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RESUME (IN DANISH)

Afhandlingens emne er optimale inspektions- og vedligeholdelsesstrategier for kon-
struktionssystemer. Formalet er at give en samlet oversigt over konventionelle og
palidelighedsbaserede strategier samt at vise deres anvendelse pa udvalgte konstruk-
tionstyper. Endvidere at modificere eksisterende computerprogrammer, sd de udvalg-
te eksempler kan testes. I kapitel 1 beskrives formalet med inspektion og vedligehol-
delse, og der redeggres for de vigtigste svigtarsager for forskellige typer stalkonstruk-
tioner. Derudover er der et engelsk resumé.

I kapitel 2 er konventionelle inspektions- og vedligeholdelsesstrategier beskrevet kort
for tre typer stalkonstruktioner - offshore konstruktioner, skibe og broer.

Et relativt nyt forskningsomrade er optimale, palidelighedsbaserede inspektions- og
vedligeholdelsesstrategier. Det nuvearende stade indenfor omradet er beskrevet i kapi-
tel 3, hvor de refererede modeller er delt op i tre grupper karakteriseret ved svigt-
modellen.

I kapitel 4 er en typisk stildragerbro behandlet. Dragerne antages udsat for korro-
sion, og tre svigtmader for de enkelte dragere betragtes, idet det modellerede tveersnit
formindskes med tiden p.g.a. korrosionen. I kapitlet er der endvidere kort beskrevet
fremgangsmaden ved bestemmelse af en optimal inspektionsstrategi m.h.t. omkost-
ninger. For et seriesystem indeholdende de tre svigtmader er der opstillet udtryk til
beregning af svigtsandsynligheden som funktion af tiden samt reparationssandsyn-
ligheden ved hver inspektion. I et eksempel belastes en given bro med lastbiltrafik,
som er malt 1 Michigan, og palidelighedsindekset som funktion af tiden beregnes
for hver drager. Der foreslas en inspektionsstrategi (ikke optimal) med konstante

inspektionsintervaller.

I kapitel 5 betragtes et tankskib, hvis skrogtveersnit antages udsat for korrosion ind-
vendigt. Longitudinalerne (langsgaende, afstivende bjeelker, svejst pa skibsskroget) i
skibssiden antages at kunne svigte pa to mader - ved udvikling af udmattelsesrevner
og ved flydning. Tankskibet 1 eksemplet udszettes for langtidsbglgelaster svarende til
sejlruten fra Rotterdam til Den Persiske golf. Palidelighedsindekset som funktion af
tiden er beregnet for de to svigtmader for longitudinalerne op langs skibssiden og for
tre af disse longitudinaler udformes optimale inspektionsstrategier afhzengigt af de
enkelte longitudinalers svigtsandsynlighed - hver strategi anvendes pa en undergruppe
af longitudinalerne. Beregningerne udfgres v.hj.a. en revideret version af programmet

PRODIM.



IV A .M. Sommer. Optimal Inspection and Maintenance Strategies for Structural Systems

Kapitel 6 preaesenterer de programmer, der er brugt til beregningerne i kapitel 4 og 5.
PROBAN-2 og PARLSENSI er palidelighedsprogrammer, og PRODIM?2 er et pro-
gram til bestemmelse af optimale inspektionsstrategier. I PARLSENSI og PRODIM2
er der lavet omfattende zendringer, som er beskrevet kort.

Kapitel 7 indeholder konklusionen pa afhandlingen.

Appendiks 1 supplerer kapitel 2, idet der beskrives de ikke-destruktive inspektions-
teknikker, der er til radighed ved inspektion af stdlemner for revner og korrosion.
Der er endvidere kort beskrevet forskellige reparationsteknikker.

I appendiks 2 er der givet en kort introduktion til palidelighedsteori.
I appendiks 3 er inputtet til PRODIM2 beskrevet og et eksempel er givet.

I appendiks 4 er der gengivet det program, som er brugt i kapitel 4 til beregning af
trafiklaster.

Det "originale” arbejde i athandlingen ligger iszer i beregningerne udfgrt i kapitel 4
og 5, idet der sa vidt vides ikke fgr er lavet tilsvarende analyser af de ovennaevnte
konstruktionstyper. Den beskrevne procedure, der gar ud pa at spare inspektions-
omkostninger ved at inspicere de forskellige komponenter i en konstruktion med
forskellige intervaller, er ogsa ny. Tidsmaessigt har ikke mindst programmeringsarbej-
det beskrevet i kapitel 6 kraevet sin del. Derudover kan det nzevnes, at i forbindelse
med beregningerne i kapitel 4 er der udfzerdiget et program til beregning af trafiklas-
ten i de enkelte dragere (se appendiks 4), og i kapitel 5 er der foretaget en ret grundig
undersggelse af objektfunktionen.
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CHAPTER 1
INTRODUCTION

The aim of this thesis is to give an overview of conventional and optimal reliability-
based inspection and maintenance strategies and to examine for specific structures
how the cost can be reduced and/or the safety can be improved by using optimal
reliability-based inspection strategies. For structures with several almost similar
components it is suggested that individual inspection strategies should be determined
for each component or a group of components based on the reliability of the actual
component. The benefit of this procedure is assessed in connection with the structures
considered. Furthermore, in relation to the calculations performed the intention is
to modify an existing program for determination of optimal inspection strategies.

The main purpose of inspection and maintenance of structural systems is to prevent
or delay damage or deterioration to protect people, environment, and investments
made in the structure. The inspection and maintenance should be performed so that
the structural system is operating as much of the time as possible and the cost is
kept at a minimum and so that the safety of the structure is satisfactory.

Up till now inspection strategies have been based on experience and judgement with
a few exceptions within the areas of aircraft structures and offshore structures. For
some aircraft structures in the U.S. Airforce, inspections are planned when the av-
erage crack is expected to exceed a given level according to Yang, 1980, and in Pe-
dersen et al., 1992, it is described how a reliability-based inspection strategy is used
for offshore structures at the Tyra Field. However, methods are being developed
to determine strategies that are optimal with regard to the expected costs and that
also fulfil requirements for the reliability of the system, i.e. optimal reliability-based
inspection strategies. Such strategies make it possible to include the uncertainty in
loads and material parameters.

In figure 1.1 the procedure is illustrated for a simple example with constant inspection
intervals and two contributions to the total costs, namely inspection cost and failure
cost. Two cases are indicated by arrows. In one case the costs are minimized without
any restrictions on the failure rate giving an inspection interval of 2.4 and in the other
case the failure rate is restricted to be less than 0.15 giving an optimal inspection

interval of 1.3.
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Figure 1.1 Determination of optimal constant inspection intervals (Wunderlich,
1991).

Calculation of the failure probability for a structure implies that the failure modes
can be modelled in one way or another. This rises a problem because some types of
failure are very difficult if not impossible to model, for instance accidents and human
errors. According to Madsen et al., 1986, the most frequent reason for structural
failure is human error. In Tebbett, 1987, fatigue is stated to be the cause of damage
in 36% of the repair cases for offshore structures in 1982 - 1986 while the remaining
causes of damage can more or less be considered as accidents or human errors. In
Wunderlich, 1991, the causes of damage are split up into three contributions, see
figure 1.2. The first contribution is design and construction defects and operation
errors, in other words mainly human errors. These errors are normally reduced to a
minimum by repair and experience after a period. The second contribution is major
random external events, such as earthquakes or floods, for which the failure rate is
relatively low and constant. The third contribution comes from wear failure, such as
fatigue and corrosion, showing a failure rate that is increasing with time.

To the knowledge of the author, the methods that are being developed to determine
optimal reliability-based inspection strategies for structural systems only include fail-
ure modes like fatigue and corrosion. In some models (see chapter 3) the failure mode

is not even specified.
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Figure 1.2 Example of failure rates (Wunderlich, 1991).

In this thesis structural systems made of steel are considered, exemplified by offshore
structures, ships and bridges which represent typical as well as diverse applications
of steel as a structural material. In Tebbett, 1987, several cases of repair of offshore
steel structures are listed where the cause of damage is given. 61 cases of repair
from the North Sea are reported up to 1981 and 39 cases from all over the world
are reported from 1982 - 86, see table 1.1. An essential change after 1981 is that
the number of collisions and dropped objects is considerably reduced. According to
Tebbett, 1987, this suggests a significant improvement in operational practice.

Cause of damage Number of cases

Up to 1981 1082 - 86
Fatigue 17 (28%) 14 (36%)
Collision 17 (28%) 5 (13%)
Dropped objects 9 (15%) 0
Design upgrading 7(11%) 9 (23%)
Installation damage 4 (6%) 1(2%)
'Welding fault 1(2%) 2 (5%)
Concrete construction 1(2%) 0
Other 5 (8%) 8 (21%)
TOTAL 61 39

Table 1.1 Causes of damages (Tebbett, 1987).
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According to Ferguson, 1991, fatigue cracking and corrosion are aspects of major
concern with regard to inspection and maintenance of tankers. In Det Norske Veritas,
1991, it is reported that corrosion and fatigue cracking cause severe problems for bulk
carriers and that corrosion developes mainly because of breakdown of the coating
system or no coating system, lack of maintenance, corrosive cargo and unsatisfactory
cleaning procedures and inspection routines. It is also reported that 40 - 60 % of the
damages of large steel ships are fatigue cracks and that 20 - 30 % are buckling/indents.
Also for steel bridges fatigue cracks and corrosion have to be inspected for.

In accordance with the above the main purpose of in-service inspection of structural
components made of steel is to detect cracks, corrosion and damage caused by acci-
dents but the latter is difficult to model. Consequently, in the examples considered in
this thesis steel structures are assumed to be exposed to the development of fatigue

cracks and/or corrosion.

1.1 Summary

In this section the content of the thesis is summarized. In chapter 2 conventional
strategies for inspection and maintenance are described briefly for three types of steel
structures - offshore structures, ships and bridges.

A relatively new research area is optimal reliability-based strategies for inspection
and maintenance. The recent stage within the area is described in chapter 3, where
the models refered to are divided into three groups characterized by the failure model.

In chapter 4 a typical steel girder bridge is treated. The girders are assumed to be
exposed to corrosion and three failure modes are considered for each girder decreasing
the modelled cross-section with time due to corrosion. Furthermore, the procedure
for determining an optimal inspection strategy with regard to costs is described. For a
series system including the three failure modes expressions are shown for calculation
of the failure probability as a function of time and the repair probability at each
inspection. In an example a bridge is loaded with truck traffic measured in Michigan
and the reliability index as a function of time is calculated for each girder. An
inspection strategy (not optimal) with constant inspection intervals is suggested.

In chapter 5 a tanker is considered assuming that the hull section is exposed to cor-
rosion at internal surfaces. The longitudinals (longitudinal, stiffening beams welded
on the ship hull) at the ship side are assumed to have two failure modes - the de-
velopment of fatigue craks and yielding. The tanker in the example is exposed to
long-term wave loads corresponding to the shipping route from Rotterdam to the
Persian Gulf. The reliability index as a function of time is calculated for the two
failure modes for the longitudinals up the ship side and finally, for three of these
longitudinals optimal inspection strategies are determined depending on the failure
probability of the longitudinals - each strategy applies to a group of the longitudinals.
The calculations are made using a revised version of the program PRODIM.

Chapter 6 introduces the programs used for the calculations in chapters 4 and 5.
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PROBAN-2 and PARLSENSI are reliability programs and PRODIM2 is a program
for calculation of optimal inspection strategies. In PARLSENSI and PRODIM2 con-
siderable changes have been made, which are described briefly.

Chapter 7 contains the conclusion of the thesis.
Appendix 1 supplements chapter 2 describing the non-destructive inspection tech-
niques available for inspection of steel objects for cracks and corrosion. Furthermore,

some repair techniques are listed.

In appendix 2 a short introduction to reliability theory is given.

In appendix 3 the input to PRODIM2 is described and an example is given.

In appendix 4 the program used in chapter 4 for calculation for traffic loads is shown.

The “original” work in this thesis is first and foremost the calculations performed
in chapters 4 and 5. To the knowledge of the author corresponding analyses of the
types of structures mentioned above have not been performed previously. The pro-
cedure whose aim is to save inspection costs by inspecting different components in a
structure with different intervals is new too. Not least, the work with the programs
described in chapter 6 has been time-consuming. Furthermore, it can be mentioned
that in connection to the calculations in chapter 4 a program has been implemented
for calculation of the traffic load in each girder (see appendix 4) and in chapter 5 a
thorough examination of the objective function has been performed.

1.2 References
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P013, Hgvik, Norway.

Ferguson, J.M.; A.G. Gavin (1991), Aspects of Oil Tanker Structural Inspection,
Maintenance and Monstoring, Lloyd’s Register of Shipping.

Madsen, H.O.; S. Krenk; N.C. Lind (1986), Methods of Structural Safety, Prentice-
Hall.

Pedersen, Carl; John A. Nielsen; Jens P. Riber; Henrik O. Madsen; Steen Krenk

(1992), Reliability- Based Inspection Planning for the Tyra Field, Proceedings of
OMAE 1992, Calgary, Canada, ASME, Vol. II, pp. 255-263.

Tebbett, I.E. (1987), The Last Five Years Ezperience in Steel Platform Repairs,
Annual Offshore Technology Conference, Texas, OTC 5385.

Wunderlich, Walter Q. (1991), Probabilistic Methods for Maintenance, Journal of
Engineering Mechanics, Vol. 117, No. 9, ASCE.

Yang, J.N. (1980), Statistical Estimation of Economic Life for Aircraft Structures,
Journal of Aircraft, Vol. 17, pp. 528-535.



CHAPTER 2
CONVENTIONAL STRATEGIES FOR
INSPECTION AND MAINTENANCE

2.1 Introduction

Conventional strategies are based on experience rather than analytical procedures.

The national authorities make regulations and rules, which have to be fulfilled when

the owners of structures work out programmes for inspection and maintenance. These

programmes are in general more detailed and have stricter requirements than the

rules. In this chapter some of these conventional strategies for offshore structures,

steel ships and bridges are described. A similar presentation is available in Sommer

and Thoft-Christensen, 1990.

Several techniques are available for inspection of steel structures for e.g. cracks

and corrosion which are the most important subjects for in-service inspection. An

overview is given in appendix 1.

According to Offshore vedligeholdelse, 1984, there are four main types of mainte-

nance:

1. Planned, preventive maintenance. The maintenance is performed periodically
based on operating time or real time. It consists of adjustment and lubrication.

2. Planned, conditional maintenance. The maintenance is performed based on in-
spections or monitoring and it consists of adjustment, repair and modifying.

3. Planned, corrective maintenance. The maintenance is performed after failure,
operational problems or insufficient security and it consists of adjustment, repair
and modifying.

4. Unplanned, emergency maintenance. This category covers the case of unforeseen
break-down or a break-down threatening the structure or operating system. Again
the maintenance consists of adjustment, repair and modifying.

Corrective maintenance should only be performed for less critical components and
emergency maintenance should of course be avoided. Normally the preventive or
conditional maintenance is preferable according to economy and security.
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2.2 Offshore Structures

In this text requirements for testing and examination of machinery and other equip-
ment are not rendered. The classification companies Det Norske Veritas and Lloyd’s
Register of Shipping have made rules to set up the inspection programmes.

Det Norske Veritas

The rules apply to steel or reinforced concrete offshore structures designed to re-

main permanently fixed to the sea bed. In Det Norske Veritas, 1981, section 11,

the requirements for periodical and special surveys are listed. A periodical survey

includes:

- General visual inspection of selected parts of the structure to determine the gen-
eral condition of the structure and to locate areas that should be subjected to
close inspection and testing.

- Close visual inspection and non-destructive testing of selected local areas of the
structure to detect possible material deterioration or incipient cracking.

The periodical inspections must be planned so that the complete structure is in-
spected within a period of 5 years whereas special surveys are carried out in the
event of an accident or any other change in the condition or operation of the struc-
ture that may affect its safety. The requirements are visualized in figure 2.1.

T— 1 1T 1T | 1T 1T 1 T 177 years

A: Visual inspection and some non-destructive testing.

Figure 2.1 Permanent offshore structures.

According to Det Norske Veritas, 1980, an inspection can be considered as one of
three types. Type 1 is general visual inspection without prior cleaning, type 2 is
close visual inspection with prior cleaning and type 3 is close visual inspection and
non-destructive or destructive testing with prior cleaning,.

Det Norske Veritas requires ND-testing of selected areas but contrary to this Dunn,
1984, states for permanent offshore structures that ND-testing is unnecessary in
regular inspections as the cracks that require a repair are so big that they can be
detected visually or by photos.

In section 3.5 it is described shortly how reliability-based inspection strategies have
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been used for components of jacket-structures during the last couple of years. This
procedure will most likely become more and more widespread as it reduces the num-
ber of inspections to be performed.

Lloyd’s Register of Shipping
In Lloyd’s (Mobile Offshore Units), 1984, part 1, chapter 2 it is listed which types of
mobile offshore units the rules are made for:

-~ Ship units. Self propelled surface type units.

- Barge units. Surface type units without primary propelling machinery designed
to operate in the floating condition.

- Self-elevating units. Units with sufficient buoyancy to transport drilling equip-
ment, supplies, etc. to a desired location. The hull then lifts itself on legs to the
required level above the sea surface.

- Semi-submersibles. Working platforms supported on widely spaced buoyant co-
lumns. These units are normally floating types but can be designed to rest on the

sea bed.

- Support vessels. Units whose primary function is to support offshore installations
and carry out maintenance, fire fighting or diving operations.

Ship and barge units also have to comply with Lloyd’s (Ships), 1984.

In Lloyd’s (Mobile Offshore Units), 1984, part 1, chapter 3 the Survey Regulations
for mobile offshore units are stated. There are three categories of periodical surveys.

