)
o 0 .. 50(3)

2 0 0 . . 50(3)
3 2 2 182 50(3)
4 ‘2 4 132 50(3)
6 4 8 99 50(3)
7 3 11 81 8l(d)
8 “5 16 58 58
9 2 18 56 56
10 2 20 54 54

(1)Basedon ~~#.0, Equation 7.4 andPf (t)
(2)Averageof previousyearsestimates
(3)Initialestimatebasedon20yeardesignlifeuseddue to insufficient data
(4) New estimate used since change in calculated time to failure small

Table 7.2. Sample Historical Database Analysis of Detail Performance
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Figure 7.1. Repair Cost Tradeoff
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Figure 7.4. Calculated Weibull ;tr~s Distribution and Probability of Failure for
Various Repair Options
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Figure 7.S. Possible Consequences of Failure
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Figure 7.6. DiscreetRepair Cost Model
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Figure 7.7. Continuous Repair Cost Model
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4-4

CHAPTER

8.1. Introduction

8. INITIAL RMS COMPUTER CODE

An initial version of the Repair Wmagement System (RMS) has been

programmed in FORT’F&4Nto demonstrate the feasibility of the concepts discussed.

FORTRAN was selected for demonstration purposes and is not intended to

pmgr arn.ming code for a complete application. A summary of the program

assumptions is presented followed by a verification of the code.

8.2. Summary of FORTlL4N Program

be the

and its

A complete listing of the FORTMN source code is provided in Appendix B.

Included are both the source code and sample input and output fdes. For reference, a

flow chart representing the operation of the program is provided in Fi@re 8.1.

The program performs portions of the RMS modules discussed in Chapter 3.

However, due to the procedural nature of FORT’’IUW, much of the modular nature

desired for the Rh4S is lost. In addition, databases are replaced by flat input files that are

generated by the user to provide information on loadings, CSDS, and SN tunes.

The contents of the FORTR4N code are discussed below in term,s of each RMS

module.

Failure Diagnosis Module

No failure diagnosis is conducted. The program assumes the mode of failure is

fatigue and the cause of failure is not due to poor quality control at initial construction or

due to comosive effects.
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Repair Alternatives Selection Module

Since the mode of failure is fatigue, only the crack repair options discussed in

Chapter 5 are considered. These options include v= and WCWadd insert plate, and

redesign of the detaiI.

Detail conilgurations for any component group (e.g., side shell components) are

buiIt based on CSD.DAT. In the input fde, the user is allowed to specify each

component in a detail type (e.g., longitudinal, transverse cutout, lug, flatbar, bracket), the

available component types (e.g., T, L or B longitudinal) and the redesign status of each

component (e.g., fixed or interchangeable).

When redesigning the detail, the original crack location may be either welded or

replaced. The desired repair option is manually selected by the user. In the case of

redesign, the user selects from a list of valid detail conf@rations which are generated

based on the input fde CSD.DAT. The user is only iillowed to select configurations that

have the same f~ed components as the original detail as specified in the input file.

Repair AnalysisModule

Since the mode of failure is fatigue, only fatigue analysis based on Chapter 6 is

conductecL The necessary information to conduct the repair anai sis is provided either

by the input files or by interactive input by the user.

Ship loading information, including the Weibull parameter, average stress

frequency, and expert load zones and mtios are supplied by LOADING .DAT. Stress

concentration facmrs for each loading direction and each configuration location, and SN

class designations for each location are supplied by CSD.DAT. SN class parameters,

including the assumed degradation in the SN class due to welding, are supplied by

SNDATA.DAT. Interactive input includes the ship location, detail configuration and

failure location, the mean time to failure of the original detail and the desired repair
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option. There is no database analysis to estimate the mean time to failure of the detail

location as discussed in Chapter 7.

Repair analysis is conducted only at the location of failure. For proper repti

analysis in future revisions, the RMS should search for the critical location in each

redesign option since redesign redistributes the stresses and induces new weld defects.

Repair Decision Analysis Module

lle EMV of each repair option is calculated based on the continuous model in

Equation 7.20. The EMV is calculated over a wide time period to allow the user to

investigate the costs as a function of the time in semice. Initial repaircosts are estimated

based on relative costs provided in CSD.DAT. These costs include a cost to vee and

weld, cost to add an insert plate, and a cost associated with each interchangeable

component type. The ability to graph the probability of failure, the probability density

function, the EMV and present value function over time is provided. No utility analysis

is performed.

8.3. Verification and Case Study Example

To demonstrate and verify the code, the RMS is applied to a small side shell

structure case study. In order to apply the RMS to a realistic ship structure problem,

information on detail stress concentration factors and SN class designations are required.

Since time is not presently available to generate the detail information by finite element

analysis, existing literature is used to generate the required information.

The repak of the side shell structural detail shown in Figure 8.2 is explored.

Since the stress concentration factors were available for external pressure only, no other

loading directions are accounted for in the snalysis. This corresponds to a side shell

location near the waterline and amidships that is dominated by external wave pressure.
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In the analysis, it is assumed that the original detail is a single lug configuration

(cutout design and no additional lug) that fails at location 1 as shown in Figure 8.2. TWO

possible mean times to failure at this ship and detail location are analyzed: (1) a dumble

initial design with a mean life of 50 years; and (2) a non-durable initial design

mean life of 20 years. The corresponding eight repair options are:

1. vee and weld crack

2. add in$ert pkte;

3. add flatbar stiffener plus vee and weld;

4. add lug plus vee and wel~

5. add lug and flatbar plus vee and weld

6. add flatbar stiffener plus insert plate;

7. add lug plus insert plate; and

8. add lug and flatbar plus insert plate.

Relative repair costs, which are based on very rough

follows:

. $1000 to vee and wel@

“ $3000 to add insert pla~,

● $3000 to add lug and

“ $3000 to add flatbar.

approximations,

with a

areas
I

Any combination of changes due to redesign is estimated by the program as the sum of

theassociated costs.

The input ties for the two analyses and a sample of the output files are provided

in Appendix B. A summary of these results at a repair smwice life of 10 years and zero

inflation and interest rates is provided in Table 8.1. These results have been verified by

an equation solving program. Graphical representations of these results are generated

automatically by the program (probability of failure and EMV versus exposure time).
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Based on this analysis, the “best” repair option depends on the durability assumed

for the initial design. For the durable initial design, repair option 1 (vee and weld) is best

and for the non-durable initial design, repair option 2 (add insert plate) is best

To visualize these results, the probability of failure, PVF, initial costs, and EMV

are plotted as a function of the durability of the repair option for both analyses. Repair

durability is defined as the ratio of the mean time to failure of the repair to the desired

semice life of the repair.

As expected, the durability of the repair is directly related to the probability of

failure and the present value function, Figure 8.3. The higher the durability, the lower

the probability of failure and the lower the PVF.

If a repair decision is based solely on the initial costs, the decision is clear vee

and weld. If a repair decision is based on the EMV, initial costs become less important

for the low durability repair options due to the high value of the PVF, Figure 8.4. ~is is

an expected resulti non-durable initial designs require more durable repairs.

To draw any conclusions from this case study, additional work is required. This

work includes the development of stress concentration factors for the neglected loading

directions and code modifications to search for the critical fatigue locations on redesign

repair options. In addition, a review of the relative costs, expected interest rates, and the

expert load ratios is necessary. All these will have a significant impact on the decision.

With this information and a large database of available CSD conjurations, even this

simple version of the RMS could be a valuable tool for the assessment of repair options.
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(1) Dural

Repair Option l.Ci lM~R
($) (yrS)

1. Vee and weld crack 1000 5.2

2. Add insert plate 3000
I

50.0

3. Add flatbar stiffener I 4000 I 6.3

we and weld
6, Add flatbar stiffener 4000 62,7

plus insert plate
7. Add lug plus insert 4000 8.1

plate
8. Add lug and flatbar plus 7000 11,1

insert plate I I

: Initial Design,T~<O=50yrs
Pf PVF EMV Rank

($)
,61 1.22 2,216 1

,27 .54 4,632 2

.57 1,15 8,609 3

.83
I

6,32

.79 6.91 55,395 8
I 1 I

.24 .49 8,939 I 4

+--b+
.43 0.96 17,662 7

(2) Non-Durable Initial Design,Tr~O=20yrs
MTBR Pf PVF EMV Rank

(Y)s ($)
1.3 .81 7.72 8,721 2

E

10.0
I

.50 1.00 5,979 1

1.6 .79 6.38 29,535 4

0.27 .94 33.76- 139,048 7

0.36 .93 27,86 202,023 8

12.6 .47 .93 11,551 3

Table 8.1. Summaryof RMSVerifkatim Case Results,Zero Interest, 10 Year Exposure,Location 10nly
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Figure 8.1. Flow Chart for RMS Version 1.0
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Configuration A

Configuration C
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P

Configuration D

stress SN Class SN Class
Concentration(l) Designation After V&Weld

Configura tion 1 2 3 1 2. 3 1 2 3
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D. Double-sided lug w/ flatbar 2.8 2.5 _ 2.3 c c F_ F F F2

(1) Duetoexpendpressureloadingonly

I

Figure 8.2. Side Shell CSD Case Study Example

[approximated based on best available information]
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CHAPTER 9. CONCLUSIONS AND FUTURE

DIRECTIONS

9.1 Conclusions

A framework for the development of a Repair Management System (RMS) to aid

in ship structural failure diagnosis and repair evaluation has been developed. The RMS

is the fit known attempt to handle the complexities of ship structural repair analysis in a

framework that provides

thorough evaluations.

The RMS follows

both elements critical to good repair--quick decisions and

the natural steps of repair evaluation and includes failure

diagnosis, repair alternatives selection, repair alternative analysis, and decision analysis.

Research concentration has been placed on the most troublesome problem in crude oil

caniers today: the fatigue damage of side shell critical structural details. To avoid

difficult and time consuming finite element analyses, a simplified repair analysis

procedure has been developed to fit into the RMS framework. An initial version of the

RMS specifically designed for the repair of fatigue damage has been developed using a

simple progr am.ming environment (FORTIUN).

This research” illustrates that, despite the complexities of the ~epair decision

process, the RMS can assist in making quick, intelligent repair decisions for the repair of

crude oil carriers. The initial version of the RMS outlined in Chapter 8 can be developed

into a powerful tool to aid repair engineers in fatigue repair analysis. This development

effort must include:

. development of a user friendly, graphical interfac%

. development of a simple database system to easily manage the input dam,

. development and maintenance

both old and cument designs;

of a complete library of details that represent
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● structuring the ftite element analysis results in the RMS stress concentration

factor format for quick repair analysis;

● tuning of the load ratios or the development of a new system to determine

relative loads (including the possible use of instrumentation); and

● continued vefilcation of the RMS system.

The case study performed on the repair of a transverse cutout failure on side shell

structure using the initial version of the RMS clearly illustrates the usefulness of this

simple RMS version. The RMS can quickly perform a comparative analysis of repairs,

and with proper information on the loadings, critical structural details, and costs,

consistent repti decisions can be made quickly. In addition, the case study stmsed the

significance of understanding the durability of the existing structure in order to make

intelligent repair decisions. If the durability of the existing structure is not known to

some level of confidence, no repair analysis will be successful.

To implement the complete RMS concept envisioned in Chapter 3, significant

effort and a long term commitment are required. This effort would involve all phases of

repair analysis and require a more sophisticated programming environment, such as C or

an expert system shell. High priority in this effort should be placed on proper knowledge

representation. Knowledge representation is critical to a successful application, and a

thorough evaluation of rule syntax, organimtion, use of metarules, and conflict resolution

are required.

92. Future Directions

The repair of crude oil carriers was used as a basis to discuss the possible

application of computer technology to handle a di.fticult engineering problem. The scope

of the current work was highly constrained and limited due to the time available. As a

result, many enhancements to the current research are possible.
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One suggested enhancement is the expansion and improvement of the

programming methods and available database information. In the current RMS,

FOR’ITL4N is used to demonstrate feasibility, but it is not intended that FORTRAN be

used for a larger application. Alternate environments, including C and expert system

shells such as Nexpert Object should be explored thoroughly. The role of the database in

the cummt RMS is to (1) damrnine the mean life to failure of specific details within the

ship based on the historical database, (2) store information on structural components

(stress concentration factors) and loadings’ (s~ss ratios, Weibull shape factors) and (3)

store default repair options for specific damage situations. By integrating existing ship

condition databases and developing new and more accurate “expert” stress concentration

factors, stress ratios and shape parameters, the power of the RMS could be increased

quickly. Once the complete RMS system is implemented, expansion to ship components

other than side shell structure could proceed, including deck structure, bottom structure,

transverse structure, special structure (knuckle joints, etc.), and any other s~cture of

interest.

A second suggested enhancement is the expansion of the availablc analysis types.

Fatigue is not the only mode of failure in ships, but the most common. Other important

analyses include buckling, corrosion, global strength, and ship condition assessment. Of

these, the ship condition assessment is probably the most importan~ and more

appropriate to the RMS style of analysis. Ship condition assessment is directIy related to

the ship condition @abase and could prove invaluable to classification societies in their

efforts to keep up with fleets of aging ships.

M failure mode and cause amdysis is an obvious area for future work. A

majority of ship failures, especially in crude oil carriers, are clearly due to fatigue. As a

resulk detailed mode and cause analysis is not currently as important as evaluating

fatigue failures. However, as ship designs change new modes and causes of failure
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occur, and a tool to help evaluate these new modes and causes could prove to be

important.

Fourth, since inspection is such a monumental task on crude oil carriers, the RMS

could be expanded to guide inspectors to ship locations with the highest probability of

failure. This ability would be closely tied to a reliability analysis of the entire ship

structure and a tracking of the failure probabilities for all components. Continuous

updating of the failure probabilities using historical data or instrumentation is possible.

Updated failure probabilities could be used directly for repair analyses.

Fifth, a clear explanation facility to teach the users of the RMS about repair

analysis could be a valuable for training tool for repair personnel. Such facilities are

easily added within the framework of expert systems.

Finally, the important role of instrumentation should be thoroughly evaluated

Much of the discussion in the evaluation of fatigue repair alternatives in the RIMSwas

focused. on the estimation of stresses and fatigue damage, and resulted in calculations

with high levels of uncertainty. The role of instrumentation would be to reduce the level

of uncertain~ in order to improve repair and other decisions. Once a good estimate of

ship loading patterns is attained through the intelligent use of instruments such as fatigue

gauges, strain gauging, accelerometers and others, many exciting avenues of analysis are

open. Failure mode and cause evaluation, repair of failures, condition assessmen~

maintenance predictions, inspection guidance, ballasting and ship operation guidance

could all benefi~ “
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1.0 btroduction

The field of expert systems is the practical branch of the broader field of artiilcial

intelligence (AI). An expert system “is a computer program that performs a task

normally done by an expert or consultant and which, in so doing, uses captured, heuristic

knowledge” [Dym,1991]. As a resulq any computer program which succeeds in helping

the user reach a decision, whether written in procedural code like FORTRAN or special

purpose AI programming language, is an expert system. The less knowledgeable the user

of the code n=ds to be, the more “expert” the expert system.

Expert systems have been developed for many problems that are unsuited for

simple procedural progr am.ming methods. Design and diagnosis problems, which are

typically performed by experts with in-depth knowledge of the problem to be solved, are

good examples. The following is a brief summary of the basic theory behind expert

systems based on Agogino’s notes [&@m19911 UdessOtheti= noted.

. ‘“\
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For additional information on expert systems, see Dym for basic theory

[Dym,1991] and Maher or Pham for specific engineering applications ~aher,1987]

[Pham,1988].

2.0 Componentsof an ExpertSyitem

Expert systems can be broken into four basic components--a knowledge-base,

database, inference engine, and user interface.