1. Annual Surveys. The general condition of the unit is examined by visual in-
spection. Normally it can be carried out on location or during a move. But for
semi-submersibles a detailed dry examination of all bracings is required including
ND-testing (Non-Destructive testing) of critical welds.

2. Docking or In-Water Surveys every 2 years. If it is possible the unit should be
examined in drydock but in case docking is impractical In-Water Surveys may
be accepted. The inspection includes the examinations at the Annual Survey. In
addition ND-testing of important connections is performed. An In-Water Survey
is to provide the same information as a Docking Survey if practicable.

3. Special Surveys every 4 years. Besides the requirements of Annual and Docking
Surveys, Special Surveys include a more thorough examination of all parts of the
structure. That means the structure must be made accessible by removing ceiling,
lining, paint and other coverings locally.

Alternatively to Special Surveys an inspection programme based on Continuous Sur-

vey can be allowed. All parts of the unit must be inspected and tested with a maxi-

mum interval of 5 years and the Continuous Survey is to take account of inspections
required at Annual and Docking Surveys.
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2.3 Steel Ships

According to SSC-332, 1990, ship structures are based on a combination of ”safe-
life” and "fail-safe” designs. A ”safe-life” design implies that the structure will not
fail in its lifetime and a "fail-safe” design implies that the structure should be in-
spected periodically in its lifetime and that parts of the structure which develop flaws
should be repaired or renewed. The design of a ship structure should be made on the
following inspection related considerations; inspectability of structural elements, pro-
vision of redundant structures, identification of critically stressed parts of structures
and finally, determination of standard tolerances and acceptable levels for structural
deviations.

An In-Service Inspection Program should include:

- Identification of critically stressed areas.

- Significant areas due to material and/or fabrication errors during construction.

- Inspection frequencies.

- Methods and procedures for inspection.

- Tools and equipment to be used.

- Responsibilities for performance.

The classification companies Det Norske Veritas and Lloyd’s Register of Shipping
have made several demands on the inspection of steel ships. The requirements that
have been followed until recently are described shortly below. The demands are in-
tensified regularly and the new Unified Requirements developed by the International
Association of Classification Societies (IACS) are also described. The emphasis is
put on survey of the hull structure.

Det Norske Veritas

In Det Norske Veritas, 1983, part 1, chapter 2 the Periodical Survey Regulations for

steel ships are stated.

1. Annual surveys. These are visual inspections to ascertain the general condition
of the vessel. The surveys cover the hull above water, anchoring and mooring
equipment and watertight bulkheads.

2. Intermediate surveys. The survey interval is max 2.5 years and the surveys are
less comprehensive than special surveys. They are e.g. applied to oil tankers when
these are older than 10 years.

3. Special periodical surveys. These are performed every 3 or 4 years (4 years for
tankers). The hull and machinery are inspected. Among other things the thickness
of selected plates are measured. The cargo tanks are tested from at least one side
by filling the tanks with water. The requirements get stricter after 5 and 10 years.

An alternative to special periodical surveys are continuous surveys requiring that all
items are surveyed with intervals not exceeding 4 or § years.
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Lloyd’s Register of Shipping

In Lloyd’s (Ships), 1984, part 1 the Survey Regulations for ships are stated. The
Rules apply to mercantile shipping, hovercraft, non-mercantile shipping, yachts and
small craft.

1. Annual surveys. The vessel is inspected visually. For example bulkheads, all doors
and openings and the anchoring and mooring equipment are examined.

2. Docking surveys. The inspection interval is 2 or 3 years. In the drydock the
shell and the rudder are examined. Special attention is given to areas liable to
corrosion. Every second docking survey may be replaced by an in-water survey.

3. Special surveys. These surveys take place every 4 years. Where necessary, ceiling
and lining are removed for examination of the structure. Steel should be cleaned
and rust removed. The requirements get stricter after 5, 10, 15 and 20 years.
Cargo tank bulkheads are tested by filling alternate tanks with water. Plate
thicknesses are measured.

The survey of the hull may be carried out continuously and then each part of the hull
should be examined every 5 years. In figure 2.2 the requirements for the inspection
of mobile offshore units and ships are visualized as they are quite similar for those of
Det Norske Veritas and Lloyds.
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A: Annual Survey (general visual inspection).
B: Docking Survey.
C: Special Docking Survey.
Figure 2.2 Steel ships.

Enhanced Survey Programme

The fact that a number of large steel ships such as oil tankers has been involved
in accidents causing loss of life and environmental pollution combined with the in-
creasing age of the world fleet has lead to a demand for stricter requirements to the
inspection of these ships. The International Association of Classification Societies
(IACS) has developed unified requirements for oil tankers and bulk carriers, respec-
tively. According to Classification News, 1993, the intention is to implement these
requirements during 1993 and 1994.
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There are still three types of survey but the requirements to the surveys are stricter as
for instance the extent of thickness measurement of structural members is specified
in detail. The alternative strategy comnsisting in continuous surveys will no longer
be allowed. A new alternative is offered as it is recommended to base the special
survey programme on analyses of the risk of structural deterioration. As mentioned
before this procedure has proven to reduce the inspection cost for jacket structures.
However, in this case a risk analysis does not necessarily mean reliability calculations
for fatigue crack development.

In short the inspection requirements are the following.

1. Annual surveys take place every year ensuring that the hull and piping are main-
tained in a satisfactory condition. Examinations of ballast tanks in oil tankers or
cargo holds in bulk carriers may be required depending on the age and the history
of the ship.

2. The 2nd and 3rd annual survey is an intermediate survey and depending on the age

of the ship it e.g. includes a close examination (including thickness measurements)
of selected tanks in oil tankers and selected cargo holds in bulk carriers.

3. Special surveys take place every 5 years when the Class Certificate is renewed
or confirmed. The examinations shall discover substantial corrosion, significant
deformation, fractures, damages or other structural deterioration and the survey

includes a dry dock examination.

In Enhanced Survey..., 1992, the guidelines for oil tankers are described in detail.

2.4 Bridges
In most countries there are guidelines for the inspection of bridges. Some of them
are briefly described in this section.

There are about 575,000 bridges in the United States, of which 38% is made of steel
(Kayser, 1988). AASHTO, 1983, recommends that bridges be inspected every two
years and that painted and weathering steel structures are examined for corrosion
and fatigue cracks. Also inspected is the condition of joints, deck, abutments and
substructure and for weathering steel, the condition of the oxide film is checked as

well. Normally, the inspections are visual.

In Ontario, Canada, the Ontario Highway Bridge Design Code, 1983, requires the
routine inspections to be performed at intervals determined by the owner of the
structure. They have to be carried out to the satisfaction of the engineer responsible
for the bridge. In the Code Commentary it is stated that the policy of the Ontario
Ministry of Transportation requires routine inspection every two years.

In Denmark there are about 12,000 bridges (Vejbroer, 1980). More than 90% is con-
crete structures and only 2-3 % is steel or composite bridges. Bridges are supervised
by local road authorities while detailed visual inspections are carried out by trained
inspectors. The inspection intervals are decided individually after each inspection
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based on the state of the structure, age, load, environment, structural design, foun-
dation conditions, etc. The intervals vary from 1 to 6 years and for instance, a bridge
with heavy traffic would typically be inspected every three years.

According to Nowak and Absi, 1987, France has about 59,000 bridges with a span of
more than 5 m. Only 5% is steel bridges. A Technical Guideline for the Inspection
and Maintenance of Bridges, 1979, requires a permanent supervision by local agents,
a systematic but superficial inspection every year of bridges more than 10 m long
and a detailed inspection every five years of bridges more than 120 m long.

In Belgium there are about 5400 bridges with a span of at least 5 m (Nowak and Absi,
1987). About 900 of these are steel or steel-concrete bridges. Guidelines published by
the Bridge Department of the Ministry of Public Works, 1978, consider three levels of
inspection. Routine inspections are scheduled every year, general inspections every
three years and a specialized control when a general inspection reveals the need for
it. The inspections are visual and the results are shown on photos, drawings and in
a report.

In Germany, the inspection of bridges is governed by the German Code DIN 1076;
Engineering Structures in Connection with Roads (Nowak and Absi, 1987). The
code specifies a visual inspection four times a year, a general inspection every three
years, a main inspection every six years and a special survey in case of an accident
or natural disaster.

A methodology for bridge monitoring suggesting three types of inspection has been
proposed in Switzerland in 1987 on the initiative of the Swiss Federal Department
of Transport (Nowak and Absi, 1987). Routine inspections are scheduled every 15
months, periodic inspections every five years and special inspections according to
needs. Routine inspections should reveal all significant troubles and investigate the
evolution of those detected earlier and periodic inspections should reveal apparent
deterioration, structural cracking pattern, state of materials, deformations, state of
the structure and state of the equipment.

In Italy the bridge inspection is regulated by the Ministry for Public Works Circular

No. 6736/61, 1967 (Nowak and Absi, 1987). Regular inspections are carried out
every three months and once a year a general and complete inspection is performed.

The review indicates that the number of inspection levels varies from one country to
another. Only one type of periodic inspection is performed in Denmark, the United
States and Canada, two types in France, Belgium, Switzerland and Italy and three

types in Germany.
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CHAPTER 3
OPTIMAL RELIABILITY-BASED STRATEGIES
FOR INSPECTION AND MAINTENANCE

3.1 Introduction

Optimal strategies for inspection and maintenance have been studied for about 30
years within many areas, e.g. fatigue cracks in offshore structures or aerospace struc-
tures and testing of electrical components. In Sherif and Smith, 1981, 524 references
on the subject up to 1981 are summarized and in Sommer and Thoft-Christensen,

1990, the development up to 1990 is described shortly.

Models for inspection and maintenance are either deterministic or stochastic but in
this thesis only stochastic models are treated. In Sherif and Smith, 1981, stochastic
models are divided into two groups. In one group the time to failure is a random
variable with known distribution and in the other group the distribution of the time

to failure is not known.

The models developed so far describe systems that in some cases are not specified in
detail and in other cases consist of a single element or a parallel system or a series
system of elements. The optimization problem is usually formulated as a minimiza-
tion of the expected total costs of the system where "total costs” may just include
the costs that are assumed relevant with regard to the optimal inspection strategy,
e.g. inspection costs. The optimization variables are usually the inspection times and
for some models additional parameters (e.g. inspection qualities) and constraints are
usually formulated in these optimization variables and/or in the reliability of the
system.

In general an inspection strategy can be illustrated as in figure 3.1 showing the
inspection times and the corresponding inspection qualities for the structural system
under consideration.

In the following a summary of some recent models is presented stating the character-
istic features of the models to make a comparison possible. The models are divided
into three groups characterized by different failure models. In group 1 the failure
mode is not specified and the system can only be in two states - the failure state or
the non-failure state. In group 2 the state of the system is described by a Markov
model and in group 3 a deterioration law is used describing the state of the system as
continuously developing from the initial state to the failure state as the development
of either fatigue cracks or corrosion is considered. Fatigue crack growth is described
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by the Paris and Erdogan equation which is explained in e.g. Madsen et al., 1986,

see also section 5.3.

ql'— _____ |
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T; - tth inspection time.
At; =T =T,
g; - inspection quality at T;.

Figure 3.1 Inspection strategy.

3.2 Deterioration Modelled by Two States

In these models the failure mode is not specified but, except for model 1.1, the
distribution of the time to failure is assumed to be known. This means that the
models give a very simplified picture of the systems under consideration and they
can hardly be used for realistic purposes.

Most models of this type are applied to electronical systems, see e.g. Keller, 1974,
Kaio and Osaki, 1984 and 1986, Nakagawa and Yasui, 1980 and 1987, Aven, 1987,
or Rodrigues Dias, 1990, but the models described below are applied to structural

systems.

3.2.1 Model 1.1

This model is described in Yang and Trapp, 1975, and it deviate from the remaining
models of this category as it is not the distribution of the time to failure that is
known but the probability of failure during the lifetime as a function of the number
of inspections. A similar model is described in Yang, 1977, but in stead of inspections,

proof tests are considered.

System
The model is applied to aircraft structures and the system is assumed to consist of a

fleet of airplanes.

Inspection Method
The inspection results are assumed to be correct.

Inspection Strategy
The strategy is characterized by constant inspection intervals.
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Inspection Results
Detected fatigue cracks are repaired during the inspection.

Failure Probability
The probability of failure Pr(N) of one airplane during its lifetime as a function of

the number of inspections is known.

Optimization Problem

The objective function is the total costs of the fleet of airplanes including inspection
cost and failure cost as the repair cost is assumed to be included in the inspection
cost. The optimization variable is the number of inspections. A constraint is put on
the failure probability Pr(N) for each airplane.

Ezamples
A numerical example is given showing the non-dimensional relative cost (i.e. the

number of airplanes is not given) as a function of the number of inspections for dif-
ferent ratios of the inspection cost to the failure cost.

3.2.2 Model 1.2
This model is described in Tang and Yen, 1991, and contrary to the other models the

objective function is the availability of the system. The model is applied to a dam
and by failure is meant that the dam is operating on unsatisfactory conditions. The
failure time is a random variable and if an ageing dam is considered it is possible to
let the distribution of the failure time depend on the age of the dam.

System
A system consisting of one element, i.e. a dam, is considered.

Inspection Method
The inspection method is characterized by the detectability estimated from experi-

ence.

Inspection Strategy
The strategy is characterized by constant inspection intervals.

Inspection Results
If failure is discovered the dam is repaired. The duration of repair is included in the

model. The events that failure has taken place but is not detected, or that repair is
not appropriate, is included and the probability of correct repair, if failure is detected,
is given.

Failure Probability

The probability of failure during an inspection interval as a function of the inspection
interval is known.

Optimization Problem

The objective function is the availability of the system. In Barlow and Proschan,
1975, the availability A(t) of a system is defined as the probability that the system
is operating at the time ¢. The state of the system X(t) = 1 if it is operating and
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the state of the system X (t) = 0 if it is not operating.
A(t) = P[X(8) = 1] (3.1)

If repair is not permitted, A(t) reduces to the system reliability, i.e. the probability
that the system does not fail during [0,¢]. The optimization variable is the inspection
interval and no constraints are given.

Ezamples
Numerical examples are given for an ageing and a non-ageing dam.

3.3 Deterioration Modelled by a Discrete Markov Process

In these models the system can be in N working states and one failure state. The
lifetime of the system is divided into n duty cycles, defining a duty cycle as a repetitive
period of operation in which damage can accumulate, Bogdanoff, 1978. The damage
is described by the states zo,z1,...,ZN,ZN+1 Where zn41 is the failure state. For
each duty cycle the transition probabilities for going from one state to a later state
is given. Furthermore, by modelling the damage accumulation process as a discrete
Markov process X(t), it is assumed that the conditional probability of X(t;) = z;
given X(ti—1) = z&,...,X(t1) = o1 where z; < ... < z; < z; depends only on the

latest time t;-1, 1.e.
fX () = o5 | X(tiva) = 2hy e, X(01) = 1) = f(X (i) = 2 | X(ti-1) = 31) (3.2)

where f(X(t;) = z; | X(ti—1) = zx) = p(z; | zx) is called the transition probability.
Markov processes are described in further detail in Madsen et al., 1986.

In models 2.1 and 2.3 described below the process under consideration is fatigue
crack growth. In that case however, the assumption about the state of the system
only depending on the latest of the previous states is not fulfilled. This is illustrated
in figure 3.2 where the state is indicated by the crack length a. Under constant
amplitude loading a duty cycle can correspond to a certain number of load cycles
and obviously, the transition probability p(a; | az) is not independent of the previous
history for the experimental results shown.
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Figure 3.2 Crack length a as a function of the number of load cycles N, experi-
mental results (Madsen et al., 1986).

3.3.1 Model 2.1

The model is described in Skjong, 1985. As an example of a failure criterion fatigue
crack growth is taken and failure is defined as the excess of a critical crack size
describing crack growth by the Paris and Erdogan equation.

System
An element with a single failure mode is considered.

Inspection Method
The inspection methods are characterized by the probability of detecting a crack of
the size a assuming that a is greater than a lower limit a,.

Inspection Strategy
The strategy is characterized by varying inspection intervals.

Inspection Results
Cracks greater than a critical crack size are repaired.

Failure Probability
The probability of failure before duty cycle n is given.

Optimization Problem

The total expected costs of the lifetime are minimized including inspection cost,
cost of repair after inspection, failure cost and cost of repair after element failure
but not structural collapse. The number of inspections in the expected lifetime of
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the structure is given and the optimization variables are the inspection times and the
inspection methods/qualities which can be selected among a number of given methods
with known characteristics. No constraints are given on the inspection times.

Ezamples
A numerical example is shown in Skjong, 1985, with 30 duty cycles and two possible

inspection methods.

3.3.2 Model 2.2
This model is presented in Ohnishi et al., 1986. The physical failure mode is not
specified and the deterioration is assumed to be a stationary, continuous-time Markov

process.

System
An unspecified system is considered.

Inspection Method
Inspection results are assumed to be correct.

Inspection strategy
Only one (the next) inspection time is calculated.

Inspection Results
One of the following decisions is possible after an inspection:

1. The time for the next inspection.
2. The system is operated without inspection until it fails.
3. The system is replaced.

Failure Probability
The probability of failure depends on the state of the system.

Optimization Problem

The objective function is the total costs including operating cost, inspection cost
and replacement cost and the optimization variables are the inspection times and the
decisions, i.e. the decisions are made so that the costs are minimized. No constraints

are given.

Ezamples
None is given.

3.3.3 Model 2.3
The model is described in Fujimoto and Swilem, 1992, and it assumes fatigue to be

the failure mode for each of the members included in the system.

System

A structural system consisting of several member sets is considered. All members of
a set are assumed to have the same properties.

Inspection Method
Five different inspection methods are considered; no inspection, visual inspection,



20 A.M. Sommer. Optimal Inspection and Maintenance Strategies for Structural Systems

mechanical inspection, visual inspection supplemented by mechanical inspection if
any defects are found and, finally, mechanical inspection of a number of sample
members extended to all members in case any defects are found. Each method is
characterized by the probability of detecting a crack and the cost of inspection.

Inspection Strategy
The model is characterized by determining the inspection strategy sequentially con-

sidering one inspection interval at a time.

Inspection Results
Detected cracks are repaired and if a member fails it is repaired. During inspection

and repair the service of the structure is suspended.

Failure Probability
The failure probability is obtained using the state vector for the structural member.

Optimization Problem

The total costs are minimized including inspection cost, repair cost, loss due to service
suspension and failure cost. One inspection interval is considered at a time and the
optimization is repeated at each inspection. During the optimization procedure the
optimal inspection method for the present inspection and the optimal inspection
interval to the next inspection are found.

Ezamples
Analyses of a member set and of a structure have been carried out.

3.4 Continuously Developing Deterioration

The models described here all consider a specified type of deterioration, i.e. fatigue
crack growth and/or corrosion propagation in steel. Fatigue crack growth is described
by the Paris and Erdogan equation and both this equation and the corrosion propa-
gation law used in model 3.2 describes the deterioration of the system as continuously
developing from the initial state to the failure state. Failure is defined as the excess of
a critical limit except for model 3.4 where failure develops gradually. In this category
of models the most realistic models are found.

In addition to the models described here, a model is described in Wirsching and
Torng, 1990, which resembles model 3.1. A series system of fatigue failure modes is

considered.

3.4.1 Model 3.1

The first description of the model is in Thoft-Christensen and Sgrensen, 1987, where
the reliability of the system is described by the reliability index. In Sgrensen and
Thoft-Christensen, 1987, the design cost is integrated in the optimization procedure
and in PRODIM, 1988, a program is described using the recent stage of the model
where failure is described as fatigue crack propagation. It is possible to use a 2-
dimensional model including both crack depth and crack length (see PRODIM, 1988)
and the effect of corrosion of the steel may be included. In Madsen et al., 1987, and
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Madsen, 1989, updating through inspection is described whereas Madsen et al., 1990,
present the model in short. The same is done in Madsen and Sgrensen, 1990, but
a detail in the description of the inspection quality is changed. In Sgrensen et al.,
1991, an additional decision variable is included (repair crack length limit) and an
event margin for crack detection, which was included in the event margin for repair
previously, is introduced. In Cramer and Friis-Hansen, 1992, a weld with multiple
potential cracks and the coalescence of these is considered. In ?Faber et al., 1992, and
Sgrensen et al., 1992, a number of parametric studies is performed. In !Faber et al.,
1992, a decision strategy is described selecting which points/elements to inspect based
on risk analysis. For these elements an optimal inspection strategy is calculated. The
recent stage of the model is presented in the following.

System
In Thoft-Christensen and Sgrensen, 1987, and Sgrensen and Thoft-Christensen, 1987,

structural series systems are considered and some examples with up to 8 failure
elements have been shown. A structural system with one failure element characterized
by one parameter is considered in PRODIM, 1988, Madsen, 1989, Madsen et al., 1990,
Madsen and Sgrensen, 1990, Sgrensen et al., 1991, 2Faber et al., 1992, and Sgrensen
et al., 1992. In Sgrensen and Faber, 1991, and 'Faber et al., 1992, a structural
system including two groups of elements is considered. One group consists of vital
structural elements for which failure implies global failure and the other group consists
of secondary structural elements for which a sequence of elements has to fail before
global failure occurs.

Inspection Method

The inspection method is characterized by an exponential function describing the
probability of detecting a crack of size a.

Inspection Strategy
The strategy is characterized by varying inspection intervals

Inspection Results
The inspection times for the expected lifetime of the structure are calculated at the

design stage but it is possible to recalculate the optimal inspection times after each

inspection when more knowledge about the system is available. Four repair strategies

are available in the model:

1. All detected cracks are repaired by welding.

2. Detected cracks smaller than a certain size are repaired by grinding, the remaining
cracks are repaired by welding.

3. Detected cracks smaller than a certain size are not repaired, the remaining cracks
are repaired by welding.

4. All detected cracks are repaired by replacing the element.

If failure occurs the system immediately stops functioning. If a secondary structural
element fails in Sgrensen and Faber, 1991, and !Faber et al., 1992, it can be repaired.
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Failure Probability
The failure probability is calculated using the safety margin for failure and the event

margins for damage detection and repair.

Optimization Problem

The total expected costs are minimized including initial cost, inspection cost, repair
cost and failure cost. The optimization variables are the structural design parame-
ter, the time interval between inspections, the inspection quality at each inspection
and the repair level parameter while the total number of inspections, n, is selected
beforehand to avoid a combination of integer and real valued optimization variables.
By repeating the optimization for different values of n, the optimal n can be found.
Constraints are given on the reliability index at the end of the lifetime and on the
optimization variables. Furthermore, in 'Faber et al., 1992, the suspension cost due
to loss of production is included in the repair and failure costs, the choice of which
elements to inspect is included in the optimization variables and constraints are given
on each of the four contributions to the total costs.

Ezamples
The model has been applied to several simple examples.

3.4.2 Model 3.2

This model is described in Sgrensen and Thoft-Christensen, 1988, and it is based on
Thoft-Christensen and Sg¢rensen, 1987, and Sgrensen and Thoft-Christensen, 1987.
It is a variant of model 3.1 but contrary to model 3.1 the failure mode has been
exemplified by corrosion of reinforcement in a concrete bridge and failure is defined
as the excess of the moment capacity of the structural element. Due to the corrosion
effect the reinforcement area is a function of time.

System
A structural element (T-beam) in a concrete bridge.

Inspection Methods

The reliability of the inspection methods is not specified except that the inspection
quality is ¢; for routine inspections and ¢; for detailed inspections. Routine inspec-
tions are assumed to be visual inspections and they will reveal whether the concrete
cover is flaking off whereas detailed inspections provide an estimate of the chloride
concentration variation with the depth from the concrete surface and give a picture

of where corrosion occurs.

Inspection Strategy
Routine inspections are performed at fixed time intervals At and detailed inspections

are performed at varying intervals being a multiple of At.

Inspection Results
Repair is carried out when corrosion is detected.

Failure Probability
The safety margin is defined from the moment capacity of the structural element and
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similar to model 3.1 event margins are defined for repair after routine or detailed
inspections.

Optimization Problem

The total costs are minimized including initial cost, inspection cost, repair cost and
failure cost and the optimization variables are the concrete cover, the number of de-
tailed inspections and the time intervals between detailed inspections. Constraints
are given on the reliability index, the concrete cover and the summation of the in-
spection intervals.

Ezamples

A numerical example is given where the problem is solved by recalculation for differ-
ent fixed values of the number of detailed inspections.

3.4.3 Model 3.3
This model is described in Fujita et al., 1990. Growth of the crack length is de-

scribed by the Paris and Erdogan equation and failure is defined as crack instability
considering it as a first-passage problem.

Systemn
A metallic structure with one component is considered.

Inspection Method
The inspection method is characterized by the smallest detectable crack size and the
measurement error.

Inspection Strategy
Only one inspection time is calculated.

Inspection Results
Detected cracks exceeding a critical crack length are repaired.

Failure Probability
The failure probability is updated after each inspection and it depends on whether

the component is repaired or not.

Optimization Problem

The objective function is the total costs including inspection cost, repair cost and
failure cost and the optimization variable is the inspection time. The model includes
bounds on the inspection time. The possibility of placing a limit on the failure
probability or the risk function is mentioned.

Ezamples

An illustrative example is shown. The different contributions to the total costs have
been shown as functions of time and updated failure probabilities have been calcu-
lated for different inspection results.

3.4.4 Model 3.4
This model is described in Cramer and Hauge, 1991. It is related to model 3.1
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but characteristic of the model is that it defines failure as a gradually developing
process and the structure is never completely failed, i.e. not working. Fatigue crack
growth is described by the Paris and Erdogan equation (one-dimensional model). The
sample space is not divided into a safe set and a failure set, i.e. failure is developing
continuously as a function of the crack size.

System
A structural detail with one failure mode is considered.

Inspection Method
The inspection method is characterized by the probability of detecting a crack of the

size a.

Inspection Strategy
The strategy is characterized by varying inspection intervals.

Inspection Results
Cracks greater than a critical crack size are repaired.

Failure Probability
The failure probability is not included in the model since failure is assumed to develop

gradually. Only the probability of detecting a crack or of repair is used.

Optimization Problem

The total expected costs of the lifetime are minimized including design cost, inspec-
tion cost, repair cost and failure cost. The number of inspections in the expected
lifetime is given and the optimization variables are a design variable and inspection
times. No constraints are given.

Ezamples
Four numerical examples are given. The number of inspections is 0 or 1.

3.5 Conclusions

In the following a survey is given of the most important properties of real life, that
are not incorporated in the models.

Failure
There are several causes of failure in steel structures, e.g. crack propagation, corro-

sion, accidents, bigger loads than expected, errors in design and construction.

System
Structures are usually modelled by a complicated system of series and parallel ele-

ments.

Inspection Methods

The characteristics of the inspection methods are quite unpredictable regarding reli-
ability and accuracy. In the models the duration of an inspection is assumed to be
negligible but in reality it can take weeks or months for a large structure. Usually
several inspection methods are used, making the characterization of the inspection
even more difficult.
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Inspection Results
To distinguish only between failure and non-failure is a simplification since failure

can result in either system-down or the system is still functioning but with extra
cost and reduced reliability, or the system is functioning without extra cost and with
reduced reliability. The decision of repair is ambiguous too since the extent and cost
of repair can vary a great deal as indicated in appendix 1.

Objective Function
Most models do not include all types of cost and the dependence on the variables for

the different types of cost is simplified. In general the calculation of the cost will be
inaccurate due to the above-mentioned approximations.

Optimization Variables
As mentioned above inspection times may be periods instead of moments of time.

All the models have disadvantages compared to reality. Only some models specify
the failure mode and none of them incorporate all causes of failure in real life which
of course is also not possible regarding accidents and errors. The system can in
some models only be in two states - failure state or working state (type 1 models)
and in most of these models the failure time is given as a random variable with a
known distribution. Other models include a number of working states and one failure
state (type 2 models), in other words the deterioration process is considered to be a
Markov process. Finally, there are models that describe the state of the system by
a deterioration law such as the Paris and Erdogan equation (models 3.1, 3.3, 3.4) or
a corrosion propagation law (model 3.2). Failure is defined as the excess of a critical
limit except for model 3.4 where failure develops gradually. It was found that only
the models of type 3 are sufficiently realistic for practical purposes.

In most cases the structural system is reduced to one failure element (models 1.1,
1.2, 2.1, 3.1, 3.2, 3.3, 3.4) or not specified (model 2.2). Model 3.1 has also been used
for small series systems and more complex systems, i.e. a series system of parallel
systems. In model 2.3 a structure consisting of a number of member sets is consid-
ered. From a theoretical point of view it is easy to incorporate more complex series
and/or parallel systems but the calculations and implementations quickly become
very expensive and time-consuming.

As stated above sufficient knowledge about the inspection methods is not available
and this makes it difficult to characterize them realistically in the models. The
inspection method is in models 1.1 and 2.2 assumed to be 100% reliable but in the
remaining models it is possible to include the reliability or measurement uncertainty
of the inspection method which introduces inspection quality as an optimization
variable (models 2.1, 2.3, 3.1).

In most models repair takes place depending on the inspection result but in model
2.2 the inspection may result in replacement.

Except for model 1.1 the failure probability in all models depends on the state of the
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system, i.e. the inspection results, and only in models 1.1, 3.1 and 3.2 is it possible
to place constraints on the failure probability /reliability index.

The costs included in the total costs vary a great deal in the models. Most costs
are included in models 3.1, 3.2, and 3.4, namely initial, inspection, repair and failure
costs. In model 1.2 the costs are not considered as the availability of the system is
optimized.

Numerical examples have been implemented for all models except 2.2 and for models
3.1 and 3.3 the effect of changing some of the parameters has been studied.

Only very few real-life examples have been found where inspection planning is based
on reliability calculations. According to Yang, 1980, U.S. Air Force structural in-
tegrity and durability design specifications require that the economic life of airframe
components be analytically predicted and a procedure is presented where inspections
are planned when the average crack, e.g. in fastener holes, is expected to exceed a
given level. By economic life is meant the time until either the cost of maintenance or
the cracks exceeding the economical repair crack size are getting too big. In Pedersen
et al., 1992, it is described how inspection of a structural component of the offshore
structures at the Tyra Field is performed when the reliability index of the component
is reduced to a specified minimum level. The inspection strategy is not found by an
optimization procedure since, in this case, experience has shown that the cheapest
is to wait as long as possible, without violating safety demands, before inspecting a
structural member. This procedure is also recommended in Underwater Inspection...,
1989. The deterioration process under consideration is fatigue described by the Paris
and Erdogan equation.

Related models are developed but not described in detail here. As in Pedersen et al.,
1992, in these models inspections are planned when the failure probability reaches a
target level. Within the area of aircraft structures this procedure has been subject to
studies for many years and some of the earliest work is described in Eggwertz, 1963,
where constant intervals for the inspection of wing structures for cracks are deter-
mined. In Fujimoto et al., 1989, a structure with a number of members subjected to
fatigue failure is considered. The model in Jiao, 1992, is partly based on model 3.1
but it is assumed to be optimal to inspect when the failure probability reaches the

minimum acceptable level.
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CHAPTER 4
A RELIABILITY-BASED INSPECTION
STRATEGY FOR STEEL GIRDER BRIDGES

4.1 Introduction

Periodical inspection of bridges is typically scheduled to take place every 2-3 years
or, if two types of inspection are performed, a superficial inspection takes place every
year and a more detailed inspection every 3-5 years. These conventional strategies
are described in detail for a number of countries in chapter 2. Deterioration of steel
structures in bridges is mainly caused by the development of corrosion and fatigue
cracks and this chapter deals with inspection of corroded steel girder bridges sub-
jected to three failure modes, namely bending, shear and bearing failure of a girder.
The reliability index as a function of time is calculated for each girder in a typical
highway bridge, it is examined whether some girders are more critical than others
and based on this an inspection strategy is suggested. A presentation of the content
of this chapter is available in Sommer et al., 1992.

4.2 Corrosion of Steel Girder Bridges

Kayser, 1988, described five of the most important forms of corrosion which are
summarized here. The most common form is general corrosion which is uniformly
distributed on the surface while pitting corrosion is restricted to a small area and
it usually begins with an anomaly on the surface. Crevice corrosion occurs where
different components of the structure are close making narrow spaces and galvanic
corrosion takes place when two different metals are placed in an electrolyte and are
electrically connected, as is possible at bolted or welded connections. Tensile stress
will increase the rate of corrosion which is called stress corrosion. A combination of
different forms of corrosion can often occur, for instance, the combination of pitting,
crevice and stress corrosion under cyclic loading is called corrosion fatigue.

Corrosion causes loss of material thereby decreasing the load-carrying capacity of
the bridge and it can cause a build-up of corrosion products which exerts pressure
on adjacent elements resulting in eccentricities and stresses. It can also lock the

mechanism of bearings and hinges.
Data on corrosion performance in actual steel bridges have been collected by Kayser,

1988, and as expected, corrosion occurs where water is accumulated. For steel girder
bridges this happens at leaking deck joints and at the upper side of the bottom



4. A Reliability-Based Inspection Strategy for Steel Girder Bridges 31

flange. Furthermore, corrosion is influenced by the environment, i.e. the amount of
moisture in the air and the presence of salt. Therefore, the geographical location is
of vital importance when planning the maintenance of a steel bridge. For example, in
Michigan, U.S.A., a severe corrosion was observed due to use of salt as a de-icing agent
and insufficient painting. It is only in a very dry climate that paint lasts indefinitely.
It has been observed that the rate of corrosion may be different for different girders.
For example, in highway overpasses girders are exposed to a mixture of salt, snow and
water splashed by trucks and the highest concentration of this aggressive medium is
on the exterior girder while the concentration of salt and/or water decreases in the
direction of traffic.

In this chapter general corrosion is considered as the most common form. Studies have
shown that the corrosion propagation can be modelled, with a good approximation,
by an exponential function (see Albrecht and Naeemi, 1984)

C(t) = AtB (4.1)

where C(2) is the average corrosion penetration in microns (107% m), ¢ is the time in
years and A, B are stochastic parameters to be determined from regression analysis
of experimental data. In this expression, however, only the statistical uncertainty
is included as the residual is neglected and furthermore, A and B are described by
separate distribution functions - not a joint distribution function.

The parameters A and B have been determined in Kayser, 1988, based on field tests
by Albrecht and Naeemi, 1984, and for carbon steel and weathering steel the mean
values, the coefficients of variation and the coefficients of correlation for A and B are
given in table 4.1. It shows, as expected, that the parameters for weathering steel
are smaller than for carbon steel since corrosion develops slower in weathering steel
after the first year and it also shows that in most cases the parameters are lowest in
rural environment and highest in urban environment. It should be stated that the
determination of A and B involves a considerable uncertainty.