Knowledge-Base

In an expert system, knowledg6 from experts in the form of a set of rules and

facts is accumulated into a “knowledge-base” much like data in a database system. This

knowledge-base may be modified and updated as additional information is acquired

(knowledge-maintenance).

Rules can be expressed in three basic forms: (1) production rules, (2) subjective

probability, and (3) fuzzy inference. A ~ical production rule is expressed using prefix

predicate calculus as an IF-THEN rule such as:

IF A THEN B]

or

/

*If Aistruethcn Bis true

(3F A B)

Lugical operators in addition to IF and THEN may be used to express knowledge in the

rule form, including AND, OR, and NOT. The effect of these operators is defined using

the following truth table (t=uue, f=false):

‘109
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A B (IFAB) (NOT A) (AND A B) (OR A B)

t t t f t t

t f f t f t

f t t .+ f t

Subjective probability and fuzzy logic were developed to handle knowledge that

is not deterministic. An example of subjective probability is:

I
10. with a probability of 0.2

IF ATHENB= 12. with a probability of 0.5

19. with a probability of 0.3

In fuzzy logic, there is also an uncertainty associated with A.

For many engineering problems, both symbolic (rules) and numeric processing

are required. These are refereed to as “coupled” expert systems.

Database

Any general information that is required by the expert system is placed in a

general database. This information includes relevant information such as engineming

data, historical information, list of components, etc.

User Interface

In order to operate the expert system in a user-friendly manner, a user interface is

required. This interface can be used to maintain the knowledge and databases, ask the

user for any required inpu~ allow control of the session and display pertinent information

and advise.
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Inference Engine

Symbolic processing is used by the expert system’s “inference engine” to reach a

hypotheses based on information supplied by the user, the knowledge-base and the

general database. For production rules, logical deduction is used to attempt to reach a

new conclusion based on the existing information. The logical rules include:

● Modus Ponens (NW)

● Modus Tollens (MT)

● And Elimination (AE)

. AND Introduction (AI)

● Universal Instantiation (tJI)

● ~Existential Instantiation (EI)

Using these rules with backward and/or forward reasoning new states of knowledge can

be reached. Backward reasoning starts with a goal state and attempts to verify the goal

by working backwards. Forward reasoning uses the existing knowledge to prove a

hypothesis.

In many cases, the knowledge required to reach a hypothesis is uncertain or

unknown, i.e. the knowledge is non-monotonic. Many approaches have been developed

to help reason under these conditions of uncertainty. These approaches include default

reasoning, non-monotonic logic, three valued logic, certainty factors and belief functions,

probabilistic reasonir!g, fbzzy logic and commonsense reasoning, possibility theory and

the Dempster-Shafer theory.

3.0 Programming Environments

Because programming the rules and inference procedures can be cumbersome

using procedural programming languages such as FC)RTIL4N, specialized AI

programming languages have been developed to handle the symbolic processing required

to efficiently handle non-numerical data (knowledge). These languages include LISP
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and PROLOG. Other languages such as C and object-oriented languages are the most

appropriate for expert system applications.

To promote quick prototyping, expert system “shells” are sometimes used. These

systems provide a user-friendly front end to the expert system programming environment

(usually C, LISP, or PROLOG). To support future expansions of an application, a shell

which is powerful and flexible should be chosen to avoid problems in the future.

Additional desirable features of a shell for design problems are the, following

~ills,1991]:

●

b

●

●

●

●

●

●

capability to query the user during the inference process,

explanation mechanism that allows the user to determine the reason for each

step in the system,

graphic display of knowledge-base,

capability to prioriti= or weight rules,

capability to indicate conflicting or incomplete data when encountered,

user defined multiple inheritance,

ability to choose direction of sesrch within the knowledge-base, and

frame-based lmowledge representation.

It is also desirable to be able to port the application to various platfo~s. Several shells

meet this criteria, such as Nexpert Object from Neuron Data .
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APPENDIX B: RMS SOURCE CODE

FORTIWN Source Code: RMS.FOR ......................................................................... 116

Sample Input Data File: ~~~G.DAT .................................................................. 141

Sample Input Data File: CSD.DAT ............................................................................ 142

Sample Input Data File: S~ATA.DAT .................................................................... 144

Sample Ou,tput Data File: O~~.DAT .................................................................. 145

Diskette of Files ..............................................................................................End of Repofi

The FORTRAN source code for Version 1.0 of RMS is provided on the following

pages. The following are provided in orde~

s FORTRAN code,

. sample input fdes, and

● sample output fde.

An IBM format diskette containing these files and ,the executable version of the code is

provided at the end of the report.

The code was written using Microsoft FORTRAN Version 3.5 with the Microsoft

gmphics library calls for plotting. The code contains adequate comments, including

deftitions of all important variables. The code is armnged into a main program, gmphics

routines, fde reading routines, miscellaneous routines, and mathematical routines. Routines

are am.nged in alphabetical order in each section.

Sample input fdes are also provided. A total of thrtx input fdes are required

. LOADING.DAT (ship loading information),

. CSD.DAT (critical structural detail information), and

● SNDATA.DAT (SN cu.me information)
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The specific contents of these files are diSCuSSedin the sample file comment lines. Input

fdes contain three basic types of input lines which are designated by the fwst character in the

Line. A comment line uses a “*” in the fist column. These comment lines are ignored by the

reading routines and may be placed almost anywhere in the input file. An action line is

indicated by a “=” followed by a specific action keyword which directs the program to read

specific input information on the following line(s). These lines cannot be interrupted by a

comment line. A line w@ no “*” or “=“ in the ilrst column is input data. The end of an

inputf~ek indicatedby

asshown.

A Sample output

“=end”. All input is case sensitive, and lower case should be used

fde OUTPUT.DAT is also provided. This output is based on a

session using the provided input fdes.
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FORTRAN SOURCE CODE:
RMS.FOR

C==. ====1 ========2=========3==========4==========5=========6=========7==
c REPAIR MANAGEMENT SYSTEM, Version 1.0
c Programmed by Keith Gallion
c Last Updated 5/10/92
c=======l========2=========3==========4==========5-------------.----6=========7==
c Program to illustrate a simplified sytem of repair analysis for
c fa;iys mod: of ship structural failures.
c======= =- ==== =========3==========4==========5=========6=========7==

c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

INCLUDE ‘FG~PH.FI’
INCLUDE ‘FGRAPH.FD’

Graphics variables
INTEGER*2 dummy
LOGICAL fourcolors
EXTERNAL fourcolors

Main program variables
a,m SN Class life-interceptand inverse slope
bias Bias in mean lifq calculation (set to 1.0)
costmin Minimum cost for normalized _ plotting
Costmax Maximum cost for normalized EMV plotting
covi Coefficient of variation in, respectively, damage at

failure, SN life intercept & Stress calculation
dfail Cumulative fatigue damage at failure
emvpdf(i,j) Expected monetary value for continuous model

for service life i, repair number j
emvnorm(i,j) Normalized emv for plotting
location Location in ship of detail (zone #)
origcsd Configuration # of detail to be repaired
origloc Location # on detail of failure
origsn SN class at origloc for origcsd
origtf Mean time to fatigue failure of origcsd at origloc
ratio Ratio of tensile stress normal to crack between

original and modified configuration of repair
repcsd Configuration # of repair redesign
repcost(i) Cost of repair option i
repso(i] Calculated Weibull extreme stress of repcsd at

origloc for repair option i
repsn(i) SN class at Orlgloc of repcsd for repair OptiOn 1
repnum Current repair #
reptf(i) Calculated time to failure for repair i
reptile Title of repair option i
so Calculated Weibull extreme stress to cause failure

in the original detail at origtf
time(i,j) Time in service for plotting time i for repair

option j
Total desired time in service of a repair

~;(i,j) Probability of failure of repair j at time i
pdf(i,j) Probability denity of failure of repair j at

time i
pvf(i,j) Present value function of repair j at time i’

CHARACTER*1ens
CHARACTER*2 origsn,repsn(lO)
CHARACTER*4O reptile
INTEGER i,location,origcsd,repcsd,origloc,repnum
REAL origtf,reptf(lO),a,m,so,repso(lO),bias,dfail,ts,ratio,
& mvpdf(50, 10),emmorm(50, 10),
& pf(50,10),pdf(50,10),pvf(5O,1O),
& time(50,10),
& rePcOSt(lO),Costmin,costmax,covdrcova,covb

REAL pvfpf,pvfpdf,pvftotal
ExTERNAL pvfpf,pvfpdf,pvftotal

116



AppendixB

c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c

Variables to complete PUNCTION for emv
reptfl Current repair mean,time to failure
sdlnt Standard deviation In the in of time to failure
ror Rate of return on money
infl Inflatlon rate
ta Beginning of repair period for multiple repair

cost model

REAL reptfl,sdlnt,ror,infl,ta
COMMON /emwars/ reptfl,sdlnt,ror,infl,ta

Variables for reading of loading file
eta Weibull shape parameter of loading
fo Average loading frequency, cycles per year
grpname Group name of loading file
numload Total number of loading directions
numloc Total number of ship loading zones
r(i,j) Expert load ratios for location i in direction j
shiploc(i) Name of ship loading zone i
shipname Name of ship

CHAkACTER*33 shipname,grpname,shiploc(20)
INTEGER numloc,numload
REAL fo,eta,r(20,20)
COMMON /loading/ shipname,grpname,shiploc,numloc,numload,
& fo,eta,r

Variables for reading of csd file
Csdnuln Total number of critical structural details in file
compname(i) Name of component i
compnum Total number of components in csd file
costcornp(i,j) Relative cost of Compont i fOr component type,j
Costvw Relative cost to add insert plate
costip Relative cost to v and weld
csd(i,j) Critical structural component makeup
fixity(i) Fixity of component i (l=fixed,O=interchangeable)
numcomp Total number of components
numcloc Total number of locations for evaluation on detail
numcload Total number of loading directions for stress

concentration
c scf(i,j,k) Stress concentration factor for csdnum i, locaton j,
direction k
c
c
c

c
c
c
c
c

.C
c

c

snclass(i,j) SN class of csdnum i at location j
typename(i,j) Component makeup of component i
typenum(i) Total number of types of component i

CHARACTER*1 typename(20,20),csd(20,20)
CHARACTER*2 snclass(20,20)
CHARACTER*33 compname(20)
INTEGER numcomp,numcloc,numcload,compnum,typenw(20),
& fixity(20),csdnum
REAL scf(20,20,20),costcomp(20,20),costvw,costip
COMMON /detail/ typename,csd,snclass,compneme,numcomp,numcloc,
& numcload,coqpnum,typenum,fixity,csdnum,scf,costcomp,
& Costvw,costlp

Variables for reading SN curve data
classnane(i) Name of SN class 1
classvw(i) Name of SN class that classname i degrades

to with welding
numclass Total number of SN classes
snm(i),sna(i) SN class slope and life intercept for class i
snname Name of SN tune types (e.g.,U-K.)

CHARACTER*2 classname(20),classW(20)
CHARACTER*33 snname
INTEGER numclass
REAL snm(20),sna(20)
COMMON /sndata/ CldSSnme, ClaSSW, S~=e,nUCldSS, Snm,sna

Open output file
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OPEN (unit=7,file=’output.dat’)
1 REWIND(7)

c Set up graphics information. Standard MS Fortran graphics
c library calls.

IF(fourCOIOrso) m
dunmy = setbkcolor($BLUE)
dummy . settextcolor(l)
CALL clearscreen($GCLEARSCREEN)
dummy = setcolor($WHITE)
dummy = registerfonts(’c:\fortran\lib\*.fon’)
IF (dumny.LT.0)THEN

WRITE(6,*) ‘registerfonts(c:\fortran\lib\*.fon) = ‘,
&

PAUSE ‘regi%%onts> font file not available’
ELSE

dummy.setfont(”t’tmsrmn’ h20 w12 p b“)
ENDIF

ELSE
WRITE (6,*) ‘This program requires a CGA, EGA, or’,

& ‘ VGA graphics card.’
GOTO 9999

ENDIF

c Write introductory information to screen

WRITE(6,1OOO)
WRITE(7,1OOO)

1000 FORMAT(
&’ ***************● ****************************************8,/
&’ RMS--RIZPAIRKANAG~ SYSTEM’,/
&’ Version 1.0’,/
&’ Last Updated 4/29/92’,/,/
L’ A Systan for Simplified Repair Analysis’,/
&’ for Fatigue Mode of Ship Structural Failure’,/
&’ ●i***********● **************+*********+*****************’,/,/
k’ UNIVERSITY OF CALIFORNIA, BERKELEY’,/
&’ NAVAL ARCHITECTURE AND OFFSHORE ENGINEERING’,/,/
&’ Based on input files providing info~tion on loading,‘,/
&’ critical st?mctural detail, and mterlal properties,‘,/
&’ this program estimates mean fatigue life, probability of’,/
&’ failure distribution, and expected monetary value for the’,/
&’ repair alternatives selected.’)

c Read loading, csd, and sn data files

WRITE(6,1OO1)
WRITE(7,1OO1)

1001 FORMAT(/
&’ The following input data files are required:’,/
k’ LOADING.DAT Ship Loading Data’,/
&’ CSD.DAT Critical Structural Detail Data’,/
L’ SNCURVE.DAT Fatigue Curve Data’)
CALL readload
CALL readcsd
cALL readsn

wRITE(6,101O) shipneme,grpname
1010 FORMAT(/

&’ Based on the input files selected, the fOl10Wh9’,/
&’ ship and CSD group are to be analyses:’,/
&’ Ship =’,2x,a33,/
&’ CSD =’,2x,a33,/)
PAUSE “Press <cr> to continue.’
cALL clearscreen( $GCLuSCREEN )

c Request interactively input frOm user Concerning:
c desired time in service for repair
c ;: inflation rate and rate of return

i18
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c 3. CSD location in ship
c 4. cSD configuration
c 5. location on CSD of fatigue failure
c 6. mean time to failure at failure location--this information
c must be based on a combination of historical data and
c structural analysis and is critical to the analysis.

WRITE(6,1011)
1011 FOWT(/

&’ RMS Version 1.0 supports Only the fatigue mode of failure’,/
&’ Is the mode of failure fatigue? <cr>=yes’)
READ(5,1065) ans
IF (ans.NE.’y’.ANansnnenY.’Y’.AND.=S.~.’ ‘) THEN

PAUSE ‘Programaborted. Press ccr> to exit!!!‘
GOTO 999

ENDIF
WRITE(6,*) ‘Enter expected time in service of repair (yrs)’
READ(5,*) ts
WRITE(6,1012) ‘ time ‘,ts

1012 FORMAT(’ ECHO: ‘alO,’=’,f8.2,/)
1013 FORMAT(’ ECHO: ‘alO,’=’,14,/)

WRITE(6,*) ‘Enter expected effective inflation rate per year’
READ(5,*) infl
WRITE(6,1012) ‘inflation ‘,infl

WRITE[6,*) ‘Enter emected effective rate of return per year’.
Rwm(<,i)’ror
WRITE(6,1012) ‘ return ‘,ror

1020

1021

WRITE(6,*) ‘Select ship location of detail to repair:’
WRITE(6,102O) (i,shiploc(i),i=l,numloc)
FORMAT(lx,5x,i2,‘.’,2X,a33)
READ(5,*) location
WRITE(6,1013) ‘ location ‘,location

CALL options
WRITE(6,*) ‘Select configuration # of the failed detail:’
READ(5,*) orig~sd
WRITE(6,1013) config’,origcsd

WRITE(6,1021)
FORMAT(’ Input the location on the detail of failure based’,/
&’ on the numbering convention in CSD data file’)

c
c

1050

-(5,*) orig+oc
WRITE(6,1013) location ‘,origloc

WRITE(6,*) ‘Inputmean time to failure at this location (YrS) ‘
READ(5,*) origtf
WRITE(6,1012) ‘ tirne‘,origtf

Determine Weibull extreme stress to produce failure
at mean life SO

origsn=snclass(origcsd,origloc)
CALL snparen(origsn,m,a)
dfail=l.
bias=l. “
CALL exstress(so,a,m,fo,eta,origtf,dfail,bias)

WRITE(6,105O) so,origtf,fo,eta,origsn,m,a
FORMAT(7
&’ The estimated Weibull extreme stress to cause’,
&’ failure’,/
&l is I,f8.2,’ N/mmA2 for the original detal with’,/
k’ Mean time to failure = ‘,f8.2,’years’,/
k’ Average frequency = ‘,e8.2,’ CyCles/Yr’t/
&’ Weibull shape Raram = ‘,f8.2,/
&’ SN paran’Iete;s’~/
&’ class = ‘,5x,a2,/
L’ m = ‘,f8.2,/
k’ A=’ ,e8.3,/)
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c

15

1060

1065

c
c
c

c
c

PAUSE ‘Press <cr> to continue.’