Eype of steel Carbon Weathering

Corrosion parameter A B A B

Rural Mean value, u 34.0 0.650 33.3 0.498

env. Coeff. of variation, % 0.09 0.10 0.34 0.09
Coeff. of correlation, pap not available -0.05

Urban Mean value, u 80.2 0.593 50.7 0.567

env. Coeff. of variation, % 0.42 0.40 0.30 0.37
Coeff. of correlation, pap 0.68 0.19

Marine  Mean value, p 70.6 0.789 40.2 0.557

env. Coeff. of variation, i— 0.66 0.49 0.22 0.10
Coeff. of correlation, pap -0.31 -0.45

Table 4.1 Statistical parameters for A and B (from Kayser, 1988).
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To illustrate the problem a simple-span steel girder bridge is considered and the
observed general corrosion pattern is shown in figure 4.1a. The mid-section of the
girder, where corrosion takes place only at the bottom of the web and on the upper
side of the flange, is mainly subjected to bending but the bending capacity depends
on the cross-section of the flanges and not so much on the web. Therefore, the cor-
roded cross-section is modelled in the same way at mid-section and at the supports
where shear forces dominate. The modelled corroded cross-section is shown in figure

4.1b.

N o

7X| \S urface Corrosion

Surface ;
Loss

— ]

Figure 4.1 Corrosion of a steel girder (Kayser, 1988).

4.3 Failure Modes

Three failure modes are considered namely bending failure, shear failure and bearing
failure' and calculating the corresponding failure probability is a time-variant relia-
bility problem. The load is represented by the bending moment at the mid-section
or by the shear force at the supports. In the calculations the traffic load is conser-
vatively represented by the maximum 75 year truck troughout the lifetime. It would
be more realistic to base the reliability analyses on a first-passage problem, see figure
4.1a, modelling the traffic load as a stochastic process but this is not used in the

example.

! Bearing failure applies to compression in short components (the stiffened web) at the
supports.
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Figure 4.1a First-passage problem (Madsen et al., 1986).

For bending failure, for instance, the barrier £(¢) is the nominal moment strength as a
function of time minus the dead load moment, i.e. M, (¢) — Mp, while the stochastic
load process X(t) is the midspan moment. Assuming that the barrier crossings are
independent, the failure probability can be calculated as (see Madsen et al,, 1986)

Pr(t) =1 — Fxo)(€(0))eap | - / v (E(r))dr | (4.1a)

where v (£(r)) is the upcrossing rate. It is assumed that Fx()(£(0)) = P(X(0) <
£(0)) =~ 1, i.e. no failure at t = 0. The upcrossing rate can be calculated by Rice’s

formula

) = | " FnlB0). )G~ it (4.15)
3

The traffic load moment is a discrete process. One approach is to model the midspan
moment as a square-wave filtered Poisson process. A stochastic process

N(t)
X(t)= Y wt,mS) (4.1¢)
i=1
is called a filtered Poisson process when N(t) is a Poisson process, {S;} is a sequence of
identically distributed and independent random variables and w(t, 7, s) is the response
function defined to be zero for t < 7. S; is the magnitude of the signal taking place at
;. w(t, i, s) represents the value at time ¢ of a signal of magnitude s originating at
time 7; and X () represents the value at time ¢ of the sum of signals arising from the
events occuring in the interval [0,t]. For the bridge under consideration S; represents
the traffic load and w represents the response of the bridge to the traffic load.

According to Madsen et al., 1986, the upcrossing rate is
v (E(1)) = u(t)(1 - Fs(E(t)) | (4.1d)
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where u(t) is the intensity of the Poisson process N(t). In other words u(t) expresses
the number of ”truck events” per time unit.

The calculations are rather complicated and they are not described in further detail
here. For a Gaussian process the calculation procedure is explained in section 5.4.

The bending, shear and bearing capacities are calculated from material and corrosion
parameters and corrosion as a function of time ¢ is included in the calculation by using
the reduced values of the web thickness t,, and bottom flange thickness ¢, where

tw(t) = two — 2C(2), tw >0 (4.2)
tf(t) =t — C(t), ty >0 (4.3)
two is the initial web thickness (mm), t ¢ is the initial flange thickness (mm), ¢ is the

time in years and C(t) is the average corrosion penetration (mm). The top flange
thickness is assumed constant with time and equal to .

4.3.1 Bending Failure
The effective slab width is assumed according to AASHTO, 1989, as shown in figure

4.2. Neglecting the effect of reinforcement in the slab the nominal bending moment
strength M, 1s calculated based on plastic stress distribution in the composite section
(Salmon, 1990) and it is assumed that the web slenderness ratio, A, fulfils the following
requirement according to Load and Resistance Factor Design (Salmon, 1990)

he 640
f= Rl (4.4)

tow \/m
where h. is the unsupported web depth, ¢, is the thickness of the web, A, is the
maximum slenderness ratio and fyr is the yield stress of the flange in ksi (1 ksi =
6.895 N/mm?). If this requirement is not fulfilled the calculations must be based on

superposition of elastic stresses.

bg 0.85f1, 0.85f;
¥ ¥ — —
£ 8
t | = e -
P PNA ~PNE =Ic,
. cG d”|d’
d i e s s P -
T
T}
A Aty Iy
Cross—section Case 1 Case 2

PNA within Slab PNA within Steel Beam

Figure 4.2 Plastic stress distribution at nominal moment strength (Salmon, 1990).
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There are two cases depending on whether the plastic neutral axis (PNA) is in the
slab or in the steel section. In figure 4.2 the cross-section and the stress distribution

are shown.

Case 1. PNA within Slab
The distance a in figure 4.2 becomes

A fy
- —— <
*= 0.85f.05" Gt (4.5)

where A, is the steel section area, f, is the yield stress of the steel, f. is the specified
28-day compressive strength of the concrete and bg is the effective width of the slab.
The nominal bending moment strength My is

d
M, = A.f, (§ ol e g) (4.6)

Case 2. PNA within Steel Beam
The compressive force in the concrete slab is

C. = 0.85f.bst, (4.7)

where t, is the slab thickness. The compressive force in the steel is,

A, f, - 0.85fbst,

C, 5

(4.8)

and the tensile force in steel is

T’ = Asfy = Ca (49)

Knowing C., C, and 7", the PNA and the distances d' and d" (see figure 4.2) can be
found. The nominal bending moment capacity is

M, =C.d +C,d" (4.10)

A safety margin for bending failure is
MFl(t)=Zan(t)—'MD—ML (411)

where Z; is a variable modelling the uncertainty in estimating the moment capacity.
M, (t) is the nominal moment strength at the time ¢ (including the effect of corrosion),
Mp is the dead load moment and M}, is the live load moment due to the maximum
75 year truck.

4.3.2 Shear Failure
Shear forces are carried mainly by the web, the critical stress is calculated according to
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plate buckling theory (Salmon, 1990) and the web panel is modelled as a rectangular

plate in pure shear with simply supported edges as shown in figure 4.3.

e

b

Figure 4.3 Web panel.

The elastic buckling shear stress is
2 E
12(1 - v2)(2)*

Ti=Fk

(4.12)

where k = 5.34 + 4.0(%)2 is the plate boundary coefficient (pure shear, simply sup-
ported). E is the modulus of elasticity, v is Poison’s ratio, b is the shortest dimension
of the plate (equal to d — 2t¢), a is the longest dimension of the plate and t,, is the
thickness of the plate. The critical shear stress, 7., depends on the size of C, which

is defined as

=
Cp=-—=
Ty
where 7y = % fy is the shear yield stress.
For elastic buckling, i.e. C, < 0.8,
Ter = Tgl

for inelastic buckling, i.e. 0.8 < (), < 1.0,
Ter = /087y Tet
and in case of plastic buckling, i.e. 1.0 < C,,
Ter = Ty

The shear force capacity is
Vor = Tcr(d = 2tf)tw

A safety margin for shear failure is

Mpg(t) = sz:,h(t) -Vp -V

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)
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where Z; is a variable modelling the uncertainty in estimating the shear capacity.
Vsn(t) is the nominal shear strength at the time ¢, Vpp is the dead load shear and V;,
is the live load shear due to the maximum 75 year truck.

4.3.3 Bearing Failure
Calculation of the shear capacity at the supports depends on whether a stiffener is

present or not. A stiffened web is calculated by considering the web as a compres-
sion member and an unstiffened web is calculated by using plate buckling theory.
However, the plate boundary coeflicients are not available for plates with one free
edge subjected to shear. According to AASHTO, 1989, stiffening of the web over end
bearings is required for all plate girders but for rolled girders it is required only when
the nominal shear load exceeds 75% of the allowable shear. Here, a stiffened web is
considered, see figure 4.4. The effective width of the web is equal to no more than 18
times the web thickness (AASHTO, 1989) and the calculation of the stiffened web is
performed as described by Salmon, 1990.

— -\F
stiffener
web By
[ 1 =by
¥ &
. <18t,, B
Figure 4.4 Stiffened web.
The elastic critical stress (Euler-stress) is
m2E
Fa= o5

where K is the effective length factor (K'=0.75 according to Salmon, 1990), d is the

depth of web, r = —}IT is the minimum radius of gyration. The critical stress, F,,
depends on the slenderness parameter, A., defined as

f
Ae = F—: (4.20)

For the elastic region, i.e. A, > V2,

Fcr = Lel (421)
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For the inelastic region the SSRC parabolic equation has been used by AISC since

1960, A < V2,
Kd\? A2
Fer=fy (1 = %:E"(T) ) = fy( - -4-) (4.22)

The bearing capacity is
Vie = Foer A (4.23)

where A, is the cross-sectional area of the effective web and stiffener, see figure 4.4.

A safety margin for bearing failure is
Mrs(t) = Z3Vae(t) - VD = Vi, (4.24)

where Z; is a variable modelling the uncertainty in estimating the capacity of the
stiffened web. Vje(t) is the nominal bearing strength at the time ¢.

4.4 Inspection Strategy

It is assumed that inspections are performed at constant time intervals At since the
inspection authorities will often prefer constant inspection intervals to facilitate the
planning. An inspection strategy is formulated so that the girder(s) with the largest
failure probability are checked more frequently than others. This may not save much
money for a highway bridge of the type considered here but for structures with a
larger number of almost equal components the procedure can be valuable. If two
different intervals are considered, the strategy can be illustrated as shown in figure
4.5, i.e. one group of girders Gp is checked at all inspections and a second group G4
is checked at longer intervals. T is the lifetime of the bridge, T; are the inspection
times, At is the inspection interval for girder group Gp and nAt is the inspection
interval for girder group G4. Each girder is considered separately when calculating
the inspection strategy and then the shortest inspection interval found in G4 and
G B, respectively, will be used for the whole group G4 or Gp.
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Figure 4.5 Inspection strategies for girder groups G4 and Gp.
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A condition to determine when repair is to be performed in a girder after an inspection
is formulated. It is assumed, that the web thickness is constant in the girder and
that if the measured web thickness t,, is smaller than the critical value tw,cr then the
girder must be repaired. The event margin for repair at the time ¢ is

H(t) = Zrtw(t) — tw,er = ZR(twu = QC(t)) —tw,er

(4.25)

where Zg is a variable modelling the uncertainty in estimating the web thickness. The
possible decisions after each inspection in the lifetime of the bridge can be presented
in the form of an event tree, as shown in figure 4.6. T; is the time of inspection no.

"N
17,

1: REPAIR
0: NO REPAIR

1 —— BRANCH 1
— . BRANCH 2

BRANCH j

s HRANCH 22

ot
e

\

Figure 4.6 Event tree for the inspection strategy (PRODIM, 1988).
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4.5 Reliability of Steel Girder Bridges

Failure of a girder is modelled by a series system with three elements corresponding
to the three failure modes (bending, shear and bearing failure) and the failure prob-
ability for the series system is shown below for the first three inspection intervals.
This series system for each girder should not be confused with the structural series
system with elements corresponding to failure of each of the girders which is not con-
sidered here. The superscripts ! and ? indicate that repair has been performed or not
performed after earlier inspections, respectively. APpg(T;,t) denotes the probability
of failure in the time interval from T; to t.

For <t <1
Pps(t) = P(Mpi(t) <0 Mpa(t) < 0l Mps(t) <0) (4.26)
ForTi <t <T5:
Pps(t) = Prs(Th) + APrs(Th,1) (4.27)
= Pps(Th) + APYs(Th,t) + APLG(Th, 1)
= Prs(Th)

+P(Mp:i(Th) > 0N\ Mp2(Ty) > 0N\ Mpa(Th) > 0N H >0
N(ME, () S OUME,(t) < 0U MEy(t) < 0))
+P(Mpi(T1) > 0N\ Mp2(Ty) > 0 Mrps(T1) > 0N H <0
N(ME1(t) < 0U Mg, (t) < 0U Mps(t) < 0))

For T, <t <Tj:

Pps(t) = Pps(Tg) + APFS(Tz,t) (4.28)
= Pps(T2) + APRY(Ty,t) + APRS(Ty,t) + APES(Th, t) + APHY(Ty, t)
= Prs(T3)

+P(Mp1(Th) > 0N\ Mp2(Th) > 0\ Mps(Ty) > 0N H > 0
N My (T2) > 0N\ My (T2) > 0\ M3y(T2) > 0N H® > 0
N(MB () < 0UMIB () < 0UMB(E) < 0))
+P(Mpi(Ty) > 0N\ Mp2(T1) > 0N\ Mp3(T1) > 0N H >0
N M5 (T2) > 0\ Mpy(T2) > 0 Mps(T2) > 0N H° <0
N(ME:(2) < 0UME,(t) <0 ME3(t) <0))
+P(Mp1(T1) > 0N\ Mp2(T1) > 0\ Mp3(Ti) > 0N H <0
N Mg, (T2) > 0\ Mpy(T2) > 0\ Mpy(T2) > 0 H! >0
N(ME(8) SOUME(®) < 0UMES(2) < 0))
+P(MF1(T1) >0 Mp2(Th) > 0N Mp3(Th) >0NH L0
N M (T2) > 0N\ Mp,(T2) > 0\ Mp,(T2) > 0N H <0
N(ME () <OUME(®) < 0UME(t) <0))
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R; is the number of repairs for a girder at inspection time T;. R; is equal to zero
or one as not more than one repair can take place at one inspection, therefore, the
expected value of R;, Es[R;], is the same as the probability of repair. Es[R;] for the
first three inspections is calculated as

Es[R;] = P(Mp:1(T1) > 0\ MF2(Th) > 0\ Mrs(Ty) > 0 H < 0) (4.29)
Es[R;] = Es[R3] + Es[R}] (4.30)
= P(Mpi1(Th) > 0\ Mp2(T1) > 0\ Mps(Ty) >0 H >0
N Mz, (T2) > 0N\ ME,(T2) > 0\ Mp4(T2) > 0N H® < 0)
+P(Mp1(Ty) > 0N\ Mp2(Th) > 0\ Mrs(Ty) > 0NH <0
N My (T2) > 0 My (T2) > 0\ Mpy(T2) > 0 H' < 0)
Es(Rs] = Es[R3°] + Es[R3'] + Es[R}°] + Es[Ry'] (4.31)
= P(Mp1(Ty) > 0\ Mp2(Ty) > 0N\ Mpa(T1) >0NH >0
N M (T2) > 0\ MRy (T2) > 0\ Mpy(T2) > 0N H® >0
NME(T) > 0N M (T:) > 0N MEB(T:) > 0N B <0)
+P(Mpi(T1) > O\ MFp2(T1) > 0N\ Mps(T1) > 0N H >0
M, (T2) > 0N\ ME,(T2) > 0\ M$(Ta) > O HO < 0
NME(T) > 0N ME(T3) > 0N\ ME(T:) > 00 B < 0)
+P(Mp1(Ty) > 0\ Mp2(Ty) > 0\ Mps(T1) > 0N H <0
M, (T) > 0N My (Ta) > 0\ Mby(T2) > O B > 0
NMB(B) > 0N M (T) > 0N\ ME(T:) > 0N H® <0)
+P(Mpi(Th) > 0\ Mr2(T1) > 0\ Mrs(T1) >0NH <0
A ML (T) > 00\ Mb,(Te) > 0\ Mby(T2) > 0 B <0
NME(Ts) > 0N\ M5 (Ts) > 0N ME;(Ts) > 0N HY <0)
These expressions are extensions of the expressions used in model 3.1 described in

chapter 3. In model 3.1 failure and repair probabilities are given for a system con-
sisting of one element, see e.g. PRODIM, 1988.

An optimal inspection strategy with regard to costs can be calculated for each girder
using the objective function (the expected costs) and the calculation procedure as
described in chapter 5. The probabilities shown above are used to calculated the
expected costs. However, in the example it has been chosen to suggest an inspec-
tion strategy based on the failure probabilities alone without including the effect of

inspections.

To be able to interpret the result of a reliability analysis, a requirement to the relia-
bility of the structural system has to be set. A constant reliability level throughout
the lifetime can be obtained by a constant failure rate defining the failure rate as the
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probability density function for the time to failure

folt) = dFZ;(t) _P@< Tdtg t+dt) a5

where T is the time to failure (see Madsen et al., 1986). From a user’s point of
view it would be natural to set constraints on the failure rate for the structure.
However, for the owner of the structure the important issue is the expected failure
cost rather than the safety in itself and since the expected failure cost depends on
the accumulated failure probability during the lifetime a constraint is normally set
on the failure probability /the reliability index at the end of the lifetime, The failure
rate and the failure probability are related as follows

Pr(t) = Fr(t) = /0 tfr(t)dt (4.33)

It shows that a constant failure rate during the lifetime gives a increasing failure
probability (with a constant slope). In other words to obtain a certain maximum
failure rate during the lifetime, the requirement to the failure probability should be
a function of time being stricter at the beginning of the lifetime than at the end of

the lifetime.