Interactively select desired repair alternative.

repnum=O
CONTINUE
CALL clearscreen( $GCLEARSCRXEN )
WRIRI$6;106O)

&’ Select repair alternative to investigate:’,/
&’ v and weld crack’,/
&’ ;: Add insert plate’,/
&’ 3. Redesign + V and weld crack’,/
&’ 4. Redesign + insert plate’,/
L’ x. Ouit and outnut to file’)
READ(5,1065Y arIS

*-

FORMAT(al)

Depending on the alternative, determine the appropriate
sn curve REPSN, modified Weibull stress range REPSO, and repair
cost estimate ltlZPCOST

IF (aIIS.NE.’X’.dllSlNENE. ‘X’.~.aIIS.~.’ ‘) THEN
repnum=repnum+l
repcost(repnum)=0.

ENDIF
IF (ans.EQ.’l’) THEN

reptitle(repnum)=’V and Weld Only’
CALL Snclassvw(repsn(repnum),origsn)
CALL Stressw(repso (repnum),s0)
repcost(repnum)=costw

ELSE IF (ans.EQ.’2’) THEN
reptitle(repnum)=’ Add Insert Plate Only’
repsn(repnum)=origsn
CALL Stressip(repso(repnum),so)
repcost(repnum)=costip

ELSE.IF (ans.EQ.’3’) THEN
reptitle(repnum)=’ Redesign plus V and Weld Crack’
CALL options
CALL select(repcsd,origcsd)
repsn(repnum)=snclass(repcsd,origloc)
CALL Snclassw(repsn(repnum) ,repsn(repnum))
CALL stressratio(ratio,repcsd,origcsd,origloc,location)
CALL stressw(repse (repnum),s0)
repso(repnum)=ratio*repso(repnum)
CALL cost(repcost(repnum),repcsd,origcsd)
repcost(repnum)=costw+repcost (repnum)

ELSE IF (ans.EQ.’4’) THEN
reptitle(repnum)=’ Redesign plus Add Insert Plate’
CALL options
CALL select(repcsd,origcsd)
repsn(repnum)=snclass(repcsd,origloc)
CALL stressratio(ratio,repcsd,origcsd,origloc,location)
cw stressip(repso(repnum),s0)
repso(repnum)=ratio*repso(repnum)
CALL cost(repcost(repnum),repcsd,origcsd)
repcost(repnun)=costip+repcost(repnum)

ELSE IF (ans.EQ.’x’.oansnEQEX.’X’) THEN
GOTO 999

ELSE
WRITE(6,*) ‘.Invalidoption! Try again.’
GOTO 15

-IF

Iterdte to determine the expected mean time to failure for the
repair alternative chosen REPTF()

CXLL snparam[repsn(repnum),m,a)
dfail=l.
bias=l.
CALL tfaili(reptfl,a,m,fo,eta,repso(repnum),dfail,bias)
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reptf(repnum)=reptfl

WRITE(6,108O)repnum,reptitle(repnum),reptfl,
so,repso(repnum),fo,eta,repsn(repnum),m,a

lo80&FomT(/
&’ REPAIR NUM8ER ‘,i2,’: ‘,a40,/
L*–_-=-============================================= ‘,/
&’ The estimated mean life of this repair is’,f8.2,’ years’,
&’ based on:’,/
&’ Original extreme stress = ‘,f8.2,’N/nun”2’,/
k’ Repair extreme stress = ‘,f8.2,’N/mmn2’,/
L“ Average frequency = ‘,e8.2,’ cycles/yr’,/
k’ Weibull shape param = ‘,f8.2,/
L’ Repair SN parameters’,/

c
c
c

c

20

21

c

c

&’
L’
&’

Calculate
including
value M

class = ‘,5x,a2,/
m = I,f8.2,/
A = ‘re8.3r/)

all relevant information for this alternative,
probability of failure PF and expected monetary
for a range of two time the service life

Pf calculations and plotting

CONTINUE
covd=O .
cova=O.
covb=.89
sdlnt=sqrt(log((1.+covd**2)*(l+cova**2)*(l+covb**2)**(m**2)))
time(l,repnum)=0.
pf(l,repnum)=0.
pdf(l’,repnum)=0.
DO 21 i.l,INT(2*ts)

time(i+l,repnum)=REAL(i)
pf(i+l,repnum)=probfail(reptfl,REAL(i),sdlnt)
pdf(i+l,repnum)=pdflognorm(reptfl,REAL(i),sdlnt)

CONTINUE

P1oE Pf and PDF

WRITE(6,*) ‘Plot Pf curves? ccr>=yes’
READ(5,1065) ans
IF (ans.EQ.’y’.OansnEQEY.’Y’.OR.ans.EQ.’ ‘) THEN

CALL gra~h(;i~~Ap~,INT(2*ts+l),repnum,
& 1.,-1 .,.,
& ‘PROBABILITYFAILURE OF RJZPAIR‘,
& ‘ExposureTime (yrs) #
& ‘Pf
& ‘Option X ‘j
ENDIF

WRITE(6,*) ‘Plot PDF curves? <cr>=yes’
FJ2AD(5,1065)dW3
IF (ens.EQ.’y’.OerISIEQEY.’Y’.OR.anS.EQ.’ ‘) THEN

CALL gragh(;i~m4pgf,I~(2*ts+l) ,repnum,
&
& ‘;~oBABILI%”DbSITY OF REPAIR ‘,
& ‘ExposureTime (YrS) #
& ‘Pr I
& ‘Option # ‘j
ENDIF

EMV calculation and plotting

WRITE(6,*) ‘CalculatingW values. Please be patient!’
pvf(l,repnum)=0.
em~df(l, repnum).=repcost(rePnum)
DO 31 i=l,INT(2*ts)

emvpdf(i+l,repnum)=repcost(repnum)*
& (1.+pvftotal(pvfpdf,real(i)))

pvf(i+l,repnum)=pvftotal(pvfpdf,real(i))
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31 cONTINUE
WRITE(6,11OO) repnum,reptitle(repnum),ts,
& 100.*pf(INT(ts+l),repnum),
& sdlnt,reptf1,
& emvpdf(INT(ts+l),repnum),ts/reptfl,
& pvf(INT(ts+l),repnum),

10!l.*infl,100.’ror,repcost(repnum)
llOO&FORMAT(/

&’ REPAIR NUMEER ‘,i2,’: ‘,a40,/
L’ ================================================‘,/,/
&’ At the service life of ‘,f8.2,’years the probability’,/
&’ of failure for this repair is ‘,f8.2,‘% based on:’,/
&’ sd of ln(Tf) = ‘,f8.2,/
&’ Tf mean time to failure ‘,f8.2,’years’,/
&’ ‘rheexpected monetary value of t;is repair decision’,/
&’ is $’,f12.2,’ based on the following data:’,/,/
&’ EMv= Ci(l+nn?)‘,/
L’ MNR mean number of repairs = ‘,f8.2,/
L’ PVF present value function = ‘,f8.2,/
&’ i rate of inflation = ‘,f8.2,’ %’,/
&’ rate of return = ‘,f8.2,’ %’,/
&’ ii initial repair costs = $’,f8.2,/)

c Plot EMv

30 “WRITE(6,*)‘Plot emv curve? <cr>.yes’
RJZAD(5,1065)dllS

IF (ans.EQ.’y’.OansnEQEQ.’Y’.OR.ans.EQ.’ ‘) THEN

c Find maximum cost to normalize all costs to $1
c Normalize costs and save to emvnorm

CALL testdata(emwdf, INT(2*ts+l).remmm,costrnin.costmax)
DO 33 j=l,repnum - “ ‘ ‘- “ “

DO 33 i=l,INT(2*ts+l)
emvnorm(i,j).emvpdf(i,j)/costmax

33 CONTINUE
CALL graph(time,emvnorm,INT(2*ts+l),repnum,

& o.,2.*ts,o.,1.,
& ‘NOFMALJZEDEMV OF REPAIR ‘,
& ‘ExposureTime (yrs) #
& ‘- ($) #
& ‘Option# ‘j

CALL graph(time,pvf,INT(2*ts+l),repnum,
& o.,2.*ts,o.#lo.,
& ‘PRESENTVALUE FUNCTION I#
& ‘ExposureTime (yrs) I#
& ‘~ ($) I
& ‘Option# ‘j
ENDIF

c CONTINUE selecting alternatives, restart or quit.

99 CONTINUE
WRITE(6,111O)”

1110 FORMIT(/
&’ Select option:’,/
k’ Enter new repair alternative <cr>’,/
&“ ;: ~er new interest rates to plot’,/
&’ Review plots again’,/
&’ r. R;start repair @valuation’,/
&’ Quit and output to file’)
READ(5,;665) dIIS
IF (ans.EQ.’l’.OansnEQEQ.‘ ‘) GOTO 15
IF (ans.EQ.’2’) THEN
WRITE(6,*) ‘Enter expected effective inflation rate
READ(5,*) infl
WRITE(6,1012) ‘inflation ‘,infl
WRITE(6,*) ‘Enter expected effective rate of return

~er year’

per year’
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READ(5,*) ror
WRITE(6,1012) ‘ return ‘,ror
WRITE(6,*) ‘RecalculatingEMV values. Please be patient!‘
DO 40 j=l,repnum

WRITE(6,*) ‘... Repair Option ‘,j
DO 40 i=l,INT(2*ts)
reptfl=reptf(j)
emvpdf(i+l,j)=repCOSt(l)*

i (l.+pvftotal(pvfpdf,real(i)))
pvf(i+l,j)=pvftotal(pvfpdf,real(i))

40 CONTINUE
GOTO 30
ENDIF
IF (ans.EQ.’3’) GOTO 20
IF (ans.EQ.’r’.O~s~EQER. ’R’) GoTO 1
IF (ans.EQ.’x’.OansnEQEX.’X’) GOTO 999
WRITE(6,*) ‘Invalid option’
GOTO 99

c Send output summary of final options to output file and close

999 CONTINUE

c Write summary of option selected

WRITE(7,21OO) location,origcsd,origloc,origtf
WRITE(7,2200) so,origtf,fo,eta,origsn,m,a

2100 FORMAT(/,
&’ Original failed detail:’,/
&’ ship zone # = ‘,i2,/
&’ csd # = ‘,i2,/
&’ location on detail = ‘,i2,/

mean time to failure = ‘,f8.2)
2200&iORMAT(/

&’ The estimated Weibull extreme stress to cause’,
k’ failure’,/
&l is I,f8.2,’ N/rcurI’2for the original detal with’,/
&’ Mean time to failure = ‘,f8.2,’years’,/
&’ Average frequency = ‘,e8.2,’ CYCleS/Yr’,/
&’ Weibull shape param = ‘,f8.2,/
k’ SN p:~~ters’,/
L’ = :::;,:2;/
&’ m =
k’ A = ‘,e8~3i

c Write summary of repair options

DO

&

&
&
&
&
&

220 i=l,repnum
cALL snparam(repsn(i),m,a)
WRITE(7,2300) i,reptitle(i),reptf(l),

so,remo(l),fo,eta, repsn(l),m,a
WRITE(7,231O) kS, ““ -

100.*pf(INT(ts+l),i),
sdlnt,reptf(i),
emndf(INT(ts+l) ,i),ts/reptf(i
pvf-(INT(ts+l),i),
lQO.*infl.100.*ror,reDcost(i). -

‘wRITE(7.2320;

220
2300

DO 220 ]=l,Iti(2*ts+l)
wRITE(7,2330) time(j,i),pf(j,i)tpdf(j,i)

CONTINUE
FORMAT(/

t

pvf(j,i),em~df(j,i)

&; REPA~R NUMBER ‘,i2,’: ‘,a40,/
&’ ================================================ ‘,/
&’ The estimated mean life of this repair is’,f8.2,’ years’,
&’ based on:’,/
&’ original extreme stress = ‘,f8.2,’N/INTI’2’,/
&’ Repair extrae stress = ::~~.;,:N/nunn2’,/
&’ Average frequency = . , cycles/yr’,/
&’ Weibull shape param = ‘,f8.2,/
&’ Repair SN parameters’,/
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&’ class = ‘ ,5x,a2,/
&’ m = ‘,f8.2,/

A = ‘,e8.3)
2310&~O~T(/

&’ At the service life of ‘,f8.2,’years the probability’,/
&’ of failure for this repair is ‘,f8.2,‘% based on:’,/
6’ sd of ln(Tf) = ‘,f8.2,/
&’ Tf mean time to failure = ‘,f8.2,’years’,/,/
&’ The expected monetary value of this repair decision’,/
&’ is $’,f12.2,’ based on the following data:’,/,/
&’ = Ci(l+PVF)’,/
&’ MNR mean number of repairs = ‘,f8.2,/
&’ pm present value function . ‘,f8.2,/
&’ 1 rate of inflation = ‘,f8.2,’ %’,/
&’ r rate of return ‘,f8.2,’ %’,/
L’ Ci initial repair costs ~ $’,f8.2,/)

2320 FORMAT(/
.

&’ summary of data for various exposure times:’,/,/
&’ Time Pf PDF=f(t) PVF EMV’,/
&“ (yrs) ($)’,/

--------------------------------------------1)
2330&;ORMAT(2x,5(2x,f8.2))

c END the program smoothly

9999 CLOSE(7)
PAUSE ‘Outputwritten to OUTPUT.DAT. Press <ci> to continue!’
dummy = setvideomode( $DEFAULTNODE )
CALL Unregisterfontso
STOP

c=======1========2=========3==========4==========5=========6=========7==
c GRAPHICS ROUTINES
------1========2=========3==========4==========5=========6=========7==c=------

LOGICAL FUNCTION fourcolorso

c Function to enter graphics mode.

INCLUDE ‘FG-PH.FD’

INTEGER*2 dunwy
RECORD /videoconfig/ screen
COMMON screen

c Set to maximum number of available co,lors.

CALL getvideoconfig( screen )
sELECT CASE( screen.adapter )

CASE( 9CGA. 50CGA )
$MRES4COLOR

.
=“setvideomode

cAs~yEGA, $OEGA )
= setvideomode

CAS;WVGA, $OVGA )
dturmy= setvideomode

cASE DEFAULT
dummy=O

END sELECT

$ERESCOLOR )

$VRES16COLOR )

CALL getvideoconfig( screen )
fourcolors = .TRUE.
IF( dummy .EQ. O ) fourcolors = .FALSE.

c=======I=.======2=========3==========4==========5=========6=========7==
SUBROUTINE graph(x,y,ntmt~in,~,wln~-t
& titlerxtitle,ytitle,ltitle)

c Graph n datapoints for m datasets for x(n,m) and y(n,m)

INCLUDE ‘FGRAPH.FD’

124



AppendixB

c

c

c

‘c

c

1

INTEGER n,m
CHARACTER*1 a.llS
CHARACTER*3O title,xtitle,ytitle,ltitle
REAL x(50,10),y(50,10),rein,xmdX,~in, Y’m=

IFTTEGER*2dununy
INTEGER*2 xwidth, yheight, COIS, rows
COMMON screen
RECORD /videoconfig/screen
REcORD /~coord/ T

CALL getvideoconfig(screen)
dummy = setbkcolor($BLUE)
dummy = setcolor($wHITE)
xwidth = screen.mmxpixels
}he;ght = screen.numypixels

= screen.numtextcols
rows = screen.numtextrows

Setup window to data

CALL clearscreen($GCLEARSCREEN)
CALL setviewport( O, yheight, xwidth, O)
dummy = rectangle($GBORDER,2,yheight-2,xwidth-3,2)
CALL setviewport( 100, yheight-100, xwidth-100, 100)
dunmy = setwindow(.TRUE.,dble(min),dble(ymax),
& dble(max),dble(ymin))

1000

Draw grid

CALL drawdata(x,y,n,m)
CALL drawgrld(mln,xmax,ymin,ymax)

Label grid

CALL setviewport( 50, yheight-75, =idth-75, 75)
dummy = setwindow(.TRUE.,0.,1.,1.,0.)
CALL labelgrid(min,max,ymin,ymax)

Add legend

CALL setviewport( xwidth-75, yheight-75, xwidth, O)
dummy = setwindow(.TRUE.,0.,1.,1.,O.)
dunnny= setcolor($WHITE)
CALL moveto_w(.05,.85,wxy)
CALL outgtext(ltitle)
CALL legend(m)

Add text to plot
.

dummy = setcolor($WHITE)
CALL setviewport( O, yheight, xwidth, O)
dummy = setwindow(.TRUE.,0.,1.,1.,0.)
dununy=setfont(”t’tmsrmn’ h26 w16 p b“)
CALL moveto_w(.05,.95,W)
CALL Outgtexb(title)
dummy=setfont(”t’tms rrnn’h20 w12 p b“)
CALL moveto_w(.3,.l,W)
CALL outgtext(xtitle)
CALL moveto_w(.01,.5,wxy)
CALL outgtext(ytitle)

READ(*,*) 1 Wait for ENTER key to be pressed
CALL clearscreen( $GCLEARSCREEN )
WRITE(6,*) ‘ Rescale plot? <cr>=no’
RE.lD(~,1000)-S
FORMAT(al)
IF (ans.EQ.’y’.OansnEqEY.’Y’) THEN

WRITE(6,*) ‘ Enter xmin,xmax,ymin,ymax’
READ(5,*) Xtnin,max,min,wax
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GOTO 1
ENDIF
d- = setcolor($WHITE)
dummy = setbkcolor($BLUE)
RETURN

c=======1========2=========3==========4==========5=========6=========7==
SUBROUTINE drawdata(x,y,n,m)

c Routine to plot the data with varying line color.

INCLUDE ‘FG~PH.FD’

INTEGER i,j,n,m
INTEGER*2 dummy
REAL x(50,10),y(50,10)
RECORD /videoconfig/screen
REcORD /Wcoord/ ~
COFt40N screen

c Plot the points.

DO 10 j=l,m
dummy = setcolor(INT2(]+2))”
cALL moveto_w(dble(x(l,j)),dlole(y(l,l)),wW)
DO 10 i.2,n

du.rcuny= lineto_w(dble(x(i,j)),dble(y(i,j)))
10 CONTINUE

RETURN

c=======1========2=========3==========4==========5------------------6=========7==

c

c

10

c

11

Routine to draw a grid to the data.

INCLUDE ‘FGRAPH.FD’

INTEGER i
INTEGER*2 dummy
REAL min,max,ymin,ymax,x,y, step
REcoRD /videoconfig/ screen
RECORD /vcoord/ w
COMMON screen

Draw vertical grid

dummy = setcolor($WHITE)
step=(mmx-xmin) /10.
x.xmin
Do 10 i=l,ll
CALL moveto_w(d.ble(x),dble(yInin),W)
dunnny= lineto_w(dble(x),dble(x) )
x=x+step

CONTINUE .

Draw horizontal grid

step=(ymx-ymin) /10.
y=ymin
DO 11 i=l,ll
CALL moveto_w(dble(min),dble(y),w)
dunmy = lineto_w(dble(max),dble(y))
y.y+step

CONTINUE
RETuRN

c======= 1========2=========3==========4==========5==--------------6=========7==
SUBROUTINE labelgrid(xnin,max,ymin,ymax)
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c Routine to lable scale on axes.

INCLUDE ‘FGRAPH.FD‘

INTEGER i
INTEGER*2.dunury
CHARACTER*5 label
REAL x,y,xr,yr,step,stepr,xmin,xmdx,ymin,ymax
RECo~ /videoconfig/ screen
RECORD /~coord/ w
COMMON screen

c Label x axis

= setcolor($wHITE)
~a=setfont(’t’tms rmn’ h16 W9 p b-)
step=l./6.
stepr=(k-xmin) /5.
X=O.05
xr=min
DO 10 i=0,10,2
CALL moveto_w(dble(x),~le(O .05),wxy)
CALL textreal(label,xr)
CALL outgtext(label)
x=x+step
xr=xr+stepr

10 CONTINUE

c Label y axis

y=o.
yr=ymin
step=l./6.
stepr=(ymax-ymin)/5.
DO 11 i=0,10,2
CALL moveto_w(dble(O.),dble(y+.l),wxy)
CALL textreal(label,yr)
CALL outgtext(label)

y=y+step
yr=yr+stepr

11 CONTINUE
RETUFN

c=======1========2=========3==========4==========5=========6=========7==
snRowIm legend(m)

c Routine to add m legend entrees with varying colors.

INCLUDE ‘FG~PH.FD’
,

INTEGER i,m
INTEGER*2 dummy
CHARACTER*5 label
REAL y,step
RECORD /videoconfig/ screen
~com /Wcoordl w
COMMON screen

dummy=setfont(dt’tms rmn’ h16 W9 p bm)
step=l./lO.
y=.a
DO 10 i=l,m
durmny. setcolor(INT2(i+2))
dummy=rectangle_w($GFILLINTERIOR,.l,dble(y),.5,dble(y-.O5))
CALL moveto_w(dble(.51),dble(y),wq?)
dummy = setcolor($WHITE)
CALL textint(label,i)
CALL outgtext(label)
y=y-step

/-5/
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10 CONTINUE
RETuRN

C=======l ========2==:======3==----------------4==========5=========6=========7==
SUBROUTINE textreal(text,num)

c

1000

1001

Routine to convert REAL number to text for plotting

CHARACTER*3O dummy
CHARACTER*5 text
REAL num

WRITE(dummy,1000) num
format(f5.2)
READ(dummy,100i) text
format(a5)
RETuRN

SUBROUTINE textint(text,num)

Routine to convert INTEGER to text for plotting

CHARACTER*3O dummy
CHARACTER*5 text
INTEGER num

WRITE(durmy,1000) num
format(i5)
R.EAD(dununy,1001)text
format
RETURN

-====l========2=========3==========4==========5=========6=========7==c==–

c

1000

1001

c=======l========2=========3==========4==========5=========6=========7==
c FILE READING ROUTINES
c=======1========2=========3==========4==========5=========6=========7==

SUBROUTINE readcsd

c Routine to read csd file

CHARACTER*I charl,Eypename(20,20),csd(20,20)
CHARACTER*2 snclass(20,20)
CHARACTER*4 ke~ord
CHARACTER*33 compname(20)
INTEGER k,numcomp,numcloc,numcload,compnum,typenum(20),
& fixity(20),csdnum
REAL scf(20,20,20),costcomp(20,20),costw,costip
COMMON /detail/ typenane,csdrsnclass,compname,nurncomp,numcloc,
& numcload,compnum,typenum,fixity,csdnum,scf,costcomp,
& costvw,costip

compnum=O
Csdnum=o

OPEN (unit=3,file=’csd.dat’,status=’old’)
REWIND (3)

10 CONTINUE
mm (3,1000)charl,lceword

IF (charl.EQ.”*’) GOTO 10
IF (charl.EQ.’=’) THEN

IF (keyword.EQ.’grou’) THEN
READ (3,*) numcomp,numcloc,numcload

ELSE IF (ke~ord.EQ. ’cost’) THEN
READ (3,*) costvw,costip

ELSE IF (keyword.EQ.’fixe’) THEN
compnum=compnum+1
READ (3,1001) compname(compnum)
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READ (3,● ) typenum(compnum)
READ (3,1002) (typename(compnum,i),i=l,20)
fixity(compnum)=1

ELSE IF (keyword.EQ.’inte’)THEN
cempnum=compnun-t+1
READ (3,1001)compname(compnum)
READ (3,*) typenum(compnum)
READ (3,1002) (typename(compnum,i),i=l,20)
READ (3,*) (costcomp(compnum,i),i.lrtypenum(compnum))
fixity(compnu.m)=0

ELSE IF (keyword.EQ.’data’)THEN
csdnum=csdnum+l
READ (3,1002) (csd(csdnum,i),i=l,20)
DO 20 k=l,numcloc

READ (3j1003) snclass(csdnum,k)
READ (3,*) (scf(csdnum,k,i),i=l,nu.mcload)

20 CONTINUE
ELSE IF (keyword.EQ.’end ‘) THEN

CLOSE(3)
GOTO 99

ENDIF
ENDIF
GOTO 10

1000 FOF?MAT(al,a4)
1001,FORMAT(a33)
1002 FORMAT(20(al))
1003 FORMAT(a2)

c Write summary of csd input file

99 CONTINUE
WRITE(7,2000) numcomp,numcloc,nu.mcload,costvw,costip

2000 FORMAT(/
&’ CSD.DAT:’,/
&@*********l,/
&’ number of components = ‘,i2r/
&’ number of locations on detail = ‘,i2,/
L’ number of loading directions = ‘,i2,/
&’ relative cost to vee and weld = $’,f8.2,/
&’ relative cost to insert plate = $’,f8.2)
DO 203 i.l,numcomp

IF (fixity(i).eq.1)THEN
WRITE(7,2004) ‘ Fixed component:

ELsE
WRITE(7,2004) ‘ Interchangeablecomponent: ‘

ENDIF
2004 FORMAT(/,A30)

WRITE(7,2005) compname(i)
DO 203 j.l,typenum(i)

IF (fixity(i).eq.0)THEN
WRITE(7,2007) typename(i,j),costcomp(i,j)

ELSE
WRITE(7,2007) typename(i,j),O.00

ENDIF
203 CONTINUE
2005 FOR.MAT(/

&’ Component ntie . ‘,a33,/
relative cost ($)‘)

2007&jO~T(~~~OX, f8.2)
WRITE(7,21OO) (i,i=l,lO)
DO 210 i=l,numcomp

WRITE(7,211O) compname(i),(csd(j,i),j=l,10)
210 CONTINUE
2100 FORMAT(/

&’ S~~ of csd confi~rations: @,/,/
L’ Configuration #’,/
&’ Component ‘,10(2x,il),/&~ ---------------------------+____-----------_______----1)

2110 FORMAT(lx,a20,10(2x,al))
DO 220 i=l,csdnum

WRITE(7,2200) i
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DO 220 k.l, numcloc
WRITE (7,221O) k,snclass(i,k),(scf(i,k,l),j=l,4)

220 CONTINUE
2200 FO~T~/

&’ Crltlcal structural detail = ‘,i2,/
&’ location SN class stress concentration factors’,/
&’ ------__-----------------------___----_-_____-_-----I)

2210 “FoRMAT(8x,i2,11x,a2,8x,4(f5.2))
,

mm

c=====.=l========2========3========.4.=======.~-----====6=------==7==
SUEROUTINE readload

c Routine to read loadings file

CHARACTER*1 charl
CHARACTER*4 keyword
CHARACTER*33 sh~pname,grpna.tne,shiploc(20)
INTEGER numloc,numload
REAL fo,eta,r(20,20)
COMMON /loading/ shipneme,grpname,shiploc,n~loc,nmload,
& fo,eta,r

OPEN (unit=3,file=’loading.dat‘,status=’old’)
REWIND (3)

10 CONTIh ‘
READ (3,1000)charl,ke~ord

IF (charl.EQ. ’*’) GOTO 10
, IF (charl.EQ.’.’) THEN

1!?(keyword.EQ.’ship’) THEN
READ (3,1001)shipname

ELSE IF (keyword.EQ.’grou’)
READ (3,1001)grpname

ELSE IF (keyword.EQ.’oper’)
READ [3,*) fo

ELSE IF (ketiord~EO.’weib’)
W (31*) eta-

ELSE IF (keyword.EQ.’rati’)
READ (3,*) numloc,numload
DO 20 i=l,numloc

READ(3,1OO1) shiploc(i)
READ(3,*) (r(i,j),j=l,numload)

20 CONTINUE

THEN

THEN

THEN

THEN

ELSE IF (keWord.EQ. ’end ‘) THEN
CLOSE(3)
GOTO 99

ENDIF “-
ENDIF
GOTO 10

1000 FORMAT(al,a4)
1001 FORMAT(a33)

c Write s~ of loading input file

99 wRITE(7,201O)“shipname,grpname,fo,eta
WRITE(7,2020)
DO 200 i.l,numloc

WRITE(7,2030) i,shiploc(i),(r(i,j),j=l,4)
200 CONTINUE
2010 FORMAT[/./. . . . .

&’ LOADING.DAT:’,/
&’ ● ***********1,/
&’ ship name *= ,a33,/
&’ load group =
L’

‘,a33,/
average load frequency = ‘,e8.2,‘ cycles/yr’,/
Weibull shape parameter = ‘,f8.2)

2020&iO~T(/
&’ loading zones load ratios’,/
&~ ----------------------------_------------------------------__-1)
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2030 FORMAT(lx,i2,’.’,2x,a33,4(lx,f4.2))

m.

c...====l========2=========3==========4==========5=========6=========7==

c

10

1000
1001
1002
99

SUBROUTINE readsn

Routine to read sn data file

CHARACTER*1 charl
CHARACTER*4 kejnvord
CHARACTER*2 classname(20),classw(20)
CHARACTER*33 snname
INTEGER nurnclass
REAL sntn(20),sna(20)
COMMON /sndata/ Classname,classw, snname,numclass,snm,sna

OPEN (unit=3,file=’sndata.dat‘,status=’old’)
REWIND (3)

numclass=O
CONTINUE
READ (3,1000)charl,ke~ord

IF (charl.EQ.’*’) GOTO 10
IF (charl.EQ.’=’) THEN
IF (keyword.EQ.’grou’) THEN

READ (3,1001)snname
ELS,EIF (ke~ord.EQ. ’para’) THEN

nuxnclass=numclass+l
READ (3,1002)classneme(numclass)
READ (3,*) snm(numclass),sna(numclass)
READ (3,1002) classvw(numclass)

ELSE IF (keyword.EQ.’end ‘) THEN
CLOSE(3)
GOTO 99

ENDIF
ENDIF
GOTO 10

FOR14AT(al,a4)
FoR14AT(a33)
‘ORMAT(a2)
k

C..=zz== ======== =========3==========4==========5=========6=========7==
c MI;CELLANEO;S ROUTINES

----l========2=========3==========4==========5=========6=========7== “c===----
SUBROUTINE cost(repcost,repcsd,origcsd)

c Routine to estimate the cost of changing a design during
c repair. Cost based on the number of interchangeablecomponents
c mdIFied in repair

INTEGER repcsd,origcsd,i,j
REAL repcost,costr,costo

c Variables for reading of csd file
CHARACTER*1 typename(20,20),csd(20,20)
CHARACTER*2 snclass(20,20)
CHARACTER*33 compname(20)
INTEGER numcomp,numcloc,numcload,compnum,typenum(20),
& fixity(20),csdnum
REAL scf(20,20,20),costcomp(20,20),costvw,costip
COMMON /detail/ typenamercsd,snclass,compna.me,numcomp,numcloc,
& numcload,compnum,typenum,fixity,csdnum,scf,costcomp,
& costvw,costip

DO 10 i=l,numcomp
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IF (fixity(i).EQ.1) GoTO 10
IF (csd(repcsd,i).EQ.csd(origcsd,i)) GoTO 10
Costo=o.
costr=O.
Do 20 j=l,typenum(i)

IF (csd(origcsd,i).EQ.tYPenme (ill))
& costo=costcomp(ifj)

IF (csd(repcsd,i).EQ.tYPenme (i,l))
costr=costcomp(i,j)

20& CONTINUE
c repcost=repcost+(costr-costo)

repcost=repcost+costr
10 CONTINUE

RJTTURN

1c..===== --------2========= ==========4==========5=========6=========7==3
SUBROUTINE exstress(so,a,m,fo,eta,tfail,dfail,bias)

c Function to deunine the Weibull extreme stress range based on
c the SN parameters a and m, the average frequency fo, the
c ,Weibull parameters eta and SO, the mean time to failure tfail,
c the damage at failure dfail, and the bias in the stress
c calculation.