4.6 Example

A typical highway steel girder bridge designed according to AASHTO, 1989, is con-
sidered. However, the bridge is assumed not to be protected against corrosion. The
bridge has a simple span of 24.4m and two lanes with traffic in the same direction and
the cross-section is shown in figure 4.7. The material parameters, corrosion parame-
ters and the model uncertainty variables are assumed to be log-normally distributed
and the mean values and standard deviations are shown in table 4.2. The corrosion
parameters are chosen corresponding to carbon steel in a marine environment but
no correlation between A and B is assumed due to the very uncertain estimation of
the coefficient of correlation (see table 4.1). The observations referred to in Albrecht
and Naeemi, 1984, are made onshore nearby the coast. The truncation of 4 and B
is chosen in accordance with Albrecht and Naeemi, 1984. For the model uncertainty
variables the values used in S¢rensen and Thoft-Christensen, 1988, are used but as
they are not justified by any analyses they could just as well be neglected.
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Figure 4.7 Bridge cross-section.
7 o

Modulus of elasticity for steel, E 2.1+ 10°N/mm? 2.1-10*N/mm?
Yield stress in steel, fy 248 N/mm? 25 N/mm?
Compr. strength in concrete, f. 21 N/mm? 4 N/mm?
Corrosion parameter, A 71-107%mm 47-1073mm
A <200-10"3mm
Corrosion parameter, B 0.79 0.39
B < 1.5
Model uncertainty variable, Z; 1.0 0.10
Model uncertainty variable, Z» 1.0 0.10
IModeI uncertainty variable, Z3 1.0 0.10

Table 4.2 Values used in calculations (log-normal distributions).

The lifetime T is chosen as 75 years and the minimum reliability index ﬂmi“ = 4.0
at the end of the lifetime. The reliability index is defined in appendix 2.

A deterministic analysis using mean values of the material parameters showed that for
each girder the nominal moment capacity is M,, = 5249 kNm, prior to any corrosion,
the shear force capacity is V5 = 2428 kN and the bearing capacity is Ve = 3755
kN. In the probabilistic analysis M,, V,, and V}, are calculated using the statistical

parameters shown in table 4.2.

Dead Load

The dead load D is assumed to be normally distributed and the means and coefficients
of variation of dead load are given in table 4.3.
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U o
Interior girders (G2, G3, G4):
Midspan moment, Mp 929 kNm 93 kNm
Shear load, Vp 152 kN 15 kN
Exterior girders (G1, G5):
Midspan moment, Mp 1428 kNm 143 kNm
hear load, Vp 234 kN 23 kN

Table 4.3 Dead load (normal distributions).

Traffic Load

Based on measurements of heavy truck traffic midspan moment distributions for
bridges with simple spans have been calculated in Nowak, 1992. The moment-
distributions are approximately log-normal. For a two lane bridge with a simple
span of 24.4 m the mean maximum 75 year static live load is 5075 kNm. The live
load L includes a static and dynamic component, the latter is 10% of the static live
load. Therefore, the live load is 5583 kNm and the standard deviation is 1005 kNm
(18% of the mean).

The distributions of transverse truck position within each lane were considered by
Nowak et al., 1990, for a two lane bridge. The distributions are based on visual
observations on interstate highway 1-94 in Southeastern Michigan. Furthermore, it
was observed that in 66% of the cases a truck was in the right lane, in 33% of the
cases a truck was in the left lane and in 1% of the cases there were trucks in both

lanes.

Hong, 1990, calculated the influence lines for midspan cross-sections with girders
spaced at 1.2 to 3.0 m and bridge spans of 9, 18, 27 and 36m. The influence lines
show the effect of the truck position across the bridge so knowing the midspan moment
of the bridge and the corresponding truck position the moment in each girder can be

found.

Based on these observations and calculations, the probability density function for the
moment has been calculated for each girder as shown in figure 4.8, using the following
procedure. The log-normally distributed live load moment, M, is discretized using
increments of 250 kNm. First, the truck in the right lane is considered and the
moment distribution for each girder is calculated for the various My values. Then
similar calculations are made for the truck in the left lane and for two trucks side-
by-side. The calculations are performed using the program shown in appendix 4 and
for each case, the mean and standard deviation of My, are shown in table 4.4.
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i p (kKNm) o (kNm)
Girder G1:

Truck in right lane 1772 425
Truck in left lane 431 144
Truck in both lanes 2066 473
Girder G2:

Truck in right lane 1815 330
Truck in left lane 758 176
Truck in both lanes 2446 456
Girder G3:

Truck in right lane 1357 261
Truck in left lane 1318 247
Truck in both lanes 2550 474
Girder G4:

Truck in right lane 841 192
Truck in left lane 1833 333
Truck in both lanes 2549 475
Girder G5:

Truck in right lane 497 135
Truck in left lane 1853 400
Truck in both lanes 2218 466

Table 4.4 Midspan moment My, for live load (log-normal distributions).

The resulting density functions (see figure 4.8) are determined as
fig, (mp) = 0.66f3 (mL) +0.33f3; (mr) + 0.01f3 7  (my) (4.34)

where fjr, is the probability density function for the live load moment and 7 is the
girder number. Superscript R indicates a truck in the right lane, L a truck in the
left lane and RL two trucks side-by-side.

The shear load at supports is calculated by assuming that the traffic load is uniformly
distributed determining the load intensity from the midspan moments M. This is

a conservative assumption and gives
VL — e (m—l) (435)

where [ is the span length.



46 A.M. Sommer. Optimal Inspection and Maintenance Strategies for Structural Systems
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Figure 4.8 Probability density functions for midspan moments in girders G1 — G5.

Results
The reliability analyses were performed by the First Order Reliability Method (see

appendix 2) using PROBAN-2 which is briefly described in chapter 6. Without
inspection and repair, the reliability indices vary with time as shown in figure 4.9. The
calculations show that the system reliability index is always close to the smallest of
the element reliability indices, therefore, the system reliability index is not indicated
in figure 4.9. It is interesting to observe that bending failure is the dominant failure
mode for all girders in the first 10 years and after that shear failure becomes the
dominant failure mode. This is in accordance with the corrosion model (see figure
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4.1) as the web, which influences the shear capacity more than the bending capacity,
is corroded on both sides.

A , (A
bending bending
81 shear 6
[ bearing shear
4 4 ~bearing
2_‘_ v 2 -_-""-'-'--—-___
0 t + i o i ——
0 25 50 75 0 25 50 75
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0 : : s 0+ — ‘ e
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A
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6- shear
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0 : - -
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time (years)

Figure 4.9 Reliability indices for girders G1 — Gb5.

It has not been possible to explain why the curves flatten out after 10-15 years and
why the reliability index does not become negative until after 1000 years but it has
been observed that the outcome of the corrosion parameters increases during the first
10-15 years and thereafter decreases, i.e. the outcome is biggest when the curves are
steepest. This means that the reliability indices shown in figure 4.9 are probably only
realistic for the first 10-15 years.
Sensitivity analyses showed that during the first 10 years the traffic load and the
model uncertainty variables have the biggest influence on the reliability index. Af-
terwards, the corrosion parameters become most important and after 20 years it is
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mainly the corrosion parameter B that influences the reliability index.

The analyses show that the reliability index for all girders decreases to f™" = 4
after 10 years even though the reliability index prior to corrosion is varying from 4.2
for girder G1 to 6.6 for girder G4. So for this bridge there is no reason for inspecting
the girders with different intervals as suggested in section 4.4. From a designers point
of view it is satisfactory to note that the girders are utilized to the same degree after
the first 10 years.

Based on this, a reliability-based inspection strategy with an inspection interval of
8 years is suggested in figure 4.10. Using this strategy though, is no guarantee
that the reliability index will not decrease to less than 4 during the lifetime. An
improved reliability-based strategy could be found by updating the reliability after
each inspection under the conservative assumption that no repairs are performed. As
mentioned before an optimal inspection strategy could be found using the procedure
described in chapter 5 and the expressions in section 4.5 and assuming a constant
inspection interval the optimal solution would probably be an interval of between 5

and 10 years.

inspection
qualily
qL—L—J—rl |l| ! ‘II TI ; II lI > time (years)
25 50 75
At =8years
—

Figure 4.10 Inspection strategy.

4.7 Conclusions

Calculations are made for a bridge which is not protected against corrosion so the
level of the reliability indices is probably not realistic. The live load modelling is
simplified by assuming only one or two trucks on the bridge at a time. Highway
bridges are typically inspected every 2 - 5§ years which is more often than suggested
here but if the reliability was updated after each inspection and fatigue was included
in the calculations the inspection interval would possibly be found to be less than 8
years.

The procedure suggested whose aim is to inspect girders with different intervals based
on the individual reliability indices turned out not to be relevant for the highway steel
girder bridge considered since the reliability index reduces to the minimum reliability
index at the same time for all girders. However, reliability calculations of the girders
one at a time can be of value to the inspector indicating which girders are exposed to
the greatest failure risk. The savings by not inspecting all girders at each inspection
may be insignificant for a highway bridge.
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The calculations can be improved in the following ways:

- The calculations can be refined by using different corrosion parameters in the
girders. As mentioned at the beginning of this chapter, the first girder in the
traffic direction will develop more corrosion due to salt and water splashed by
the traffic. This has not been done due to the very uncertain estimation of the

corrosion parameters.
- It is possible to include corrosion protection of the girders by assuming that the
paint will last for a number of years after which the corrosion will start.

Furthermore, analysis of the whole structural system could be made including the
effect of redistribution of forces through the concrete slab. Then also the effect
of redistribution of the load due to different corrosion in the girders could be

included.

- As mentioned before it would be more realistic to consider the reliability prob-
lem as a first-passage problem which would probably increase the value of the

reliability indices.
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CHAPTER 5
AN OPTIMAL INSPECTION STRATEGY
FOR THE LONGITUDINALS IN A TANKER

5.1 Introduction

According to Lgseth et al., 1992, the use of high-tensile steel in ship hulls has increased
during the last decade having both positive and negative effects. On the one hand the
steel weight and thereby the investment is reduced but on the other hand the repair
cost is increased due to corrosion and fatigue cracks because the fatigue strength of
high-tensile steel is almost the same as for mild steel so with reduced dimensions

fatigue failure becomes more critical.

As described in chapter 2, steel ships are traditionally subject to inspections at short
time intervals. Typically the ship hull will be inspected visually each year and ex-
amined carefully every 4 years. In this chapter optimal inspection strategies for the
side longitudinals’ in a tanker are considered. Longitudinals serve two purposes,
firstly they stiffen the plates to which they are welded thereby reducing the defor-
mations of the plates and secondly they contribute to the section modulus of the
ship hull thereby reducing the stresses originating from the hull bending moment.
The longitudinals can only be regarded as part of the hull cross-section if the con-
nections between longitudinals and transverse structural elements such as bulkheads
are designed so that the longitudinals can be regarded as being continuous. In figure
5.1 an example how to make a watertight connection between a longitudinal and a
bulkhead is shown. In this case the longitudinal has an L-shaped cross-section and
a corresponding slot is burned into the bulkhead. The example shows a longitudinal

at the bottom of a ship hull.

Two kinds of deterioration of the longitudinals are described in this chapter - cor-
rosion and fatigue cracks which are both important subjects to inspection. The
reliability index as a function of time is calculated for two failure modes - yielding
and fatigue, and an optimal inspection strategy is determined based on the yielding

failure mode.

1 Longitudinals denote stiffening, longitudinal beams welded on the ship hull.
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Figure 5.1 Watertight connection between longitudinal and bulkhead (Taggert et
al., 1980).

5.2 Corrosion of Tankers

Corrosion is a serious problem for steel ships because of the harsh environment where
the air is normally salty and humid. Since ship hulls for the most part are made of
carbon steel (Recommended Practice.., 1972) the following will describe corrosion of
carbon steel in a marine environment.

The most common forms of corrosion are according to Seawater Corrosion Handbook,
1979, general corrosion, galvanic corrosion, pitting and crevice corrosion. General
corrosion is assumed uniformly distributed over the surface. Galvanic corrosion takes
place when two different metals are placed in an electrolyte, e.g. seawater. Because
of their different potentials one will function as an anode and the other as a cathode.
Pitting is concentrated in a small area and it may be initiated by discrete salt par-
ticles or surface defects while crevice corrosion takes place in narrow spaces in the
structure. Tensile stresses or cyclic tensile stresses will increase the rate of corrosion.
In seawater the corrosion may be increased because of impingement, i.e. turbulent
and bubbling water may destroy protective films or attack the metal locally, or be-
cause of cavitation, i.e. the pressure in the seawater is reduced to the vapour pressure
because of high velocity, for example around a propeller. Then boiling occurs and
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when the vapour bubbles collapse they may damage the metal.

In Seawater Corrosion Handbook, 1979, the corrosion in a marine environment is
described in air as well as in water. In air the composition of the steel has a great
effect on the rate of corrosion and the corrosion varies with the content of salt in
the air. The most aggressive zone is the splash and tide zone where the metal is wet
and in contact with oxygen, actually, the corrosion rate can be up to 10 times faster
there than under water. In seawater the composition of the steel has no significant
influence on the corrosion rate. A layer of rust protects the metal against further
corrosion which means that water with a high velocity compared to the steel may
increase the corrosion by removing the rust and by providing more oxygen. According
to Recommended Practice.., 1972, a velocity of 10 knots may increase the rate of
galvanic corrosion by 15 times compared to stagnant seawater.

Information about the rate of corrosion is rather sparse but in table 5.1 it is shown
what is available about general corrosion from the references. As it appears, it is quite
difficult to predict the corrosion rate because the observations are very diversified.
The observations mentioned in Seawater Corrosion Handbook, 1979, and Albrecht
and Naeemi, 1984, have been made near seawater on beaches and similar places. The
only observations that have been made for the inside of tankers are in Condition
Evaluation.., 1991, and in Lgseth et al., 1992, but these observations show as much
or more scattering as the remaining references.

Eoca.tion Corrosion rate (pm per year)
Seawater Corrosion Handbook, 1979:

U.S.A., England, New Zealand, Panama 16 - 71
Kure Beach (N.C., U.S.A.) 439
Ceylon 1194
Albrecht and Naeemi, 1984:

U.S.A, England 31 - 150
Chandler, 1985:

Marine atmosphere 100
Splash zone 150 - 450
Low tide, seawater 100 - 150
Jansen, 1978:

Hull, inside 200 - 300
Steel in seawater ; 300 - 500
Condition Evaluation.., 1991:

Inside segregated ballast tanks 100 - 1200
Inside cargo/ballast tanks 30 - 700
Lgseth et al., 1992:

Inside tanks 50-350

Table 5.1 Corrosion of carbon steel in marine environments.
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In a ship hull corrosion will take place first of all where water is caught, e.g. at the
upper side of horizontal stiffeners or at the bottom of the hull. The example in figure
5.2 shows how the most severe corrosion develops in corners and where cut-outs allow

water to run through.

FORE AND AFT GIRDER

TRANSVERSE
WEB FRAMES

CUT-OUT IN

LONGITUDINAL NOT SHOWN LONGITUDINAL

FOR CLARITY
BOTTOM SHELL

AREA OF MODERATE STEEL LOSS

%]  AREA OF HEAVY STEEL LOSS

PITTING ON HORIZONTAL SURFACES

Figure 5.2 Typical wastage of bottom structure (Condition Evaluation.., 1991).



5. An Optimal Inspection Strategy for the Longitudinals In A Tanker 55

The temperature, the humidity and the salt content of the air influence the corrosion.
For instance, in tankers and other large vessels the low temperature at the bottom
of the hull will cause less corrosion at the bottom than at the top of the hull and in
empty tanks next to tanks containing warm oil corrosion is increased. Furthermore,
it has been observed that most corrosion takes place in water ballast tanks (as salt
water is more aggressive than oil), some corrosion takes place in tanks for crude oil
and only little corrosion takes place in tanks for oil products.

For longitudinals a so-called necking effect as illustrated in figure 5.3 can occur due
to the combination of deflection caused by cyclic loading and accumulated water,

mud etc.

1\

Z

Figure 5.3 Corrosion of longitudinal in uncoated water ballast tank (Condition
Evaluation.., 1991).

Corrosion Protection
Normally, the corrosion protection of a ship hull is chosen as a combination of hard

coating, soft coating and sacrificial anodes (Condition Evaluation..., 1991).

Hard coating is e.g. paint, bitumastic or cement and the condition of this type of
coating is described by a rating system. According to Condition Evaluation..., 1991,
a good condition is characterized by only minor spot rusting, a fair condition is
characterized by light rusting at 20% of the area and local breakdown at edges and
weld connections, a poor condition is characterized by general rusting at 10% - 60%
of the area and finally, a complete breakdown is characterized by rusting at more
than 60% of the area. According to Lgseth et al., 1992, epoxy coating in ballast

tanks usually lasts for 8 - 13 years.
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Soft coating is e.g. based on lanolin, oil or chemical reactions with the steel (Condition
Evaluation..., 1991). Normally, these types of coating only lasts for two to four years
and they are difficult to assess visually so they are recommended only to be used
temporarily.

Areas that are immersed into water can be protected by sacrificial anodes. (cathodic
protection) which are often used in combination with hard coating.

In Det Norske Veritas, 1992, two categories of corrosion protection systems charac-
terized by different qualities and durabilities are specified. The specifications apply
to hard coating of ballast tanks, oil cargo tanks and holds in newbuildings. For spec-
ification I the useful life of the coating is estimated to last 5 * 3 years considering
useful life to be until 20% of the coated surface is rusted (corresponding to a ”fair”
condition) and for specification II the useful life is estimated to last 10 ¥ 3 years. For
these specifications the surface preparation, the type of coating and the maintenance
requirements are specified for ballast tanks, oil cargo tanks and holds in bulk carri-
ers/OBO. Since ballast tanks are more sensitive to corrosion than cargo tanks it is
recommended that the coating in ballast tanks is combined with cathodic protection.
According to Ferguson, 1991, it has been required by the classification societies since
1991 that protective coating in ballast tanks should be maintained and in Det Norske
Veritas, 1992, it is specified for ballast tanks that maintenance should be carried out

before 5% of the surface area is rusted.