‘W a,m,fo,eta,tfail,dfail,bias,so

so=((dfail*a)/(fo*tfail*gamma(m/eta+l.)))**(l./m)
& ●((log(fo*tfail))**(l./eta)/bias)

RETuRN

c===.=.= ========2=========3==========4==========5=========6=========7==1
SUBROUTINE options

INTEGER i

c Variables for reading of csd file
CHARACTER*1 typename(20,20),csd(20,20)
CHARACTER*2 snclass(20,20)
CHARACTER*33 compname(20)
INTEGER numcomp,numcloc,numcload,compnum,typenum(20),

& fixity(20),csdnum
REAL scf(20,20,20),costcomp(20,20)tcost~rcostip
COMMON /detail/ typename,csd,snclass,compname,nmcomp,nmcloc,
& numcload,cornpnum,typenum,fixity,csdnum,scf,costcomp,
& Costvw,costlp

50

1035

WRITE(6,1035) (i,i=l,lO)
DO 50 i=l,numcomp

WRITE(6,104O) compname(i),(csd(j,i),j=l,10)
cONTINUE
tiITE(6,*)

forl’@t(/
~m Configuration #’,/
c’ Component ‘,10(2x,il),/ -

------------------------------------------------------L)
1040&~a(lx,a20, 10(2x,al))

c.=====. ======== ========= ==========4==========5=========6=========7==
A FUNCTI;N pvfpdf(?)

c Function to RETURN the present value function (continuous
c model) at time t for repair period ta to tb

REAL t,nominfl,nomror
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c Variables to complete function for emv
REAL reptfl,sdlnt,ror,infl,ta
COMMON /emwars/ reptfl,sdlnt,ror,infl,ta

c COIIVerteffectlVe lntereSt rate5 tO nOmlnal rat@S. INFL and ROR
c originally input on per year basis. For t close to zero use
c ,rate of zero to avoid overflow error

IF (t.LE.O.01)THEN
nominfl.O.
nomror=O.

ELSE IF (t.NE.O.0)THEN
nominfl=t*((infl+l.)**(l./t)-l.)
nomror=t*((ror+l.)**(1./t)-l.)

KNDIF

c Calculate pvf
pvfpdf=2.*pdflognorm(reptfl,t-ta,sdlnt)*exp((nominfl-nomror)*t)
RETURN

c=======1========2=========3==----======4==========5=========6=========7==
REAL FUNCTION pvftotal(func,ts)

c
c

c

10

Routine to calclate the future cost of repairs based on
replacement at a probability of failure of 0.5 (at mean life)

REAL func
EXTERNAL func

INTEGER ‘i,mnr
REAL ts,a,b,pvft,pvf,small
PARAMETER (small=.0001)

Variables to complete function for emv
REAL reptfl,sdlnt,ror,infl,ta
COMMON /emwars/ reptfl,sdlnt,ror,infl,ta

mnr=INT(AINT(ts/reptfl)+small)
pvft=o.
IF (mnr.LE.1)THEN

a=o. ,
ta.a-small
b=ts

ELSE
DO 10 i=l,mnr

a=real((i-1)*reptfl)
ta.a-small
b=real(i’reptfl)
CALL qtrap(func,a,b,pvf)
pvft=pvft+pvf

CONTINUE
a=b
ta.a-small
b=ts

ENDIF
CALL qtrap(func,a,b,pvf)
pvftotal=pvft+pvf
RETURN
END

c=======1========2=========3==========4==========5=========6=========7==
SUEROUTINE select(repcsd,origcsd)

c ~o~d to check if the redesign repair selected is
c If a fixed component defined in the csd input
c file ch~ges, this is not allowed.

INTEGER repcx?.d,origcsd

c Variables for reading of csd file
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5

1012

10

CHARACTER*1 typename(20,20),Csd(20,20)
CHARACTER*2 snclass(20,20)
cHARACTER*33 compname(20)
INTEGER numcomp,numcloc,numcload,compnu,tYPenM(20) ,
& fixity(20),csdnum
H scf(20,20,20),costcomp(20,20),cost~lcostip
COMMON /detail/ typename,csd,snclass,compname,numcomp,numcloc,
& numcload,cornpnum,typenum,fixity,csdnum,scf,costcomp,
& Costvw,costlp

WRITE(6,*) ‘Select repair configuration #:’
RllAlY(5,*)repcsd
WRITE(6,1012) ‘ config’,repcsd
FoRMAT(’ ECHO: ‘,a10.’=’,i4,/)
IF (repcsd.EQ.origcsd)ti~”” “

WRITE(6,*) ‘Invaliddetail: ssme as original detal’
GOTO 5

ENDIF
DO 10 i.l,numcomp

IF (fixity(i)_.EQ.1)THEN
IF (csd(repcsd,i).NE.csd(origcsd,i)) THEN
WRITE(6,*) ‘Invaliddetail: fixed component change’
GOTO 5

ENDIF
ENDIF

CONTINUE
RETURN

C . . . ..===.2== . ...2 =========3==========4==========5=========6=========7==
SUBROUTINE Snclassm(wclass, snclass)

c Routine to return degraded SN curve class due to repair

CHARACTER*2 snclass,wclass
INTEGER i

c Vari@les for reading SN curve data
CHARACTER*2 classname(20),classw(20)
CHARACTER*33 snname
INTEGER numclass
REAL snm(20),sna(20)
COMMON /sndata/ Classneme,classvw,snname,numclass,snm,sna

~ 10 i=l,numclass
IF (classname(i).EQ.snclass)THEN ,

Wclass=classvw(i)
RETURN

ENDIF
10 CONTINUE

PAUSE ‘snclass- class not found’

c.======1========2=========3==========4==========5=========6=========7==
sUBROUTINE snparem(snclass,m,a)

c Routine to return SN parameters

cHARACTER*2 snclass
INTEGER i
REAL a,m

c Variables for reading SN tune data
cHARACTER*2 classname(20),classvw(20)
CHARACTER*33 snname
INTEGER numclass
REAL snm(20),sna(20)
cOMMON /sndata/ classname,classw, snname,n~class, snm~sna

n 10 i=l,numclass
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IF (classname(i).EQ.snclass) THEN 4
m=snm(i)
a=sna(i)
RJ3TURN

ENDIF
10 CONTINUE

PAUSE ‘snparam class not found’
RETURN
END,

c=======l========2=========3==========4==========5=========6=========7==
SUBROUTINE stressratio(ratio,repcsd,origcsd,origloc,location)

INTEGER repcsd,origcsd,origloc,location,i
REAL ratio,sumo,sumr

c Variables for reading of loading file
CHARACTER*33 shipname,grpname,shiploc(20)
INTEGER numloc,numload
REAL fo,eta,r(20,20)
COMMON /loading/ shipnarne,grpname,shiploc,nwloc,nmload,
& fo,eta,r

c Variables for reading of csd file
CHARACTER*1 typename(20,20),csd(20,20)
cHARACTER*2 snclass(20,20)
cHARAcTER*33 compname(20)
INTEGER numcomp,numcloc,numcload,compnum,tYPen~(20) t
& fixity(20),csdnum
REAL scf(20,20,20),costcon-lp(20,20),cost~tcostip
COMMON /detail/ typename,csd,snclass,cOmPname,n~comPtnumclocr
& nurncload,cornpnum,typenum,fixity,csdnum,scf,costcomp,
& Costvw,costlp

sumr.O.
Sumo=o”.

10

DO 1.0i=l,numcload
sumr=scf(repcsd,origloc,i)*r(location,i)+sumr
sumo=scf(origcsd,origloc,i)*r(location,i)+sumo

CONTINUE
ratio=sumr/sumo
RETURN

C=.=====1========2=========3==========4==========5=========6=========7==
sUBROUTINE stressip(repso,so)

c Routine to calculate the stress,change at the failure location
c after insert plate added. Change due to change in plate
c thickness only. Complete evaluation should analyse the
c butt weld location for stress concentration and SN degradation
c effects

CHARACTER*1 =S
REAL repso,so”

WRITE(6,*) ‘Is insert thickness = original thickness? <cr>=yes’
READ(5.1OOO) ans

1000 fo=t(al)
Il?(ans.EQ.’n’.OansnEQEN.’N’) THEN

WRITE(6,*) ‘Input orginal, replacement thickness’
-(5,*) to,tr
WR1TE(6,1OO1) to/tr

1001 FORMAT(‘ Stress multiplied by ‘,F4.2,’ to account for’
& ‘ change in thickness’,/
& ‘ WARNING: weld locations at perimeter of insert plate’,
& ‘ should be evaluated!‘,/)

PAUSE ‘Press <Cr> to continue’
repso=so*to/tr

ELSE
repso=so
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c=======l========2=========3==========d==========s=========G=========7==

c
c
c

1000

1001

SUBROUTINE stressw(repso,so) ‘

Recalculate stress in v and weld option to give credit for
post weld improvwent. Current model reduces stress level
by 1/3 to account for improvements

REAL repso,so,factor
PARAMETER (factor=O.667)

WRITE(6,*) ‘Appy post-weld improvements?<cr>=no’
RJZAD(5,1OOO)ans
format(al)
IF (ans.EQ.’Y’.OanSnEQEy.’y’) THEN

WRITE(6,1OO1) factor
FORMAT(’ Stress multipliedby ‘,F4.2~ .

& ‘ to account for improvements’)
PAUSE ‘Press ccr> to continue’
repso=so”factor

ELSE
repso=so

ENDIF
RETuRN

c.======l========2=========3==========4==========5=========6=========7==
SUBROUTINE testdata(x,n,m,min,~)

c Routine to scale data to screen coordinates

INTEGER i,j,n,m
REAL x(50,10),xmin,~

mnA=-9.e9
xmin=9.e9

Do 10 j=l,m
DO 10 i=l,n

IF(x(i,j).GT.xmax) XmaX=X(l,l)
IF(x(i,j).LT.xmin) mnin=x(l,l)

10 CONTINUE
RET’URM

c=======1 2======== =========3==========4==========5=========6=========7==
SUBROUTINE tfaili(tf,a,m,fo,eta,so,dfail,bias)

c Function to iterate to determine the time to failure based
c on the SN parameters a and m, the average freguency fo, the
c Weibull parameters eta and so, the damage at failure dfail,
c and the bias “in the stress calculation bias.

INTEGER count,maxcount
- a,m,fo,eta,so,dfail,bias,tl,t2,g,tf,smll
PARAMETER (wcoun~=loooo,s~ll=o.ool)

count=O
tl=huge(tl)
9=9arma(m/eta+l.)

10 ~0~1~
t2=dfail*a*(log(fo*tl))**(m/eta)/(fo*g*(bias*so)**m)
IF (ABS(t2-tl).GT.small)THEN

tl=(tl+t2)/2.
count=count+1
IF (count.EQ.maxcount)THEN

WRITE(6,*) ‘tfaili>maxcount
WRITE(6,*) ‘tl = ‘ltl

iterations reached’
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WRITE(6,*) ‘t2 = ‘,t2
PAUSE ‘Press <cntl>+c now to abOrt program!!‘
GOTO 99

ENDIF
GOTO 10

ENDIF
tf=(tl+t2)/2.

99 REm

C=======l========2=========3==========4==========5=========6=========7==
c MATHEMATICS ROUTINES
c..=.=.=1========2=========3==========4==========5=========6=========7==

REAL FUNCTION cdflognorm(m,x,sd)

c Function to returen the cumulative lognonnal distribution
c function

R= m,x,sd,si
si=log(m/x) /sd
cdflognonn=(l.+erf(si/ (SQRT(2.))))/2.
RETuRN
END

C=======1========2=========3==========4==========5=========6=========7==
REAL FUNCTION erf(x)

c Return the error function of x

REAL x
IF (x.LT.O.)THEN

erf.-gemmp(O.5,x**2)
ELSE - -

erf.gammp(0.5,x**2)
ENDIF
RETURN
END

c=======l========2=========3==========4==========5=========6=========7==
FUNCTION ganuna(xx)

c Function to return the gamma function of = based on gammln(z)

REAL=
gamma=exp(garmln(n))
RETURN

c...=... 1========2=========3==========4==========5=========6==~======7==
REAL FUNCTION gammln(xx)

c Returns value gamma(=) for xx > 0. Full accuracy for xx > 1.
c Source: Numerical Recipes, Art of Scientific Computing, 1986

INTEGER j
REAL cof(6),stp,half,one,fpf,x,n, tmP,ser

data cof176.18009173d0, -86.50532033d0,24 .01409822d0,
& -1.231739516d0, 0.120858003d-2, -0.536382d-S/

data stD/2.50662827465d0/

11

data haif,one,fpf/0.5d0,i.0d0,5.5d0/

x=xx-one
tmp=x+fpf
tmp=(x+half)‘log(tmp)-tmp
ser=one
DO 11 j=l,6

x.x+one
ser=ser+cof(j)/x

CONTINUE
genunln=tmp+log(stp’ser)

iL..
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c=======l========2=========3==========4==========5=========6=========7==
W FUNCTION gammp(a,x)

c Returns incomplete gamma function P(a,x)
c Source: Numerical Recipes, Art of Scientific computing, 1986

REAL a,x,gamser,gln,gemmcf
IF (x.LT.O..OR.a.le.O.)PAUSE
IF (x.LT.a+l.)THEN

call gser(gamser,a,x,gln)
gannnp.gamser

ELSE
call gcf(gemncf,a,x,gln)
gammp=l.-garmncf

ENDIF
RETURN

c.======1========2=========3==========4==========5=========6=========7==
SUBROUTINE gcf(gammcf,a,x,gin)

c Returns the incomplete gamma function Q(a,x) evaluated by its
c CONTINUEd fraction representationas GAMMCF.

INTEGER n,itmax
REAL garnmcf,a,x,gln,eps,gold,aO,al,bO,bl,fac,an,ana,g
parameter(itmax=lOO,eps=3.e-7)
gln=gammln(a)
gold=O.
aO=l.
al.x
bO=O.
bl=l.
fac=l.
DO 11 n=l,itmax

an=float(n)
ana.an-a
aO=(al+aO*ana)*fat
bO=(bl+bO*ana)*fat
anf=an’fac
al=x*aO+anf*al
bl=x*bO+anf*bl
IF ~~~.~i~i) THEN

= .
g=bl”fac
IF (A8s((g-gold)/g).LT.eps)GOTO 1
gold=g

ENDIF
11 cONTINUE

PAUSE ‘GCF> A too large, ITMAX too small’
1 ==exp(-x+a’log(x)-gin) *g

c!..===== 1 2======== =========3========== ==========5=========6=========7==4
SUBROUTINE gSer(9dmSer,a,X#91n)

c Returns the incomplete gamma function P(a,x) evaluated by its
c series representaiton as gamser. Also RETURNSganuna(a) as gin.