Modelling of Corrosion
In the calculations in this chapter only general corrosion is considered since the other

types of corrosion are quite difficult to model and very few observations are available.
The corrosion rate is not constant with time and within the area of marine engineering
the corrosion rate is traditionally modelled as a normally distributed parameter. For
instance, in Lgseth et al., 1992, probabilistic cost/benefit analyses of ship hulls have
been performed using normally distributed corrosion rates with means of 50-350 pym
per year and standard deviations of 10-80 pm per year. Furthermore, the mean
corrosion rates are multiplied by a non-linear correction factor increasing from 0.3
during the first year to a maximum of 1.5. Here it has been chosen, however, to use
the following model which is also used in chapter 4. In Albrecht and Naeemi, 1984,
the propagation of general corrosion is approximated by an exponential function.

Olf) = At” (5.1)

where C(t) is the average corrosion in microns (107° m’s), ¢ is the time in years and
A and B are parameters to be determined from regression analysis of experimental
data. In the calculations made later on in this chapter two sets of the corrosion
parameters A and B are used. One set is based on the data in Albrecht and Naeemi,
1984, and another set is based on the data in Lgseth et al., 1992. For a marine
environment the mean y, standard deviation ¢ and correlation coefficient p for the log-
normally distributed parameters A and B are determined from the data in Albrecht

and Naeemi, 1984, as
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pa = Tl pm per year o4 = 47 pm per year
up =0.79 op = 0.39
pap = —0.31

By comparison to other environments and steel types it turns out that the correlation
between A and B is very uncertain being positive as well as negative. Because of this
the correlation is not taken into consideration in the calculations. From Lgseth et al.,
1992, only A is available but B is determined so that it corresponds to a correction
factor of 1.5 (see above) after the lifetime which is 20 years. Both A and B are
normally distributed.

pa = 200 pm per year o4 = 40 pm per year

pp=11 o =0.1
A cross-section of a tanker as shown in figure 5.4 is considered in this chapter and
calculations are made for the longitudinals indicated. It is assumed that the ship
hull is coated on the inside and that the coating will last for a number of years after
which the corrosion propagation will start. Conservatively it is assumed here that the
coating is not maintained unless a longitudinal is in such a bad state that a repair is
needed. General corrosion is assumed to take place at all inner surfaces which means
that the thickness of plates at the top, side and bottom will be reduced by C(t) at
the time t, see (5.1), and the thickness of longitudinal bulkheads and longitudinals

will be reduced by 2C(t).

(,r_,_.qﬁ——,—‘--r-rﬂ—r—f"—r_r‘ e SR Y
longitudinals
1 cargo under
i tank consideration
] :

[ 3 ballast i [

\ 3 tank s s

Figure 5.4 Cross-section of tanker.

5.3 Fatigue Cracks in Tankers

In SSC-318, 1983, it is stated that if the damage in ships is classified as either fatigue
cracks, deformations or corrosion, surveys have shown that in ships over 200 m in
length about 70% of the total damage is caused by fatigue while only about 20%
of the damage is caused by fatigue in ships less than 200 m in length. Fatigue
cracks propagate due to cyclic loading and, according to SSC-318, 1983, the factors
that affect fatigue behaviour can be separated into three general categories namely
geometry (i.e. general configuration and local geometry), loading conditions (e.g.
constant amplitude cyclic loading, residual stresses, random loading and frequency
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of loading) and finally, material strength. For instance, change of ship design has
often caused problems due to fatigue cracking e.g. by introducing structural details
with which the designer had no or little experience as described in Ferguson, 1991.

In Cracking of HTS.., 1991, the tendencies regarding fatigue cracks in tankers are
listed. It has been observed that most cracks develop in the area from the load
waterline (i.e. the mean water level when the oil tanks are full) to 8 m below the
load waterline, that they are found mostly at the intersection of side longitudinals
with the transverse bulkheads and that there are a lot of cracks in oil tanks but only
a few in water ballast tanks. In agreement with this the side-structure of oil tankers
is the most fatigue-prone area according to Ferguson, 1991.

In figure 5.5 an example is shown of a fracture at the connection between a longitu-
dinal and a transverse bulkhead. Compared to figure 5.1 this connection has extra
stiffening brackets but, nevertheless, a crack has developed because one bracket is too
small. In figure 5.6 several different typical cracks are shown for connections between
longitudinals and web frames. These connections are not watertight, which makes it
possible to avoid overlapping welds and that makes the welding easier and reduces
the risk of fatigue cracks. The illustration shows that cracks develop at cut-outs and
other discontinuities in both welds and plates.

According to Cracking of HT'S.., 1991, fatigue cracks in side longitudinals are mainly
caused by cyclic loading due to wave pressure on the ship side, by relative transverse
deflection between adjacent bulkheads and web frames inducing secondary stresses,
by reduced scantlings in new tankers compared to old tankers due to the use of high-
tensile steel, by asymmetric cross-sections of the longitudinals and by asymmetric
stiffening of the connections between longitudinals and side transverses.

SIDE SHELL

SIDE SHELL
LONGITUDINAL
BULKHEAD
HORIZONTAL TRANSVERSE
BULKHEAD

STIFFENER

Figure 5.5 Fatigue crack in side shell longitudinal (Guidance Manual.., 1986).
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SIDE SHELL

LONGITUDINAL FLAT BAR
STIFFENER
WEB FRAME
PLATING

SIDE SHELL —
BRACKET

A  LONGITUDINAL STIFFENER CRACKED

B  FLAT BAR STIFFENER CRACKED

C SHELL PLATE TO WEB WELD CRACKED
Cl1 C CRACK EXTENDING INTO SHELL PLATE
D WEB FRAME CRACKED

E  BRACKET CRACKED

F

LUG CRACKED (TYPICAL DETAIL)

Figure 5.6 Fatigue cracks at side shell connections (Condition Evaluation.., 1991).
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Modelling of Fatigue Cracks
As mentioned before most fatigue cracks are found in oil tanks and the cracks indi-

cated in figure 5.5 and 5.6 are probably found in tankers with oil tanks at the ship
side and not ballast tanks as it is the case for the tanker considered in this chapter
(see figure 5.4). Considering a full oil tank at the ship side the level of the oil is higher
than the mean water level at the outside of the ship, therefore, the side longitudinals
are exposed to horizontal bending giving tension at the inside at the end-connections
which is where cracks are observed. The stress range due to horizontal bending is
calculated from the relative motion between the ship side and the water surface.

If a ballast tank is placed at the ship side the tank is empty at full cargo condition
and the side longitudinals are exposed to horizontal bending giving tension at the
outside at the end-connections. Therefore, it is assumed in this chapter that cracks
propagate from the side shell into the longitudinals starting at cut-outs as e.g. shown
in figure 5.1. It is not known to the author whether cracks have been observed or
not at this position in ballast tanks.

If ballast condition is considered cracks may propagate from the inside as for oil tanks
but then only a few longitudinals are exposed to fatigue as the draught is smaller. In
Cracking of HTS.., 1991, it is mentioned that only a few cracks are found in water
ballast tanks, but the location of the ballast tanks referred to is not described so
it is not known whether the observations are typical for ballast tanks of the type
considered here.

Propagation of fatigue cracks can e.g. be modelled by the Paris and Erdogan equa-
tion, see e.g. Madsen et al., 1986. The relation between the rate of crack growth per
cycle and the load is based on linear elastic fracture mechanics

da -
W e Ccra(AK) ’ AK >0 (52)

where a is the crack length, N is the number of stress cycles, C,,, and m are material
constants and AK is the range of the stress intensity factor.

AK = AcY(a)/ma (5.3)

where Ao is the stress range and Y(a) is the geometry function depending on the
physical problem.

In the case considered here the fatigue crack problem can be simplified to the model
shown in figure 5.7, i.e. the crack propagates from the edge of the longitudinal at the
ship side, and the geometry function taken from Hellan, 1985, is

a a 3 a : a %
Y(a) =1.12-1.395~ + 73 (h—z) ~13 (E) + 14(:‘7:) (5.4)

where h; is the width of the longitudinal.
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Figure 5.7 Through-crack in longitudinal.

5.4 Failure Modes

Two failure modes for the longitudinals at the ship side are considered namely yielding
and fatigue cracks which both include the effect of corrosion. To describe these
failure modes the load on the longitudinals is first evaluated. The longitudinals
are welded to the ship side and to transverse bulkheads or web frames at certain
intervals so the longitudinals are assumed fixed at the bulkheads and at the web
frames even though they are only partly fixed. A conservative assumption is made
in the calculations by assuming that the tanker is always at full cargo condition, i.e.
the cargo tanks are full and the ballast tanks are empty. The effect of the relative
deflection between adjacent bulkheads and web frames is neglected as it would require
a three-dimensional finite element analysis of the ship hull to include it. Slamming
at the ship side is neglected as this effect is only important at the bow, consequently,
according to the Department of Ocean Engineering, Technical University of Denmark
there are two main contributions to the load on the longitudinals:

1. The bending moment of the cross-section of the ship results in an axial stress in
the longitudinals while the shear force results in a shear stress which is neglected.

2. The water pressure on the ship side results in a horizontal load on longitudinals
underneath the water surface. Only the bending moment from this load is included

in the calculations.

The total axial stress in the longitudinals then is
atat(t) = Zlal(t) + ZzO'z(t) (55)

where Z; and Z, are model uncertainty variables for calculating o7 and o5, respec-
tively, o1 and o3 are the axial stress from load contributions 1 and 2, respectively.
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Calculation of oy

1) = g (20(C) — ) (5.6)

where My, is the bending moment in the hull around the horizontal axis (M} is a
stochastic process), I} is the moment of inertia of the ship hull around the horizontal
axis through the centre of gravity, zp is the vertical distance from the bottom of the
ship hull to the centre of gravity, z is the vertical distance from the bottom of the
ship hull to the longitudinal under consideration and C' is the corrosion penetration
(as a function of the time t). I and 2 both depends on the dimensions of the ship
cross-section so they are functions of the corrosion penetration C.

Calculation of o7
When calculating the stress o from the bending moment on the longitudinals some

part of the ship side is included in the longitudinal cross-section, see figure 5.8. The
L-shaped cross-section of the longitudinals is approximated to a rectangular cross-

section.

eff

|
12

FISNSANSAN
o

Figure 5.8 Cross-section of longitudinals.

The effective width b, s (see figure 5.8) is according to Terndrup Pedersen and Jensen,
1983, assumed to be

__(KE-L/b\3
(10— -

besf = min

where b is the distance between longitudinals, K is a constant equal to 7 for a
distributed load, L is the distance between moment zero points. For a fixed beam
L2061,

As mentioned earlier the corrosion takes place on inner surfaces giving the longitu-
dinal cross-section as shown in figure 5.9.
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Figure 5.9 Effective cross-section of longitudinal.

The distance sg to the centre of gravity is

(tp — C)Pbess/2 + hi(ti — 2C)(tp, — C + hi/2)

SG(C(t)) = (tp _ C)bcff it h[(t; i 20) (58)

where t, and t; are the plate thicknesses of the ship side and the longitudinal, re-
spectively, before corrosion has taken place.

The moment of inertia I; around the p-axis is
1 1
L(C) = T5(bess(tp = C)° + (ti = 200h1) + (t — C)bess(s6 = 5(t, = C))°

+hi(ti — 2C) (ki /2 4 t, — C — s6)* (5.9)

The water pressure is calculated from the depth of the water column above the
longitudinal and this depth is calculated from the relative motion zr between the
ship side and the water surface, see figure 5.10. 2 is a stochastic process.

‘WF—H_'—T\
bzt ﬂ[”iqﬂ“ L, MWL
E
Zy g . :
& { ~longitudinal
C ] under
Zi‘[) consideration

Figure 5.10 Ship side and water level.
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Assuming a wave top the depth of the water column hyp is

_ Zw+2zp— 2
hiop = max{ 0 (5.10)

Assuming a wave trough the depth of the water column h¢rougn is

Zy — 2R — 2
htrough = max { 0 (5.11)

The expected depth h of the water column is

1
h= ‘é‘(htop + htrough) (512)

The water pressure p on the ship side is
p=hpg (5.13)

where p is the density of salt water, g is the acceleration of gravity.

The line load ¢ on a longitudinal is
q=pb (5.14)

The sectional moment M; is largest at the ends of the longitudinal, therefore, this
section will be considered as regards yielding as well as fatigue failure. The sectional

moment is

1
M = ql* (5.15)
The maximum tensile stress o3 is
M,
02,4(t) = TI(—C@SG(C(t)) (5.16)

The maximum compression stress oy c is

o ) = }R%j(h; +t, - C(t) - sa(C(2)) (5.17)

Yielding Failure

It is assumed that the two load contributions (the hull moment and the relative
motion between the ship side and the water surface) are uncorrelated. According
to the Department of Ocean Engineering, Technical University of Denmark, this
is the normal procedure in ship design. In Huss, 1990, these correlation coefficients
have been calculated for bottom longitudinals for another ship type (double bottom).
The calculations showed negative correlations for the stresses at the bulkheads and
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this indicates that the assumption of no correlation is conservative for the lowest
longitudinals.
The yielding failure mode is defined as exceeding the yielding strength and the safety
margin is

MFl(t) = fy = Zld'l(t) - szg,c(t) = fy = crtot(t) (518)
It would be more correct to consider the longitudinals as compression members but
in the example considered in section 5.8 the compression contribution ¢; is so small
compared to the bending contribution o3, so that it would only influence oyo¢ by
about 0.5%, i.e. the calculations are hardly influenced by this approximation.

First-Passage Problem

The model above has been used in the calculations in section 5.8 but it is not realistic
as the reliability problem is in fact a first-passage problem. In section 5.8 the wave
loads are based on long-term statistics but in the description below of the first-passage
problem the wave loads are assumed to be modelled by extreme-value distributions
based on short-term statistics and M} and zg are not assumed to be uncorrelated.

Considering a first-passage problem and assuming that the barrier crossings are in-
dependent, the failure probability Pr(t) and the upcrossing rate v*(£(¢)) can be
calculated as explained in chapter 4, (4.1a) and (4.1b). In this case the barrier £()
is equal to fy, i.e. it is not a function of time, and the stochastic process is oo¢.

Considering longitudinals below the water level only and not including the model
uncertainty variables Z; and Zz, o4t can be written

otot(t) = 01(t) + 02,c(t) = k1 ()M (2) + ka(t)2zr(2) + ks(2) (5.18a)

where k; is determined from (5.6) and k; and k3 are determined from (5.8) - (5.17).
k1, ky and k3 are functions of time due to the corrosion. M}, and zg are assumed
to be ergodic and stationary Gauss-processes, which is a usual approximation for
wave loads, but ¢, 1s not stationary because of the corrosion. This makes it rather
complicated to determine the upcrossing rate so below the calculation procedure is
explained for the following simplified case.

X(t) = lel(t) + kng(t) (5186)

where X, X; and X, are ergodic and stationary Gauss-processes and k; and k; are
constants.

A stochastic process X(t) is said to be a Gauss-process if any set of stochastic vari-
ables X(¢;), ¢ = 1, 2,... has a joint Gaussian distribution function.

Assuming that £ <« X (for £(t) = p ¢ = 0), the upcrossing rate is according to

Madsen, 1989 5
HEW) = voeap(—3 (2= (5.180)

Oz
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where v, is the upcrossing rate of the mean level.

LN
o= 3\ % (5.18d)

The spectral moments A; are defined by
m .
. f WP SN, §=0,1,2.. (5.18¢)
0

where w is the angular frequency and Sx(w) is the spectral density. A one-sided
spectrum is considered.

The spectral density of X is
Sx(w) = ki Sx, (w) + k3 Sx,(w) + 2k1k25x, x, (w) (5.18f)

where Sx, (w) is the spectral density of X, Sx,(w) is the spectral density of X, and
Sx, x,(w) is the cross spectral density of X; and X,.

SXJG(“") = SQ("")HXl (W)sz(w) (5'189)

where S9(w) is the spectral density of the excitation process and Hx, (w) and Hx, ()
are the frequency response functions of X; and X,, respectively. The bar denotes

complex conjugate.

The standard deviation is calculated as
o =/0 Sx(w)dw (5.18h)

After having calculated the expected value of X the upcrossing rate can be estimated
using (5.18¢) and the failure probability can be calculated using (4.1a).

Fatigue Crack Failure
The stress range is determined from the axial stresses ¢; and o2 and since only tensile

stresses contribute to fatigue crack development the stress range contribution from
the hull moment is calculated as

AO’l(t) =0'1(t)“0 (5.19)

The stress range contribution from the water pressure Ao is calculated as o3 ; but

instead of h, Ah is used
Ah = htap = htrough (520)

Agq = Ahpgb (5.21)

1 2
AM; = 7 Aqgl (5.22)
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Aoy(t) = Ay o(2) = %%sa(cm) (5.23)

The crack propagation is described by the Paris and Erdogan equation and by in-
serting (5.3) in (5.2) and separating the variables the equation is reformulated

- cra(Aco(t))™dN (5.24)

¥ ()vra)™

The safety margin Mp; is defined as exceeding a critical crack size by introducing a
damage function ¥(a), see e.g. Madsen et al., 1986.