INTEGER n,itmax
REAL gamser,a,x,gln,ap,sum,del,eps
parameter(itmax=100,eps=3.e-7)
gln=garnmln(a)
IF (x.le.O.)THEN

IF(x.LT.O.) PAUSE
gamser=O.
RETURN
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ENDIF
ap=a
sum=l./a
del=sum
DO 11 n=l,itmex

ap.ap+l
del.del*x/ap

11

1

sum.sum+del-
IF (ABS(del).LT.ABS(sum)*eps) GOTO 1

CONTINUE
PAUSE ‘gser> A too large, IT’Mixtoo small’
gamser.sum’exp(-x+a’log(x)-gin)
RETURN
END

c..===== ========2=========3==========4==========5=========6=========7==
RE~ FUNCTION pdflognorm(rn,x,sd)

c Function to returen the lognonnal probability desity functio,n

Rd.?@m,x,sd,a,b,si
si=log(m/x)/sd
a=exp(-(si**2)/2.)
b=l./(sd*x*SQRT(2.*3.l4l592654))
pdflognorm.a’b
=m

c======= ========2=========3==========4==========5=========6=========7==
~ FUNCTION probfail(tf,ts,sd)

c Function to returen the probability of failure based on the
c lognormal probability desity function

REAL tf,ts,sd
probfail=l-cdflognorm(tf,ts,sd)
RETURN

C=======l========2=========3==========4==========5=========6=========7==

c
c
c
c
c

11

SUBROUTINE qtrap(func,a,b,s)

Returns as s the integral of the function func from a to b.
The parameters eps can be set to the desired fractional
accuracy and jmax so that 2A(jmax-1) is the maximum
allowed number of steps.
Source: Numerical Recipes, Art of Scientific Computing, 1986

REAL func
EXTERNAL func

INTEGER j,jmex
REAL arbrs,eps,olds
parameter (eps.1.e-2,jmax.20)

olds=-1.e30 “
DO 11 j=l,jmax

call trapzd(func,a,b,s,j)
IF (ABS(s-olds).LT.eps*ABS(olds)) RETURN
olds=s

CONTINUE
WRITE(6,*) ‘lower limit=’,a
WRITE(6,*) ‘upper limit=’,b
PAUSE ‘qtrap> too many steps in integration’
RETuRN
END

c..=.===1======== =========3==========4==========5=========6=========7==2
SUBROUTINE trapzd(func,a,b,s,n)

c
c Routine computes the N’th stage of refinement of an extended
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c trapezoidal rule. func is input as the name of the function
c to be integrated between limits a and b. s should riotbe
c modIFied between sequential calls. Accuracy improved with
c increasing n.
c source: Numerical Recipes, Art of Scientific Computing, 1986

REAL func
EXTERNAL fUnC

INTEGER n,it
REAL a,b,s,tnm,x,del,sum

U? (n.EQ.1)THEN
:;Oi5*(b-a)*(func(a)+func(b))

ELSE=
tnm=REAL(it)
del.(b-a)/tnm
x=a+O.5*del
Sum=o.
DO 12 j=l,it

sum=sum+func(x)
x=x+del

12 CONTINUE

~;~~~~~s+(b-a)*sum/tm)
~1~
RETURN
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SAMPLE INPUT DATA FILE:
LOADING.DAT .