Mpa(t) = ¥(ac) — ¥(ar) (5.25)
*e da
Y(a.) = —— 5.26
@)= )., T@vrar (3.20)
where a. is the critical crack size and aq is the initial crack size.
. da
“e= [, waver @)
where a; is the crack size at the time ¢.
U(ay) is rearranged using (5.24)
llof
U(a) = Cera(Ao(t))™dN (5.28)
votp

where vy is the number of stress cycles per time unit, ¢¢ is the initial time and ¢ is the
actual time. An exact calculation involves the calculation of the cross spectral density
function for the two load contributions, which is rather complicated as explained
above. Here it is assumed conservatively that the two load contributions are fully
correlated and that the damage function is

U(ar) = f "jt Cora(Aci(t) + Aca(t))™dN

o CC,-QE[(AOj )+ Adz(t))m]Vo(f = to) (529)

This expression could either be calculated numerically or analytically. The assump-

tion is made that the relation %; = k, is a constant which must be a good approx-

imation considering Aoy and Ao, are assumed to be fully correlated. This relation
is inserted in (5.29)
U(ay) > Cera E[((1 + ko)Ao02(2)) ™ Jvo(t — o)

= Cera(1 + ka)mE[(A‘:r?(t))m]Vo(t - to) (530)
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Finally, (5.30) is rearranged as

sa(C(t)AR™

T(CQ) ]w(t ~tp) (5.31a)

B2\ ™
¥(ag) ~ Cora ((1%,)%) E[

In the calculations in section 5.8, however, the following expression, which is not

quite correct, is used

a0 2 O 2 CDIN iy

Ah is calculated from zr and E[Ah™] is calculated numerically in the example.

5.5 Inspection Strategy

A procedure similar to the one described in chapter 4 is suggested for the inspection
planning (see section 4.4). The different longitudinals in the ship side are subjected
to different loads, they have different thicknesses and they may corrode at different
speeds because of lower temperatures at the bottom of the hull than at the top.
Therefore, it may be profitable to inspect the longitudinals at different time intervals.
Consequently, the longitudinals are divided into two or three groups with failure
probabilities of the same order in each group and in each group all the longitudinals
will get the same inspection schedule calculated by minimizing the expected costs of
inspection, repair and failure.

An event margin describing whether repair is performed or not after each inspec-
tion is defined assuming that repair is performed when corrosion has reduced the
longitudinal thickness to a critical thickness. The event margin is

H(t) = Z3(t1 — 2C) — ti,er (5.32)

where Zj3 is a variable modelling the uncertainty in estimating the longitudinal thick-
ness and t7,cr is the critical longitudinal thickness.

5.6 Reliability of Longitudinals

Failure of a longitudinal can be modelled as a series system with two failure elements
corresponding to the two failure modes. Here it is chosen to include only one ele-
ment, namely yielding failure, and base the inspection strategy on that failure mode.
When calculating the inspection strategy the probability of failure Pr at any time
and the probability of repair at inspection times are needed. For the first three in-
spection intervals these probabilities are shown below (taken from PRODIM, 1988).
The superscripts ! and © indicate that repair has been performed or not performed
after earlier inspections, respectively. APp(T;,t) denotes the probability of failure in
the time interval from T; to t, MF is the safety margin for the failure mode under
consideration and H is the event margin for repair.
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For0<t<T;:
Pr(t) = P(Mp(t) < 0)
For Ty <t <Tj:
Pr(t) = Pp(Th) + APp(Th,1)
= Pp(Th) + APR(Th,t) + APE(Ty,t)
= Pp(Th)
+P(Mp(T1) > 0N H > 0N ML(t) <0)
+P(Mp(T1) > 0N H < 0\ ME(t) < 0)
For T, <t <Tj:
Pp(t) = Pp(Ty) + APp(T3,t)
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(5.33)

(5.34)

(5.35)

= PF(Tz) - APg-O(Tg,t) + APgl(Tz,t) + AP}‘O(TQJ) + AP}I(TQ, f)

= PF(T2)

+P(Mp(Ty) > 0N H >0 M(T2) > 0N H® > 0 M¥P(t) < 0)
+P(Mp(Ty) > 0N H > 0 M(T2) > 0 H° < 0\ M (t) <0)
+P(Mp(Ty) > 0NH <ONME(T2) > 0N H! > 0N ME(t) <0)
+P(Mp(Ty) > 0N H < 0N ML(T2) > 0 H! <0\ M(t) < 0)

R; is the number of repairs for a girder at inspection time T; and R; is equal to zero
or one as not more than one repair can take place at one inspection. Therefore, the
expected value of R;, E[R;], is the same as the probability of repair. E[R;] for the

first three inspections is calculated as
E[R,] = P(Mp(Ty) >0 H <0)
E[R;] = B[R] + E[R}]

= P(My(Ty) > 0\ H > 0\ M%(T2) > 0 H® < 0)
+P(Mp(Ty) > 0N H < 0\ ML(T:) > 0 H! < 0)

E(Rs] = E[R3"] + E[Ry'] + E[R;"] + E[Ry']

(5.36)
(5.37)

(5.38)

= P(Mp(Ti) > 0N H > 0(\MY(T2) > 0N H® > 0\ MI¥(Ts) > 0

HOO s 0)

+P(Mp(Ty) > 0N H > 0\ MY(T2) > 0N H® < 0\ MY¥(T3) > 0()

HOI S 0)

+P(Mp(Ty) > 0N H < 0N ML(Tz) > 0N H! > 0\ ME(T3) > 0()

HID S 0)

+P(Mp(Ty) > 0N H < 0N\ ME(T2) > 0N H! < 0N MI(T3) > 0

Hll S 0)
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5.7 Optimization Problem

The optimal inspection strategy with regard to costs is determined for the longitudi-
nals and for each longitudinal the objective function is defined as the expected total
costs in the lifetime T', i.e. the sum of the expected inspection cost, repair cost and
failure cost. If failure occurs it is assumed that the longitudinal cannot be repaired.
The optimization variables are the inspection intervals t; and the number of inspec-
tions n and the optimal number of inspections is found by solving the optimization
problem for different values of n. Constraints are related to the reliability index §(t)
and to the inspection intervals. The optimization problem for each longitudinal is

(see PRODIM, 1988)

Jn, ;(01(1 - Pr(T2)) + CRE[R.-])E-I-%)TI, (5.39)

n+1
+ > Cr(Pp(Ty) — Pr(Tis ))(1—:,,35»:

i=1
subject to
A(T) = g
gmin < T FO0 ¢, < gmex
gmin < 4. < pmax
where Cf is the inspection cost per inspection, Cp is the repair cost per repair and

Cr is the failure cost. r is the real rate of interest, ™" is the minimum reliability
index at the end of the lifetime, t™™ is the minimum inspection interval and $™x is

the maximum inspection interval.

As an alternative the inspection intervals can be chosen to be constants and then r is
the only optimization variable. To rationalize the inspections the longitudinals can,
as mentioned earlier, be divided into two or three groups using the same inspection
strategy for all longitudinals in each group.
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5.8 Example

Calculations have been made for a typical tanker being a 50,000 DWT crude/product
carrier with the characteristics shown in table 5.2. A longitudinal section of the ship is
shown in figure 5.11 and the cross-section is shown in figure 5.12. All inner surfaces of
the ship hull is assumed to be protected against corrosion, i.e. coated and the coating
is assumed to last for a number of years after which the corrosion starts to propagate.

Length o.a. (overall) 182.53 m
Length p.p. (between perpendiculars) 173.50 m
Width moulded at DWL 32.30 m
Depth moulded at DWL 17.80 m
Lowest draught (ballast) 6.50 m
Highest draught 13.29 m
Corresponding deadweight 50,000 t

Table 5.2 Crude/product carrier 50,000 DWT.

N L. 5

e
4=

<

Figure 5.11 Longitudinal section.

The cross-section is modelled by panels connected at the nodal points shown in figure
5.12. Only the numbered panels are used in the model due to the symmetry of the
cross-section. Each panel has a constant plate thickness and equidistant longitudi-
nals of the same depth and thickness. In the calculations the cross-section of the
longitudinals is assumed to be rectangular. The dimensions are given in table 5.3.
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Figure 5.12 Cross-section with panel numbers.

The longitudinals are fixed at bulkheads at 16 m intervals and in between they are
fixed at web frames at 4 m intervals, i.e. the length is set to 4 m. The distance
between the longitudinals in the ship side is & = 760 mm and the effective width (see

(5.7)) is

K —L\3 7 _ 0.6-4000\ 3
bsgr = 5(1 - ( = ") ) = 760(1 - (%) ) =634 mm  (5.40)

The draught at full cargo condition is z,, = 13.29 m.
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Panel | Start node 1 End node Plate Longitudinals
no. Jy(m) z(m) |y(m) z(m) |ty(mm) |h(mm) #(mm)
1 0.00 0.00 1.40 0.00 17.5 320 14.0
2 1.40 0.00 12.50 0.00 15.5 400 15.0
3 12.50 0.00 13.41 0.00 15.5 260 12.0
4 13.41 0.00 14.30 0.00 15.5 400 15.0
5 14.30 0.00 16.10 1.80 15.5 - -

6 16.10 1.80 16.10 4.41 14.0 340 15.0
7 16.10 4.41 16.10 7.16 13.5 340 13.0
8 16.10 7.16 16.10 7.31 13.5 300 13.0
9 16.10 7.31 16.10 9.59 13.0 300 13.0
10 16.10 9.59 16.10 11.87 13.0 280 13.0
11 16.10 11.87 16.10 14.15 13.0 260 12.0
12 16.10 14.15 16.10 17.18 13.0 240 11.0
13 16.10 17.18 15.45 17.83 13.0 - -
14 15.45 17.83 12.50 17.97 13.0 240 12.0
15 12.50 17.97 0.00 18.56 13.5 240 12.0
16 0.00 18.56 0.00 15.96 14.0 240 11.0
17 0.00 15.96 0.00 13.71 11.0 240 11.0
18 0.00 13.71 0.00 12.96 11.0 260 12.0
19 0.00 12.96 0.00 1221 13.0 260 12.0
20 0.00 12.21 0.00 9.96 13.0 280 13.0
21 0.00 9.96 0.00 7.16 12.5 300 13.0
22 0.00 7.16 0.00 4.70 12.5 340 13.0
23 0.00 4.70 0.00 2.45 13.5 340 15.0
24 0.00 2.45 0.00 1.20 14.0 340 15.0
25 0.00 1.20 0.00 0.60 14.0 280 13.0
26 0.00 0.60 0.00 0.00 14.0 250 17.7
27 12.50 17.97 12.50 15.96 10.5 240 11.0
28 12.50 15.96 12.50 13.71 10.0 240 11.0
29 12.50 13.71 12.50 12.21 10.0 260 12.0
30 12.50 12.21 12.50 9.96 10.0 280 13.0
31 12.50 9.96 12.50 7.16 11.0 300 13.0
32 12.50 7.16 12.50 4.70 11.5 340 13.0
33 12.50 4.70 12.50 2.45 12.5 340 15.0
34 12.50 2.45 12.50 0.60 13.0 340 15.0
35 12.50 0.60 112.50 0.00 13.0 250 1/.7

Table 5.3 Panel dimensions.
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5.8.1 Calculation of Loads
The loads are calculated using the ISH-DESIGN programmes at the Department of
Ocean Engineering, Technical University of Denmark. The calculations are made in

several steps:

1. FORMDA. In this program the outer shape of the ship is modelled.

2. SHIPIN. The program is used to make plots of the ship.

3. HYDRO. Hydrostatic calculations are made for ballast condition with TRIM = 2
m (TRIM = draught abaft - draught fore) and for full cargo condition with TRIM
= 0 m. These calculations give among other things the displacement of the ship
and the longitudinal centre of buoyancy.

4. STRIP. The ship motions and sea loads are calculated by the Korvin-Kroukovsky
strip theory. Calculations are made for ballast and full conditions at two speeds;
4 knots (min. speed at harsh weather conditions) and 16 knots (normal speed),
5 different heading-angles; 0°, 45°, 90°, 135° and 180°, and 15 different wave
lengths; varying from 0.40 to 2.50 times the length p.p. The program does not
include sway (movement in the y-direction), yaw (rotation about the z-axis) and
roll (rotation about the z-axis). For the different speeds, heading-angles and
wave lengths the frequency of encounter and the following transfer functions are
calculated: Heave (movement in the z-direction) and pitch (rotation about the
y-axis). The shear force and bending moment at 'e—"-'l—f:“’—”" abaft midship, midship
and '-':—"5%% forward of midship. The absolute acceleration, relative motion,

relative velocity and absolute motion at l—mgi—hoi forward of midship. The vertical
exciting force and pitch exciting moment.

5. STATI. This program makes stationary stochastic predictions of loads in an ir-
regular seaway (short time statistics). A Pierson-Moskowitz wave-spectrum and
short crested waves are chosen. The stochastic predictions are made from the 5
heading-angles and the 15 wave lengths used in STRIP. Calculations are made for
ballast and full condition at two speeds; 4 knots and 16 knots, 5 ship courses; 0°,
45°, 90°, 135° and 180° off the wave direction, and 10 dimensionless significant
wave periods. For the different speeds, ship courses and significant wave periods
the dimensionless standard deviations of the following responses are calculated;
shear force, bending moment and relative motion at 'e—"g# forward of midship.
The section at ’-‘Eﬁ’%‘—' forward of midship is chosen as being the section with

the largest load.

6. NONSTA. This program makes non-stationary stochastic predictions of loads in
an irregular seaway (long-term statistics). The stochastic predictions are made
from the 2 speeds and 5 ship courses used in STATI combined with the wave
heights corresponding to the shipping route from Rotterdam to the Persian Golf.
The wave heights are known by the program when indicating how large a part of
the time is spent in different Marsden Areas. The Marsden Areas where long-term
observations have been made are shown in figure 5.13.
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Figure 5.13 Marsden Areas (Terndrup Pedersen and Jensen, 1983).

The percentage of time spent in each Marsden Area is shown in table 5.4.

Marsden Area Time factor (%)
4 4.3
8 8.7
11 8.7
12 26.1
19 26.1
23 8.7
20 13.0
Harbour 4.3

Table 5.4 Time spent in Marsden Areas.

For ballast and full condition the following responses are calculated; distributions
for the amplitude of the shear force, the amplitude of the bending moment and the
amplitude of the relative motion '—CM% forward of midship. The calculations
also show that the distributions are close to Weibull distributions and the Weibull
parameters are calculated. The amplitude of the hull bending moment M} for

the full condition has the following distribution function

Fiay () = 1 - exp - (2—569—"1(7)) (Nm)  (5.41)

The axial stress o7 (see (5.16) and (5.17)) is calculated from the amplitude of
the relative motion zg for the full condition which has the following distribution
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function

Fra(er) =1 -exp(—(oggs)"'”) (m) (5.42)

7. Using the cross-section shown in figure 5.12 the sectional properties, the shear
stresses in each panel for a unit shear force @, and the axial stresses in each panel
for a unit bending moment My are calculated by another ISH-DESIGN program.
The beam theory for thin walls is used. The moment of inertia of the ship hull
as a function of the corrosion penetration I;(C') and the centre of gravity of the
ship hull as a function of the corrosion penetration zo(C) are found by calculating
the moment of inertia and the centre of gravity for different plate thicknesses
assuming that corrosion takes place on all inner surfaces of the ship hull. I; and
zp as a function of C' are approximated to a third degree polynomial

I4(C) = (—0.0026C*—0.0110C* —14.2270C'+139.3656)- 10 (mm?) (5.43)
z(C) = (—0.0027C* + 0.0021C* — 0.0585C + 8.3160) - 10° (mm) (5.44)

5.8.2 Reliability Calculations

In the reliability calculations the parameters shown in table 5.5 are used. For the
model uncertainty variables the values used in Sgrensen and Thoft-Christensen, 1988,
are chosen which means they are chosen by judgement. To avoid numerical problems
in the reliability calculations the standard deviation of the corrosion parameters is
reduced compared to the statistics shown in section 5.2. The corrosion parameters
are not truncated as in chapter 4, instead limits are introduced by not allowing
outcomes above the limits in the reliability calculations. In some of the optimization
calculations other values of the corrosion parameters A and B are used as explained
later. For the initial crack size and the material parameters m and C.,, the values
used in PROBAN-2, 1989, are chosen. The values of m and C.,, imply that units
N and mm are used in the Paris and Erdogan equation. The critical crack size is
chosen as a reasonable value compared to the depth of the side longitudinals which is
240 - 340 mm. The number of cycles per year is stated by the Department of Ocean
Engineering, Technical University of Denmark. In the calculations it is assumed that
the coating of the inside of the hull will last for about 9 years after which the corrosion
will start to propagate, see table 5.5. A deterministic analysis using mean values of

1.24

the stochastic variables shows that %% ~ 227 = 0.29 for the lowest longitudinal
A

(z = 1.800 m) and smaller for the remaining longitudinals so £7* = 0.29 is used in
(a.81).

The reliability index 8 as a function of the time ¢ has been calculated for the two
failure modes described in section 5.4 using PROBAN-2 which is briefly described
in chapter 6. Results are shown in figure 5.14 for three different longitudinals. If
the two failure modes are combined in a series system the system reliability index is
close to the lowest element reliability index. Therefore, the system reliability index
is not shown. The reliability index corresponding to yielding has the same tendency
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to flatten out as a function of time as the reliability indices in chapter 4 but it does

not show in figure 5.14 because the time does not exceed 20 years.

Distrib. p o
Model uncertainty variable, Z; | Log-normal 1.0 0.1
Model uncertainty variable, Z; | Log-normal 1.0 0.1
Yield stress, fy Log-normal 353 N/mm? 35 N/mm?
Corrosion parameter, 4 Log-normal 71-10* mm | 30-10~° mm
A <400-10"% mm
Corrosion parameter, B Log-normal 0.79 0.08
B <1.6
Density of salt water, p Fixed 1025 kg/m?®
Acc. of gravity, g Fixed 9.82 m/s?
Initial crack size, ag Exponential 1.0 mm 0.999 mm
Critical crack size, a. Normal 100 mm 1 mm
Material parameter, m Normal 3.0 0.3
Material parameter, InCerq Normal -29.75 0.50
Number of cycles per year, vy | Fixed 5-108
Initial time, T Fixed 0 years
Duration of coating, T Normal 9 years 0.9 years
Coefficient of correlation for m and InC.,, is —0.90.
Table 5.5 Parameters used in reliability calculations.
8 G gl
64 64 yielding 64
~fatigue \/ %&ltigue
41 41 41
\ , fatigue
ol yielding .l a1
0 } — 0tr—rd—t— 0
0 10 20 Q0 10 20 0 10 20
time (years) time (years) time (years)
z =1.800m z=10.120m z=13.390m

Figure 5.14 Reliability indices as a function of time.