*LOADING.DAT
*Loading information for ship
*5/10/92
●

*Ship name
*
=ship
test tanker
*
*Component group
*
=group
sideshell
●

●Average cycles per year fo
●

=operation
2500000.
*
*Weibull shape parameter for component group
*
.weibull
0.9
*
●Load ratios for component group
●#divisions,#loads
*title division l/ratio l,ratio 2 . . . ratio n etc
*
=ratios (verticalbending,athwartshipbending,pressure,shear)

~~~~~ :/3rTop 1/3

;o~d~li3,Middle 1/3

F~;w~rh l/3,Lower 1/3
.5,.5,1,0
Middle l/3,Top 1/3
1,1,0,0
fli~d~e~/3,Middle 1/3

Mid~l~.1/3,Lower 1/3
1,1,.7,0
A;t :/:lpp 1/3

~f~51~3~iddle 1/3

f~; ~/j$L:wer 1/3
#-#

.eh

.
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SAMPLE INPUT DATA FILE:
CSD.DAT

*CSD.DAT
“Sideshell critical structural detail data
“Last.updated5/10/92
*General csd information (tOtal #components,#locations/detail,#loads)
●

=group
5,3,4
*
*Relative costs (v&w cost,insert pl~te cost)
●

=Costs
1000,3000
●

●Components that cannot be changed easily
*Fixed components (neme,#types,types)
●

fixed
longitudinal

;LB
=fixed
cutout
4
1234
*
*Component that can be changed easily
*Interch~geable componponents (name,#typeS,types.,coStSeach tYPe)
●

*lugs (none,single,or double)
=interchangeable
lug
3
NSD
0,3000,6000
*
*flatbar (none,single,or double)
interchangeable
flatbar
3
NSD
0,3000,6000
*
●brackets (none,single,or double)
=interchangeable
bracket
3
NSD
0,3000,6000
*
*Data for CSDS using ABS data for cutout type 1
*Stress concentration factors available for external
*

pressure only

*component makeup in order (longitudinal,cutout,lug,flatbar,bracket types)
*location 1 sn class
*location 1 scfs (verticalbending,athwartshipbending,pressure,shear)
*etc.
*
*1. L type longitudinal, Single sided lug (cutoutwithout additional lug)
=data
Llm
c
0.0,0.0,2.0,0.0
+
;.0,0.0,2.1,0.0
B
0.0,0.0,1.0,0.0
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(1) includeanestimateoftheprobablecostof
anyindemnifmationprogmmswhichmay berec-
ommended;
(2)includeanexaminationofallviablemeans

offinancingthecostofanyrecommendedindem-
nification;and
(3)be completidandsubmittedtoCongress

,withintwoyearsfromtheeffectivedateofenact-
mentofthischaptm.

The GeneralAccountingofficeshallreviewthe
adequacyofthestudysubmittedtoCongress pursu-
ant ta paragraph (3) and shall report the results of
its review to the Congress within six months of the
date such study is submitted to Congress.

(b)Classification, storage, and retrieval study

The Council on Environmental Quali@, in consul-
tation with the Administrator, the Secre@ of
Health and Human Services, the Secretary of tim-
merce, and the heads of other appropriate Fedeml
departments or agencies, shall coordinate a study of
the feasibili~ of establishing (1) a standard classifi-
cation syswm for chemical substances and related
substances, and (2) a s~ndard means for stiring
and for obtaining rapid access to information n+
specting such substances. A report on such study
shall be completed and submitted to Congress not
later than 18 months after the effective date of
enactment of this chapter,
(Oct.11,1976, Pub.L.94-469,Title1,$25,90StaL2046;
Oct.17,1979,Pub.L.96-68,TitleV,5509(b),93Stit.695;
redesignatedTitle1,Oct.22,1986,Pub.L.99-519,~3(c)(l),
100SM.2989.)

~ 2625. Administration[TSCAf 26]
(a)Cooperationof Federal agencies

Upon request by the Administmtor, each Federal
department and agency is authorised—

(1) to make its services, personnel, and facilities
available (with or without reimbursement) to the
Administrator to assist the Administmtor in the
administration of this chapteq and

(2) tO furnish tO the Administrator such infor-
mation, data, estimates, and s~tistics, and to
allow the Administmtor access ta all information
in its possession as the Administmtnr may reason-
ably determine to be necessary for the adminis,
trat,ion of this chaptei,

(b)Fees

(1)The Administrator may, by rule, require the
payment of a reasonable fee from any person, -r~
quired h submit dab under section ‘2603or 2604 of:
this title to defray the cost of administering “this
chapter. Such rules shall not provide for any fee in

excessof $2,500 or, in the case of a small business
concern, any fee in excess of $100. In setting a fee
under this paragraph, the Administitor shall take
inti account the abili~ to pay of the person r~
quired to ~bmit the dab and the cost to the Admin-
istmtor of reviewing such data. Such rules may
provide for sharing such a fee in any case in which
the expenses of testing are shared under section
2603 or 2604 of this title.

(2) The Administrator, after consultation with the
Administmtir of the Small Business Administra-
tion, shall by rule prescribe standards for determini-
ng the persons which qualify as small business
concerns for purposes of paragraph (l).

(c) Actionwithrespecttocategories
(1)Any action authorized or required ta be taken

by the Administrator under any provision of this
chapter with respect to a chemical substince or
mixture may be &ken by the Administrator in ac-
cordance with that provision with respect to a cate-
gory of chemical subshnces or mixtures. Whenev-
er the Administrator tikes action under a provision
of this chapter with respect to a category of chemi-
cal substances or mixtures, any reference in this
chapbw to a chemical substance or mixture (insofar
as it relates to such action) shall be deemed to be a
reference to each chemical substance or mixture in
such category.

(2) For purposes of paragraph (1Y

(A) The term “category of chemical sub-
stances” means a group of chemical substances
the members of which are similar in molecular
structure, in physical, chemical, or biological prop-
erties, in use, or in mode of entrance inta the
human body or into the environment, or the mem-
bers of which are in some other way suitable for
classification as such for purposes of this chapter,
except that such term does not mean a groupof
chemical substances which are grouped tigether
solely on the basis of their being new chemical
substances.

“(B)The term “category of mixtures” means a,
groupof mixturesthemembers-of whichare
similarininolecularstructure,inphysical,chemi-
cal, or biological properties, in use, or in the mode
of entnmce inta the human body or into the
environment, or the members of which are in
some oth& way suitable for classification as such
for purposes of this chapter.

(d)Ass@mmeoffice h,

TheAdministrator shall establish in’’the Environ-
menhl Protection Agency an identifiable office w#
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TO’XIC SUBSTANCESCONTROL

provide technical’ and other nonfinancial assistance
to manufacturers and processors of chemical sub
stinces and mixtures respecting the requirements
of this chapter applicable to such manufacturers
and processors, the poiicy of the Agency respectig
the application of such requiremen~ to such manu-
facture= and processors, and the means and meth-
ods by which such manufacturers and processors
may comply with such requirement.

(e)Financial diEclosurea

(1)Exceptasprovidedunderparagraph(3),each
officeroremployeeoftheEnvironmentalProtection
AgencyandtheDepartmentofHealthandHuman
Serviceswho-

(A) performs any function or duty under this
chapter, and

(B) has any known financial interest (i) in any
person subject to this chapter or any rule or order
in effect under this chapter, or (ii) in any person
who applies for or receives any grant or contract
under this chapter,

shall, on Febm.mry 1, 1978, and on February 1 of
each year thereafter, file with the Administrator or
the Secre@y of Health and Human Services (here-
inafter in this subsection referred to asthe“Secre-
tary”), asappropriate,awrittenshtementconcern-
ingallsuchinterestsheldbysuchofficeroremploy-
eeduringtheprecedingcalendaryear.Suchstate-
mentshallbemadeavailabletothepublic.

(2)TheAdministrator and the Secretary shall–

(A) act within 90 days of Janu~ 1, 1977–
(i) ta define the term “known financialinter-

ests”forpurposesofpamgraph(l),and
(ii)toestablishthemethodsby whichthe

requirementw filewrittens~tementsspecified
h paragraph(1)willbemonitoredandenforced,
includingappropriateprovisionsforreviewby
theAdministratoranclthe Secrewy of such
statement;and
(B)reporttotheCongressonJune1,1978,and

onJune1ofeachyearthereafterwithrespectto
such shtements and the actions hken in regard
thereto during the preceding calendar year,

(3) The Administrator may by rule identify specif-
ic positions with the Environmektil Protection
Agency, and the Secre@ may by rule identify
specific positions with the Department of Health
and Human Services, which are of a nonregulatory
or nonpolicymaking nature, and the Administmtor
and the Secretmy may by rule provide that officem
oremployees occupyingsuchpositionsshallbeex-
emptfromtherequirementofpara~ph (l). .

--
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(4) This subsection does not supersede any re-
quirement of chapfer 11 of Title 18.

(5) Any officer or employee who is subject to, and
knowingly violates, this subsection or anyrule is-
sued thereunder, shall be fined not more than
$2,500 or imprisoned not more than one year, or
both.

(fi Stitement of baeia and purpose

Any final order issued under this chapter shall be
accompanied by a statement of i~ basis and pur-
pose. The contenti and adequacy of any such state-
ment shall not be subject to judicial review in any
respect.

(g)AssistintAdministrator
(1) The President,by and with the advice and

consent of the Senate, shall appoint an Assis@nt
Administmtir for Toxic Substances of the Environ-
mental Protection Agency. Such Assistant Admin-
istmtor shall be qualified individual who is, by rea-
son of background and experience, especially quali-
fied b direct a progmm concerning the effects of
chemicals on human health and the environment.
Such Assistant Adminiatmtor shall be responsible
for (A) the collection of data, (B) the preparation of
studies, (C) the making of recommendations to the
Administrator for regulatory and other actions to
carry out the purposes and to facilitate the adminis-
tition of this chapter, and (D) such other functions
as the Administrator may assign or delegate.

(2) The ~siahnt Administrator to be appointed
under paragraph (1) shall be in addition to the
Assistant Adminia+tora of the Environmental Pro-
tection Agency authorized by section l(d) of Reorga-
nization Plan No. 3 of 1970.
(OCL11,1976, Pub.L.94469,TitleI,#26,90Sbt.2046;
Ott17,1979,Fub.L9&88,TitleV,s509(b),93Stat.695;
Sept.13,1982,Pub.L9’7-258,f4(b),96SW,1067;redes-
ignakdTitleI,Oct.22,1986,Pub.L.98-519,$3(c)(1),100
StiL2989.)

CODEOF FEDERAL REGULATIONS
Requirementfor repotig financial interests, see 40CFR3.300to ‘,

3.306.

LIBRARY REFERENCES

Health andEnvironment-s5,5(9).
CJ.S.Health end Environment $ 6S et seq.

$2626. Development and evah,mtion of
test methods [TSCA $ 27]

(a) In general

The Secretary of Health and Human Setices, in
consultation with the Administrator and actinsr
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*
*2 . L type longitudinal, Single sided lug with flatbar
=data
LINSN
c
0.0,0.0,1.9,0.0
c
0.0,0.0,2.0,0.0
B
0.0,0.0,1.0,0.0
*
*3. L type longitudinal, Double sided lug
data
LISNN
c
0.0,0.0,3.0,0.0
c
0.0,0.0,2.6,0.0
F
0.0,0.0,2.4,0.0
*

cutout 1 with additional lug

*4. L type longitudinal,Double sided lug with flatbar
=data
LISSN
c
0.0,0.0,2.8,0.0
c
0.0,0.0,2.5,0.0
F
0.0,0.0,2.3,0.0
●

*5. T type longitudinal, Single sided lug (cutoutwithout additional lug)
data
TINNN
c
0.0,0.0,1.8,0.0
c
0.0,0.0,1.9,0.0
B
0.0,0.0,1.0,0.0
●

*6. T type longitudinal, Single sided lug with flatbar
=data
TINSN
c
0.0,0.0,1.7,0.0
c
0.0,0.0,1.8,0.0
B
0.0,0.0,1.0,0.0
*
*7. T type longitudinal, Double sided lug (cutout 1 with additional lug)
=data
TISNN
c
0.0,0.0,2.7,0.0 “
c

4

0.0,0.0,2.4,0.0
F
0.0,0.0,2.2,0.0
●

●8. T type longitudinal, Double sided lug with flatbar
=data
TISSN
c
0.0,0.0,2.5,0.0
c
0.0,0.0,2.3,0.0
F
0.0,0.0,2.1,0.0
=end
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SAMPLE INPUT DATA FILE:
SNDATA.DAT

*SNDATA.DAT
*sN data parameters
*4/29/92
●

*Name of SN curves
group
UK DeN SN curves
*
●Parameters
*SN class/inverse slope m,life intercept A/v&weld SN class
●

=parameters
B
4.0p2.34e15
F
=parameters
c
3.5,1.08e14
F
=parameters
D
3.0,3.99e12
F
parameters
E
3.0,3.29e12
F
=parameters
F
3.0,1.73e12
F2
parameters
F2
3.0,1.23e12
F2
parameters
G
3.0,5.66ell
G
parameters
w
3.0,3.68ell
w
.end
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SAMPLE OUTPUT DATA FILE:
OUTPUT.DAT

ABS Verification Case,Location l,L Type longitudinal,O% interest

● *******************************● ***********************
RMS--REPAIR MANAGEMENT SYSTEM

Version 1.0
Last Updated 4/29/92

A System for Simplified Repair Analysis
for Fatigue Mode of Ship Structural Failure

********************************************************

UNIVERSITY OF CALIFORNIA, BERXELEY
NAVAL ARCHITECTURE AND OFFSHORE ~GINEERING

Based on input files providing information on loading,
critical structural detail, and material properties,
this program estimates mean fatigue life, probability of
failure distribution, and expected monetary value for the
repair alternatives selected.

The following input data files are reauired:
LOADING.DAT
CSD.DAT
SNCURVE.DAT

Ship Loading Data
Critical Structural Detail Data
Fatigue Curve Data

LOADING.DAT:
● ***********

ship name
load group
average load
Weibull shape parameter = .90

. test tanker
= sideshell

frequency = .25E+07 cycles/yr

loading zones load ratios
--+----.--------.-.-------------------------------------------

Forward l/3,Top l/3 .50 .50 1.00 .00
i: Fomard l/3,Middle 1/3 .00 s; :.;; 1.00
3. Fomard l/3,Lower 1/3 .50 .00
4. Middle l/3,Top 1/3 1.00 1.00 :00 .00
5. Middle l/3,Middle 1/3 .00 1.00 1.00 .50
6. Middle l/3,Lower 1/3 1.00 1.00 .70 .00
7. Aft l/3,ToP 1/3 .50 .50
8.

.00 1.00
Aft l/3,Middle 1/3 .00 .50 1.00 .00

9. Aft l/3,Lower 1/3 .50 .50 .70 1.00

CSD.DAT:
*********

number of components
number of locations on detail ~ :
number of loading directions = 4
relative cost to vee and weld = $ 1000.00
relative cost to insert plate = $ 3000.00

Fixed component:

component name = longitudinal
typename relati~ocost ($)

T
L .00
B .00

Fixed component:

component neme = cutout
typename relative cost ($)
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Interchangable

Component name
typename

N

Interchangeable

Component name
typename

N

Interchangeable

Component name

Summary of csd

component
---------------

.00

.00

.00

.00

component:

= lug
relati~Ocost ($)

3000.00
6000.00

component:

= flatbar
relative cost ($)

.00
3000.00
6000.00

component:

= bracket
relati~ocost ($)

3000.00
6000.00

configurations:

Configuration #
12 3 4 5 67 89 *

--.------------------------------------
longitudinal LLLLTTTT
cutout 11111111
lug NN S S NNS S
flatbar NSN S NS N S
bracket NNNNNNNN

Critical structural detail . 1
location SN class stress concentration factors
--------------------+---.---------------------------

c
c

.00 .00 2.00 .00

.00 .00 2.10 .00
3 B .00 .00 1.00 .00

Critical structural detail = 2
location SN class stress concentration factors .
----------------------------------------------------

c .00
:

.00 1.90 .00
c .00 .00 2.00 .00

3 B .00 .00 1.00 .00

Critical structural detail = 3
location SN,class stress concentration factors
----------------------------------------------------

‘c .00 .00 3.00 .00
; c .00 .00 2.60 .00
3 1? .00 .00 2.40 .00

Critical structural detail . 4
location SN class stress concentration factors
----------------------------------------------------

c .00 .00 2.80 .00
; c .00 .00 2.50 .00
3 F .00 .00 2.30 .00

critical structural detail = 5
location SN class stress concentration factors
---- - ------ -- - - - - . ------- - - -- --- - - - - - - - --- - - --- -- - - -
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c .00 .00 1.80 .00
; c .00 .00 1.90 .00
3 B .00 .00 1.00 .00

Critical structural detail = 6
location SN class stress concentration factors
- - - ---- - --- - --- -- - -- - -- - - - - - - - - - - - -- -- - - -- -- -- - - ----

c .00 .00 1.70 .00
: c .00 .00 1.80 .00
3 B .00 .00 1.00 .00

Critical structural detail = 7
location SN class stress concentration factors
--------------.----------..-------------------------

c .00 .00 2.70 .00
; c .00 .00 2.40 .00
3 F, .00 .00 2.20 .00

critical structural detail = 8
location SN class stress concentration factors
----------------------------------------------------

c .00 .00 2.50 .00
: c .00 .00 2.30 .00
3 F .00 .00 2.10 .00

Original failed detail:
ship zone # = 5
csd # = 1
location on detail = 1
mean time to failure = 50.00

The estimated Weibull extreme stress to cause failure
is 542.13 N/mmA2 for the original detal with

Mean time to fallUre = 50.00 years
Average frequency = .25E+07 cycles/yr
Weibull shape param = .90
SN parameters

class .
m = 3?50
A = .108E+15

REPAIR NUMBER 1: V and Weld Only
================================================
The estimated mean life of this repair is 5.24 years based on:

original extreme stress = 542.13 N/mmA2
Repair extreme stress = 542.13 N/mmA2
Average frequency = .25E~:; cycles/yr’
Weibull shape ~aram =
Repair SN”parameters

class =
m = 3:00
A = .173E+13

At the semice life of 10.00 years the probability
of failure for this repair is 61.09%2b~~ed on:

sd of ln(Tf) =
Tf mean time to failure = 5124 years

;~e$expected monetary value of this repair decision
2216.27 based on the following data:

PVF
i

~i

= Ci(l+PVF)
mean number of repairs = 1.91
present value function = 1.22
rate of inflation = .00 %
rate of return .00 %
initial repair costs : $ 1000.00

summary of data for various exposure times:
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Time Pf PDF=f (t) PVF EMV
(yrs ) ($)

----- ----- ----- ----- ------ ----- ------ ----- --
.00

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00
18’.00
19.00
20.00

REPAIR NUMBER

.00

.23

.34

.40

.45

.49

.52

.55

.57

.59

.00

.13

.08

.06

.04

.03

.03

.02

.02

.02

.00

.47

.67

.80

.90

.98
1.04
1.10
1.14
1.18

.61 .02 1.22

.63 .02 2.30

.64 .01 2.57

.65 .01 2.73

.67 .01 2.85

.68 .01 2.93

.69 .01 3.18

.70 .01 3.52

.70 .01 3.69

.71 .01 3.82

.72 .01 3.91

2: Add Insert Plate Only

1000.00
1468.14
1669.93
1804.76
1901.86
1977.85
2039.74
2096.94
2142.17
2181.55
2216.27
3296.19
3572.57
3734.05
3845.83
3930.98
4175.13
4515.37
4694.80
4815.57
4906.09

====== ====== ====== ====== ====== ====== ====== ======
The estimated mean life of this repair is 50.00 years based on:

original extreme stress = 542.13 N/mmA2
Repair extreme stress = 542.13 N/mmA2
Average frequency = .25E+07 cycles/yr
Weibull shape param . .90
Repa;~a~~ parameters

=
m = 3:50
A = .I08E+15

At the service life of 10.00 years the probability
of failure for this repair is 27.36% based on:

sd of ln(Tf) = 2.67
Tf mean time to failure = 50.00 years

f~$expected monetary value of this repair decision
4632.54 based on the following data:

PVF
i
r
Ci

= Ci(l+PVF)
mean number of repairs . .20
present value function = .54
rate of inflation = .00 %
rate of return .00 %
initial repair costs : $ 3000.00

summary of data for various exposure times:

Time “Pf PDF=f(t) PVF ~
(yrs)

--------------------------------------------
.00 .00 .00 .00

1.00 .07 .05 .14
2.00 .11 .04 .23
3.00 .15 .03 .29
4.00 .17 .02 .34
5.00 .19 .02 .39
6.00 .21 .02 .43
7.00 .23 .02 .46
8.00 .25 .01 .49
9.00 :;; .01 .52
10.00 .01 .54
11.00 .29 .01 .57
12.00 .30 .01 .59

3000.00
3427.47
3683.03
3873.24
4027.58
4163.57
4278.51
4380.53
4472.35
4555.89
4632.54
4703.36
4769.20
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13.00 .31 .01 .61
14.00

4830.70
.32 .01 .63 4888.39

15.00 .33 .01 .65 4942.73
i6.oo .33 .01 .66
17.00 .34

4994.06
.01 .68

18.00 .35
5042.70

.01 .70
19.00

5099.21
.36 .01 .71 5143.83

20.00 .37 .01 .73 5186.44

REPAIR NUMBER 3: Redesign plus V and Weld Crack
================================================
The estimated mean life of this repair is 6.36 years based on:

Original extreme stress = 542.13 N/mm”2
Repair extreme stress = 515.02 N/mm”2
Average frequency = .25E:;~ cyclesjyr
Weibull shape param =
Repa:~a~~ parameters

=
m = 3F00
A = .173E+13

At the service life of 10.00 years the probability
of failure for this repair is 57.83% based on:

sd of ln(Tf) = 2.67
Tf mean time to failure = 6.36 years

The expected monetary value of this repair decision
is $ 8609.15 based on the following data:

w

PVF
i
r
Ci

=Ci(l+PVF)
mean number of repairs = 1.57
present value function = 1.15
rate of inflation = .00 %
rate of return .00 %
initial repair costs : $ 4000.00

summary of data for various exposure times:

Time Pf PDF=f(t) PVF EMv
(yrs) ($)

-----.--.....-------------..-------------.--
.00 .00 .00 .00 4000.00

1.00 .21 .13 .42
2.00 .31

5673.57
.08 .61 6442.21

3.00 .37 .05 .74 6963.80
4.00 .42 .04 .84 7346.08
5.00 .46 .03 .91 7648.41
6.00 .49 .03 .97 7896.77
7.00 .52 .02 1.03
8.00

8106.23
.54 .02 1.08 8306.59

9.00 .56
10.00

.02 1.12
.58

8467.02
.02

11.00
1.15 8609.15

.59 .02 1.18 8736.31
12.00 .61 .01 1.21
13.00 .62

8851.00
.01 2.16 12641.45

14.00 .63 .01 2.47 13882.14
15.00 .65 .01 2.64 14554.50
16.00 .66 .01 2.76 15033.17
17.00 .67 .01 2.85 15389.47
18.00 .68 .01 2.92 15674.71
19.00 .68 .01 2.98 15910.98
20.00 .69 .01 3.38 17519.10

REPAIR NUMBER 4: Redesign plus V and Weld Crack
===== ===== ===== ===== ===== ===== ===== ===== ===== ===
The estimated mean life of this repair is 1.12 years based on:

Original extreme stress = 542.13 N/mmA2
Repair extreme stress = 813.19 N/rmA2
Average frequency = .25E;;; cycles/yr
weibull shape param =
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Repa~~a~~ parameters
=

m = 3:00
A = .173E+13

M the service life of 10.00 years the probability
of failure for this repair is 83.06% based on:

sd of ln(Tf) = 2.67
Tf mean time to failure . 1.12 years

~~$expected monetary value of this repair decision
29277.55 based on the following data:

W . Ci(l+PVF)
MNR mean number of repairs = 8.95
PVF present value function = 6.32
i rate of inflation = .00 %

rate of return .00 *
;i initial repair costs = $ 4000.00

Summary of data for various exposure times:

Time Pf PDF=f(t) PVF ~
(yrs)

----------.---..-------...--..-------.---.--
.00 .00 .00 .00 4000.00

1.00 .48 .17 .96 7829.81
2.00 .60 .08 .88 7522.49
3.00 .67 .05 2.20 12808.07
4.00 .71 .04 2.81 15254.41
5.00 .74 .03 3.41 17649.24
6.00 .77 .02 4.00 20004.51
7.00 .79 .02 4.57 22275.28
8.00 .80 .02 5.10 24398.88
9.00 .82
10.00

.01 5.55 26207.85
.83

11.00
.01 6.32 29277.55

.84 .01 6.95 31790.04
12.00 .85 .01 7.57 34274.55
13.00 .86 .01 8.19 36740.21
14.00 .87 .01 8.79 39171.66
15.00 .87
16.00

.01 9.38 41539.45
.88 .01 9.97 43860.88

17.00 .88
18.00

.01 10.52 46076.95
.89

19.00
.00 11.03 48100.86

.89 .00 11.39 49563.94
20.00 .90 .00 12.31 53240.57

REPAIR NUMBER 5: Redesign plus V and Weld Crack
-.-.-..-------------------------.------—----------------------------------------------—---------
The estimated mean life of this repair is 1.46 years based on:

Original extrae stress = 542.13 N/mmA2
Repair extreme stress = 758.98 N/mmA2
Average frequency = .25E;g~ cycles/yr
Weibull shape .param =
Repa~~a~~ parameters

=
m = 3:00
A = .173E+13

At the service life of 10.00 years the probability
of failure for this repair is 79.97%2~ed on:

sd of ln(Tf) =
Tf mean time to failure = 1146 years

The expected monetary value of this repair decision
is $ 55395.36 based on the following data:

EMv

PVF

= Ci(l+PVF)
mean number of repairs = 6.86
present value function = 6.91

150



Appendix B

i rate of inflation = .00 %
rate of return = .00 %

;i initial repair costs = $ 7000.00

Summary of data for various exposure times:

Time Pf PDF=f(t)
(yrs)

-----------------------------
.00 .00 .00

1.00 .43 .17
2.00 .55 .09
3.00 .62 .06
4.00 .67 .04
5.00 .70 .03
6.00 .73 .02
7.00 .75 .02
8.00 .77 .02
9.00 .79 .01
1,0.00 .80 .01
11.00 .81 .01
12.00 .82 .01
13.00 .83 .01
14.00 .84 .01
15.00 .85 .01
16.00 .85
17.00

.01
.86 .01

18.00 .86 .01
19.00 .87 .00
20.00 .87 .00

PVF EMv
($)

-- - - - -- - - -- -- - -

.00 7000.00

.87 13065.44
1.11 14748.28
2.20 22427.84
2.88 27i88.&2
3.69 32856.30
4.33 37282.73
4.90 41298.23
5.73 47093.88
6.41
6.91
7.75
8.48
8.93
9.78
10.54
10.94
11.80
12.58
13.08
13.82

51904.55
55395.36
61284.39
66379.03
69481.55
75451.11
80761.84
83558.21
89598.05
95078.52
98541.88
********

REPAIR NUM8ER 6: Redesign plus Add Insert Plate
===== ===== ===== ===== ===== ====== ===== ====== ======
The estimated mean life of this repair is 62.71 years based on:

Original extreme stress . 542.13 N/mmA2
Repair extreme stress = 515.02 N/mmA2
Average frequency = .25E;;; cycles/yr
Weibull shape paran .
Repair SN parameters

class =
m = 3!50
A = .108E+15

At the service life of 10.00 years the probability
of failure for this repair is 24.61% based on:

sd of ln(Tf) = 2.67
Tf mean time to failure = 62.71 years

The expected monetary value of this repair decision
is $ 8939.78 based on the following data:

= Ci(l+PVF)
mean number of repairs . .16
present value function = .49
rate of inflation = .00 %
rate of return .00 %
initial repair costs D $ 6000.00

summary of data for various exposure times:

Time Pf PDF=f(t) PVF ~
(yrs)

---.--------.---_.---._------__-----___.----
.00 .00 .00 .00 6000.00

1.00 .06 .05 .12 6725.70
2.00 :;; .03 .20 7180.87
3.00 .03 .25 7525.98
4.00 .15 .02 ●3O 7809.23
5.00 .17 .02 .34 8051.14
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6.00 .19 .02 .38 8263.01
7.00 .21 .02 .41 8464.13
8.00 .22 .01 .44 8636.78
9.00 .23 .01 .47 8794.50
10.00 .25 .01 .49 8939.78
11.00 .26 .01 .51 9074.48
12.00 .27 .01 .53
13.00 .28

9200.07
.01 .55 9317.73

14.00 .29 .01 .57 9428.41
15.00 .30 .01 .59 9532.90
16.00 .30 .01 .61 9631.85
17.00 .31 .01 .62 9725.82
18.00 .32 .01 .64 9815.27
19.00 .33 .01 .65 9900.63
20.00 .33 .01 .66 9982.23

REPAIR NUMBER ‘7: Redesign plus Add Insert Plate
---.-+--——---.-------—---..-------------.------------—----—-----—----——--------------—----------
The estimated mean life of this repair is 8.12 years based on:

original extreme stress . 542.13 N/mmA2
Repair extreme stress = 813.19 N/mm-2
Average frequency = .25E;;; cycles/yr
Weibull shape param =
Repa~~a~~ parameters

=
m.= 3!50
A = .108E+15

At the service life of 10.00 years the probability
of failure for this repair is 53.11% based on:

sd of ln(Tf) = 2.67
Tf mean time to failure = 8.12 years

The expected moneta~ value of this repair decision
is S 11703.41 based on the following data:

EMV . Ci(l+PVF)
MN’ R’meannumber of repairs = 1.23
PVF present value function = .95
i rate of inflation = .00 %
r rate of return .00 %
Ci initial repair costs ~ $ 6000.00

summary of data for various exposure times:

Time Pf PDF=f(t) PVF ~
(yrs)

...------------.------.---------------------
.00

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00

.00

.22

.30

.35

.40
-.43
.46
.48
.50
.52
.53
.55
.56
.57
.58
.59
.60
.61
.62
.62
.63

.00

.11

.07

.05

.04

.03

.02

.02

.02

.02

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.01

.00

.43

.60

.70

.78

.74

.91

.95

6000.00
8583.86
9584.73
10229.96
10708.29
10465.72
11432.03
11701.49

.99 11934.90

.92 11533.82

.95

.98
1.11
1.13
i.16
1.18
1.19
2.36
2.55
2.67
2.75

i1703.41
11859.46
12636.43
12772.49
12935.90
13053.79
13163.24
20172.65
21316.17
22018.27
22527.51
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REPAIR NUMBER 8: Redesign plus Add Insert Plate
================================================
The esti~ted mean life of this repair is 11.10 years based on:

Original extreme stress = 542.13 N/mmA2
Repair extreme stress = 758.98 N/nun”2
.Averagefrequency = .25E~~~ cycles/yr
Weibull shape param .
Repair SN parameters

class =
m = 3:50
A = .108E+15

At the service life of 10.00 years the probability
of failure for this repair is 48.44%2b:~ed on:

sd of ln(Tf) =
Tf mean time to failure = 11110 years

The expected monetary value of this repair decision
is $ 17662.32 based on the following data:

. Ci(l+PVF)
mean number of repairs = .90
present value function = .96
rate of inflation = .00 %
rate of return .00 %
initial repair costs : $ 9000.00

summary of data for various exposure times:

Time Pf PDF=f(t) PVP ~
(yrs )

- ---- - - - - -- - . - -- --- -- -- . - . - - - . -- --- ----- -- . -
.00 .00 .00 .00

1.00 .18
9000.00

.10 .37 12292.70
2.00 .26 .06
3..00 .31

.52 13674.47
.04

4.00 .35
.62 14589.67

.03 .70 15279.25
5.00 .38 .03 .62 14’549.94
6.00 .41 .02 .81 16330.59
7.00 .43 .02 .86 16729.86
8.00 .45 .02 .90 17078.13
9.00 .47 .02 .79 16136.10

10.00 .48 .01 .96 17662.32
11.00 .50 .01 .99 “17911.72
12.00 .51 .01
13.00 .52

1.02 18138.87
.01 .

14.00
1.04 18347.14

.53 .01
15.00 .54

1.06 18539.17
.01 1.08 18717.11

16.00
17.00
18.00
19.00
20.00

.55

.56

.57

.58

.59

.01 .97 17721.08

.01 .98 17860.35

.01 1.00 17992.85

.01 1.01 18119.37

.01 1.03 18240.60
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APPENDIX C: PREVIOUS REPAIR STUDY WORK

StudyR4 RepairsStatusasofJanuary18,1991...........................................................lsfI

TSCF FormatRepairCaseStudies..............................................................................160

The purpose of this appendix is to provide information on previous work

completed in Study 4. The repairs study has undergone four distinct phases represented

by three different Graduate Student Researchers (GSRS). These phases are:

Phase GSR Start Date End Date

1 Robert Baker June 1990 Dec 1990

2 Martin Cepauskas Jan 1991 Jan 1991

3 None Jan 1991 June 1991

4 Keith Gallion June 1991 May 1992

The following is a sumnxuy of the work completed during the fwst two phases and the

causes of redirection. The results of the cument research represent Phase 4 of the repairs

study which was approved by the SNIP Project Technical Committee on January 17,

1992.

Martin Cepauskas entered the study to wrap up the work of Robert Baker and to

recommend a future direction for the study. Starting on the next page is part of his report

of the status and recommendations for the successful completion of the Repair Study.
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STUDY #4 REPAIRS STATUS AS OF JANUARY 18,1991

On January 7-8, 1991 the Structural Maintenance of New and Existing Ships

Project Technical Committee held a meeting at U. C. Berkeley. During this meeting the

status and redirection of Study 4 on Repairs and New Build Guidelines was discussed.

Currently, Study 4 is encountming problems in acquiring sufficient data on repairs and

maintenance in order to cany out this study properly. In addition to this problem there is

a lack of presently available “qualiiled and motivated” research assistants.

,~ree alternatives for the successful completion of this study were presented to

the PTC for discussion. Based on the current problems, the PTCS decision was to

suspend the Repair Study as of 1/18/91 until 9/91 when a “qualikl and motivated”

research assistant will be available to properly continue this project. Between 1/18/91

and 9/91, the PTC members also agreed to make a concerted effort to obtain more

“sufficient definitive data on cracking, coating, and cathodic protection repairs and

maintenance.” This information should be forwarded directly to Professor Bob Bek

Current Overall Study 4 Status

In generalizing the project’s status to date, the study has progressed as well as

possible with the limited amount of data available. The course that the study has been

following has focused on the owner’s point of view. Most of the current information

being used for the ship summaries, vefications and repair/corrosion case studies has

been obtained from the ship owners. In order for the project to continue using the

current format and information available, all of the PTC members will have to provide

more pertinent information on the details of the repair of the corrosion and fatigue

failures (e.g. steel weights use~ time of repair, effectiveness of the repair, more details

on the location and repair method used). It seems that the problem with obtaining this
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information is that the pertinent data needed for this study is not readily accessible. This

information must be located by the PTC members and fomarded in a timely manner.

All of the information, reports, surveys, etc. obtained up to 1/18/91 can be located

in Bob Baker’s files. These ffles have been organized into separate folders which are

respectively identiikd.

Redirection and Reorganization of Study 4

The January PTC meeting decided to suspend this repair study until 9/91 when a

“qualified and motivated” research assistant will be available. This delay

Study 4 schedule as follows:

. The repair study will begin again in 9/91 and be completed by

with a new research assistant.

● The New-Build guidelines study will be initiated in 9/91 and be

completed by 9/92. This study will be performed by a separate

research assistant.

The Study 4 delay between 1/18/91 and 9/91 will allow time

will alter the

9/92

for the PTC

members to gather pertinent information for this study. This new information will enable

the new research assistants to successfully develop and complete this study to meet the

project goals and expectations. Study 4 will proceed as planned and outlined granted that

the new information received is sufficient. To date, limited information ha~ been made’

available to successfully complete this study as planned.

All information should be fonvarded directly to Professor Bob Bea-

List of Findings to Date

This list of finchgs was furnished by Bob Baker. This information is based on

his experience with working on this study for

Maintenance for New and Existing Ships project.

the fmt six months of this Structural
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1.

2.

3.

4.

5.

6.

7.

8.

.9.

104

Database makes problem areas readily apparent by giving percent of types of

repairdcracks for any vessel. Comparisons can be made with other vessels of

the class to give ftier insight into problem areas.

Not all repairs are sound from a Naval Architectural standpoint, even with the

better operators. Some repairs are made by the “seat of the. pants” approach

and cracks begin to reappear during the next inspection. There are times

when poor rep’airs are made due to time and budget limitations at the

shipyard. These sometimes resulted in recracking.

Not all cracks are repaired. Cracks in the side shell and in the major structural

members of the ship are repaired.

Ship life is determined by the following factors:

. Future plans of the company.

● “Second hand values” as determined by the supply and demand for

tonnage for a vessel of that pzuticular size as dictated by the oil

markets.

. Development of legislation.

Corrosion protection philosophies vary between organizations.

● Installation of anodes in ballast or cargo tanks.

● Extent of coating in ballast and cargo tanks.

Surface preparation of coating area seemed to be the key ingredient

the maximum life for tank coatings.

The combination of anodes and coatings gave the best protection.

in getting

Repair decisions are not always based on the most sound engineering

approach from a Naval Architectural standpoin~

Lack of organization in files to retrieve information quickly on steel repairs

and coatings. Much information is missing due to this poor record keeping.

Iarge variance in sophistication of tracking crack repairs and coatings.
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11. Lack of computerization by most operators for handling and keeping track of

repair budgets and engineering documentation.

12. DiHerences in the type of repairs proposed by the office technical department

and what is actually done at the shipyard This may be due to budget

constraints or differences of opinions.

13. Two other companies besides Chevron were at the time of the initiation of

this project developing their own crack data bases for tracking cracks.

14. Three companies were simultaneously coming up with three phases of repairs

to side shell longitudinal at web frames.

15. Lack of respect for U.S. Coast Guard expertise in approval of repairs at

shipyards.

Previous problems with the repair portion of the study:

1.

2.

3.

4.

5.

Acquisition of data on timely basis.

More information is needed to complete fields of the data base. Survey

reports that have been received do not contain complete information:

. Coating information missing.

. Details on repairs not incorporated into reports.

● Interface required between research assistant and company contact is

usually required to identify the causes of cracks and repairs.

. Information on survey reports is sometimes unclear where the crack is

actually located.

Conflicting reports on reasons, times and location of cracks.

Poor documentation and file organization of repairs and sumeys for the

histories of the vessels in general.

Incomplete information presented to the study for the repair history of the

vessel. On some vessels, surn.mary reports were based on only one sumey
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6.

report

to the

Appendix C

Multiple smweys provide insight to repair decisions; repair histories as

repair failures; and problem areas become more apparent due to

repetitive cracking.

Working with vessels of the same class provides insight to problem areas,

especially in selecting verification cases.
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LOCATION: ConnectiM of W@tudinak to tmmve= frame

EXAMPLE No. 1: fractured bracket at sde shell longitudinal at forward
traverse bulkhead

TYPICAL DAMAGE PROPOSED REPAIR

SIDE SHELL

FRACTURE
CRACK REWELDED

L

FRAME

FOREPEAK

A

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS
. REPAIR CASE STUDY 1

FACTORS CONTRIBUTING TO DAMAGE

1. Under designed end bracket.

2. Higher tensile steel side shell longitudinal resuhing in greater stress.

3. Deflection of the adjacent side shell transverse under load.

4. Dynamic sea way loads/ ship motions of foward end of ship.

160 ----- .“
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LOCATION: Connection, of Iongitudinols to transverse frome

EXAMPLE No. 2: Fractured stiffener at side $hell longitudinal at fo~ard
traverse bulkhead

--

TYPICAL DAMAGE

SIDE SHELL

%-=
SIDE SHELL LONGITUDINAL

FRACTURE

FRAME STIFFENER

FORWARD ~
FRAME

FOREPEAK

-J

PROPOSED REPAIR

CRACK REWELDED ‘

~
~i

FACTORS CONTRIBUTING TO DAMAGE

1.

2.

3.

Higher tensile steel side shell longitudinal resulting in greater stress.

Deflection of the adjacent side shell transverse under load.

Dynamic sea way loads / ship moticns of fonvard end of ship. I

I

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS
REPAIR CASE STUDY 2
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.0 CJ4110N: Tranwerse bulkhead vertical stiffener intersecthn at tank top of double
mtiom

5XAMPLE No. 1: Cracks at vetical stiffener weld and tank top plate

TYPICAL DAMAGE REPAIR

)
\ f I

4 1

w
*

wl

P,

L

/ERTICAL STIFFENER

TANK TOP

FRACTURE PLAE’ INSERT

4 $

\
1 TRANSVERSE

RAT HOLE

BULKHEAD

FACTORS CONTRIBUTING TO DAMAGE

1. Poor detail design due to lack of tripping brackets.

2. Weld undercuts and excessive root openings.

3. Rat hole under tank top is too large creating stress area.

4. Mis-alignment of vertical bulkhead stiffeners and Iongitudinals under
the tank top.

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS
REPAIR CASE STUDY 3

1

I

I

I

I
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LOCATION: Longitudinal bulkhead stiffener at knuckle line of the longitudinal
bulkhead

EXAMPLE No. 3: Cracks and wastage at longitudinal stiffener

TYPICAL DAMAGE

LONGITUDINAL
3ULKHEAD KNUCKLE LINE

CRACKS

/
LONGITUDINAL

REPAIR

PMTE INSERT

FACTORS CONTRIBUTING TO DAMAGE

1. Grooving corrosion wastage and fatigue.

2. Dynamic seaway loads/ ship motion of fomard end of ship.

3, High stress area at intersection of knuckle line caused accelerated coating
breakdown and corrosion along with fatigue.

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS
REPAIR CASE STUDY 4
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LOCATION: Inclined longitudinal bulkhead weld connections in af?ermost cargo
tti

EXAMPLE No. 2: Cracks along lon@tudinal bulkhead knuckle weld connections

TYPICAL DAMAGE

KNUCKLE LINE

Y’V \
CRACKS

\

LIGHTl~GHOLES
LONGITUDINAL

WEB FRAME

Af7ER CARGO TANK

0
f

4/

LONGITUDINAL
‘ BULKHEAD

CRACK REWELDED
/

\

I bPIATE INSERT

FACTORS CONTRIBUTING TO DAMAGE

1. Comosion wastage.

2. High stress area at intersection of knuckle line caused
breakdown and corrosion,

accelerated coating

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS
REPAIR CASE STUDY 5

164

I

/Qo L-.’



Appendix C

LOCATION: Along Iongitudinals of longitudinal bulkhead *parating cargo and
Mlast tanks

EXAMPLE No. 4: cracks in longitudinal bulkhead along topside of Iongitudinals

TYPICAL DAMAGE

WEB FRAME

/ LONGITUOiNALS

BALIAST TANK LONGITUDINAL
BULKHEAD

REPAIR

—

PI-ATE INSERT

A

.—. —. —. ___

LONGITUDINAL
/

—i–J-—––-–l

I

CARGO TANK

—

-—

—-

FACTORS CONTRIBUTING TO DAMAGE

1. Grooving corrosion and fatigue.

2. Defle~ion of longitudinal bulkhead underload
down and fatigue,

accelerating coating break

1

STRUCTURAL MAINTENANCE FOR NEW AND EXISTING SHIPS ;
REPAIR CASE STUDY 6 I
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