The reliability index corresponding to fatigue failure 8F is decreasing from the bottom
of the tanker to about 11 m above the bottom. This is caused by the longitudinal
thicknesses getting smaller up the ship side. Above 11 m fF increases because the
stress range is decreased when a longitudinal is above the minimum water level (the
troughs of the sea). The fact that the lowest G is found in a position a couple of
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metres below the mean water level agrees with the observations that have been made
in real life. The reliability index corresponding to yielding failure Sy is generally
increasing up the ship side because of the reduced water column. There are only
minor exceptions when the longitudinal thickness is reduced.

In figure 5.15 the system reliability index 8s up the ship side is shown after 1 and 20
years. Except for the bottom longitudinals fatigue is the dominating failure mode.
Before any corrosion or fatigue has developed the bottom longitudinal has the lowest
Bs (Bs = 3.9) but after 20 years the longitudinal 10.120 m above the bottom has the
lowest Bs. The Bg’s for different longitudinals are quite alike. Based on the g after
one year the longitudinals could be divided into three groups; longitudinals below
z = 3.0 m with 8g < 4.5, longitudinals above z = 3.0 m and below z = 13.0 m with
4.5 < Bs < 6 and finally longitudinals above z = 13.0 m with 8g > 6.

z(m) |
147 _ MHL oF oF
Fo-— Fo-—
124 Fg Fg
16RO A1)
4 F F
of R
| |
Bt | ! Dominating failure mode:
Fa F& Y — yielding
6+ FY FY F - fatigue
Fé Fé
il Fy F»
\ s
\ P
21 F‘ ¥y
0 t ; t + t

o 1 2 8 4 5 B T £

Figure 5.15 Reliability indices up the ship side after one year and after 20 years.

Of the two load contributions the water pressure on the ship side is dominating as
the contribution from the hull bending moment is only about 1% of the contribution
from the water pressure. This goes for the stresses calculated in the yielding failure
function as well as for the damage functions calculated in the fatigue failure function.

5.8.3 Optimal Inspection Strategy

It is decided to base the inspection strategy on the yielding failure mode only. There-
fore, the division of the longitudinals is made for 2 = 4.0 m and z = 8.0 m and in
each group of longitudinals an optimal inspection strategy is calculated using the
longitudinal with the lowest Sy at t =1 year, i.e. the longitudinals for z = 1.800 m,

z = 5.100 m and z = 8.070 m.



5. An Optimal Inspection Strategy for the Longitudinals In A Tanker 79

Lifetime, T 20 years

Model uncertainty variable, Z3 (log-normal) =10 oc=0.1
Critical longitudinal thickness, ; .» t; — 2 mm

Inspection cost per inspection, Cy 1

Repair cost per repair, Cr 10

Failure cost, Cr 100

Real interest rate, r 0.04

Minimum reliability index, g™® 3

Minimum inspection interval, t™i® 1 year

Maximum inspection interval, t™* 19 years

Table 5.6 Parameters used in optimizations.

The parameters shown in table 5.6 are used in addition to those already described un-
less something else is indicated. According to the Department of Ocean Engineering,
Technical University of Denmark, the lifetime of a tanker is typically 20 years. The
remaining parameters in table 5.6 are chosen by judgement. The program PRODIM2
is used and the optimization method VMCWD is chosen (see chapter 6). Each time
a repair has taken place the initial time is set equal to the repair time and new
corrosion parameters are generated for the following safety and event margins.

Before turning the attention to the calculation of an optimal inspection strategy the
reliability index and the objective function are examined for the bottom longitudinal

(z = 1.800 m).

Approzimate Calculations of Probabilities

In the program PRODIM?2 different options for approximate calculations of failure
and repair probabilities are included (see appendix 3) and here an attempt is made
to assess these approximations.

The input parameter INCBRAN indicates whether contributions from all parallel
systems are included in the probability calculations, in other words, whether all
branches in figure 4.6 are used (INCBRAN = 0) or only branches with no repair (IN-
CBRAN = 1) or branches with maximum one repair (INCBRAN = 2). Considering
the expressions (5.33) - (5.38), branches with no repair correspond to parallel systems
where all indices of the last failure margin are equal to zero and branches with maxi-
mum one repair correspond to parallel systems where maximum one index is equal to
one. Obviously, these approximations can reduce the calculation time considerably
but examinations have shown that they reduce the repair probability and thereby
the repair cost by up to 50 % for INCBRAN = 1 and 20 % for INCBRAN = 2 so
INCBRAN = 1 or 2 should only be used if the repair cost contributes insignificantly
to the total costs. The failure probability is only influenced slightly by INCBRAN.

The input parameter INCELEM indicates whether non-failure elements (Mr > 0,
see the expressions (5.33) - (5.38)) are included or not. This approximation influences
both failure and repair probabilitites but only by about 0 - 10 %.
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The input parameter INACTYV indicates whether inactive components of the parallel
systems are included or not. In figure 5.16 these two methods are compared in case
of three inspections and constant inspection intervals and furthermore, the reliability
index without any inspections is shown. It shows that not including the inactive
components has two effects which are both due to the fact that the probability con-
tents of some parallel systems will be too big if inactive components are not included.
The first effect is that Sy (20 years) gets smaller the more inspections made intro-
ducing an inconsistency which will cause trouble in the optimization procedure. This
would probably not happen if fy(t) was steeper than in the case considered here,
because then the relative effect of the approximations would be smaller. The second
effect is that those vertical jumps, which are always present at each inspection, are
increased considerably. In the case where inactive components are included, the ver-
tical jumps are so small that they are not recognizable in figure 5.16. The jump at 9
years corresponds to the first inspection at 5 years but the jump is postponed until
corrosion starts. In some papers (see e.g. Sgrensen and Faber, 1991, or Sgrensen et
al., 1991) similar jumps in the reliability index are shown and explained as represent-
ing the probability that failure occurs in connection with a repair, but considering
figure 5.16 the more likely explanation is that the jumps for the most part are errors
introduced by not including inactive components in the probability calculations.

By (t) )
4 e
@)
T @
3 - ' - o
0 5 10 15 20

time (years)

@ 3insp., inactive comp. included
® no inspections

@ 3insp., inactive comp. not included

Figure 5.16 Effect of inactive components on fy(t) for z = 1.800 m.
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In figure 5.17 another example of the effect of inactive components is given showing
the expected total costs for n = 2 and T3 = 15 years as a function of T7. This figure
indicates that not including the inactive components will introduce bends and change
the optimum of the objective function which experience also shows.

It is concluded that one must be very careful not to include inactive components.

Costs |

\CTOT excl. inactive components
3.0*- .‘\

Cror incl. inactive components

2 4 6 8 10 12
T, (years)

o
oo—\[\

Figure 5.17 Effect of inactive components on Cror for z = 1.800 m, n = 2 and
T, = 15 years.

Constant Inspection Intervals
In figure 5.18 the expected costs and the reliability index at the end of the life-
time Py (20 years) for the bottom longitudinal are shown as a function of constant

inspection interval AT'. The expected costs are (see (5.39))

Total costs: Cror = Cin+Cre + CFra (5.45)
Inspection cost: Crn =3 1, Cr(1— PF(T:))H:IF)T (5.46)
Repair cost: Cre = E?=1 CRE[Ri](lTl,.)’T.-‘ (5.47)
Failure cost: Cra = E?:ll Cr(Pp(Ti) - PF(Ti—l))ﬁTE (5.48)

As expected when comparing to figure 1.1, the inspection cost decreases with AT
and the failure cost increases with AT (the failure cost is so small, however, that
it does not show in figure 5.18). Due to the very small failure cost compared to
inspection and repair cost the total costs are decreasing with AT, i.e. the minimum
of the total costs is found for the maximum inspection interval and not for a medium
interval as in figure 1.1. The reliability index By (20 years) decreases with AT which
corresponds to the increasing failure rate in figure 1.1 but the inspection interval does
not influence fy (20 years) much as Sy (20 years) varies between 3.2 and 3.3. This is
because of the relatively flat fy-function shown in figure 5.16. Regarding the three
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contributions to the total costs, the inspection cost depends very little on the failure
probability since 1—Pr(T;) =~ 1 while the repair cost is highly dependent on the repair
probability and the failure cost is highly dependent on the failure probability. This
means that changing a parameter in the probability calculations will only influence
the repair and failure costs. The conclusion that the optimal inspection strategy is
not to inspect during the lifetime, even with the constraint that ™® = 3, indicates
that some of the parameters are not realistic which is examined in the following.

Costs i B
104 3.28
84 3.26
6+ .24
4+ b e, 3.22
Bt el e 3.20
7 PRSP Wl 398 AU e S o e = 3.18
0 4 8 12 16 20 AT (years)

!
(3 55 T

54 3 2 1 0 no. of insp.

Figure 5.18 Costs and reliability index as functions of constant inspection interval
for z = 1.800 m.

Two cases are considered where the contribution from the failure cost is increased,
either by increasing C'r or by increasing the failure probability. In figure 5.19 Cp is
equal to 500,000 which is probably unrealistic but the calculations are made to find
out how much it takes to give the total costs a "bath tub” look. As expected the
failure cost is totally dominating but as the increase in failure cost as a function of
AT is smaller than the decrease in the inspection and repair costs for small inspection
intervals, the total costs are minimal for AT = 4 years.

In figure 5.20 the failure probability is increased by increasing the corrosion param-
eters. A and B are based on Lgseth et al., 1992, as explained in section 5.2 and
they are probably more realistic than the corrosion parameters based on Albrecht &
Naeemi, 1984. Therefore, these corrosion parameters will be used in the optimiza-
tions later on in this chapter. For constant inspection intervals the minimum total
costs are found for an interval of 5 years but the constraint that 8y (20 years) should
be greater than 3 is not fulfilled even if inspections are performed each year, i.e. 19

inspections.
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Figure 5.19 Costs as functions of constant inspection interval for z = 1.800 m and
Cr = 500, 000.
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Figure 5.20 Costs and Py as functions of constant inspection interval for
z = 1.800 m, A: N(200 um per year, 40 pm per year) and
B: N(1.1, 0.1).
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Contour Lines
Part of the contour lines for the objective function Cror and By (20 years) are shown

in figures 5.21 - 5.24 in the case of two inspections. The complete sample space for
Ty and T} forms a triangle with corners in (T3, T3) = (0 years, 0 years), (0 years, 20
years) and (20 years, 20 years). The purpose is to examine if there are any bends
or discontinuities in Cror and By (20 years) and, if so, explain them. The effect
of the coating is illustrated by showing the contour lines with and without coating.
Considering figure 5.22 it shows that if no coating is assumed the objective function
has two minima so the starting point for the optimization is essential. The ridge
corresponds to equal inspection intervals, i.e. T3 = T3 — T}, and the ridge can be
recognized in figure 5.21 as the wedge at T} > 9 years and T; — T7 > 9 years,
i.e. where both inspection intervals are longer than the duration of the coating.
Furthermore, the objective function shows a discontinuity at the lines Ty = 9 years
and and Ty — 17 = 9 years as indicated in figure 5.21. The contour lines will be
explained in more detail later on in connection with figure 5.25. In figures 5.21 and
5.22 the minimum of Cror is found for 77 = T, = 20 years which corresponds to
figure 5.18 showing that the optimal strategy is no inspections.

g
discontinuity
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B 9 10

10 { + 4 4
0 1 2 3 4

Figure 5.21 Contour lines for Cror for z = 1.800 m, n = 2 and
T.: N(9 years, 0.9 years).



5. An Optimal Inspection Strategy for the Longitudinals In A Tanker

T, (years)
A )
191 //
/ 4.2
18t
171 4.1
16 1
4.0
15"(
144 3.9
- 3.8
121 3.7
11T 3.6
/ /
10 } v : L " 43'5._-: T, (vears)
0 4 5 6 Vs 8 9 10

Figure 5.22 Contour lines for Cror for 2 = 1.800 m, n = 2 and T, = 0 years.
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Comparing figures 5.23 and 5.24 it shows that if coating is assumed By (20 years)
becomes quite flat and almost independent of 71 and 73. In both cases the safest
area is for large T; and for T; equal to about 15 - 17 years. Within the area in figure
5.23 where both inspection intervals are smaller than the duration of coating, i.e.
Ty < 9 years and T — T} < 9 years, By (20 years) is independent of T; so the contour
lines are parallel to the T)-axis.
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Figure 5.23 Contour lines for fy (20 years) for z = 1.800 m, n = 2 and
Te: N(9 years, 0.9 years).
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Figure 5.24 Contour lines for fy (20 years) for z = 1.800 m, n = 2 and
T. = 0 years.

To explain the wedge in figure 5.21 the contributions to Cror are shown in figure 5.25
for To = 19.5 years. The failure cost is so small that it does not influence the total
costs while the inspection and repair costs are of the same size. The inspection cost
decreases with time because of the real rate of interest, however, it is not influenced
by the failure probability since 1 — Pr(T;) ~ 1. The repair cost is influenced by both
the real rate of interest, which contributes to the decrease in the repair cost, and
the repair probability, which causes the characteristic bends and the wedge in figure

5.21.
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Figure 5.25 Costs as functions of Ty for z = 1.800 m, n = 2,
T.: N(9 years, 0.9 years) and T3 = 19.5 years.

The repair probabilities for the first and second inspection are calculated using the
three following parallel systems (see also (5.36) and (5.37)).

E[Ri] = P(Mp(T1) > 0[ | H(T1) < 0) (5.49)

E[RY) = P(M#(T3) > O\ H(T1) > 0( \ Mp(T2) > 0V H(T:) <0)  (5.50)

E[R}] = P(Mp(Ty) > O |H(Ty) < O | Mp(T; = T1) > 0| H' (T2 — Ty) < 0)

(5.51)
In figure 5.26 these repair probabilities are shown as a function of T;. As expected,
the probabilities are constant until the corrosion starts at 77 = 9 years. During the
calculations it was found that for E[R;] and E[R}] only the active repair element
influences the result while for E[R3] both the active repair element and the inactive
no-repair element influence the result. For E[R}| the repair element with the smallest
time variable is active, i.e. for Ty < To — Ty = T3 < 9.75 years H(Ty) < 0 is active
and for Ty > To — Ty = T1 > 9.75 years H(T; — T1) < 0 is active. This means that
the parallel systems can be approximated by the following systems.

E[R3) ~ P(H(T1) > 0 | H(Tz) < 0) (5.53)
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P(H T1)<0 Tl < T2 2
BlRs) = {PEHETz)— Tlg’s 0, Ti> Tzfz (55
Considering these systems and knowing that P(H(t) < 0) is increasing as a function
of ¢ if ¢ is greater than the duration of the coating it is obvious why the curves in
figure 5.26 look the way they do. Turning back to figure 5.25 the bends in the repair
probability are caused by bends in E[R;], E[R}] and E[R}] for T} = 9 years and
bends in E[R}] for T} = 9.75 years and T} = 10.5 years, and the wedge in figure 5.21
is there because corrosion has started in the elements in (5.54). Furthermore, there
is a small bend in the contour lines in figure 5.21 for T} = 9 years and T, = 9 years
according to the expressions (5.52) - (5.54).

E[R]
0.13

E[R)
0.12

0.10 E[R,]

0.09

b
0.08 E(R;]

0.00+ : :  — 4+ T, (years)
8 9 10 11

Figure 5.26 Repair probabilities (supplementing figure 5.25).

If more than two inspections are considered it is expected that there will be sev-
eral bends and small discontinuities that might cause problems in the optimization

procedure.

It should be stated that the effect of the real rate of interest is that the inspections
are performed as late as possible which to some degree is counteracted by the repair
probabilities (and failure probabilities if they are significant enough).

Optimization

Using the parameters in tables 5.5 and 5.6 it turned out in figure 5.18 that the
optimal strategy is not to inspect the longitudinals due to the very small failure cost.
To make the calculations more realistic the corrosion parameters are increased to
the values used in figure 5.20. Unfortunately this means for some longitudinals that
the reliability index after 20 years is smaller than ™ = 3 even if inspections take
place every year during the lifetime. Nevertheless, the optimization calculations are
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made using these parameters, and the results are shown in tables 5.7 - 5.9 for the
three longitudinals considered. Since the number of inspections is part of the input
to PRODIMZ2, the procedure is to calculate optimal inspection strategies for different
values of n and by comparison find the optimal strategy.

In the tables results are shown both for constant inspection intervals and for optimal
inspection intervals to make it possible to see how much the costs are reduced and
how much the reliability is improved by optimizing.

The calculations for n = 19 are approximated as indicated in table 5.7. This has been
done to save calculation time since 19 inspections would create 29 4 Efi 12-27 o
1.6 - 10° parallel systems to be calculated and that would take more than 1000 CPU-
hours. Using INCBRAN = 1 only 1+ 19 -2 = 39 parallel systems are created but
as explained earlier this means that only the failure probabilities can be trusted, not
the repair probabilities (and thereby not the repair cost and total costs). In those
cases where the constraint that Ay (20 years)> A™i® cannot be fulfilled the solution
with the largest Sy (20 years) is shown.

'With constant inspection intervals:

n 0 1 2 3 4 19(1)
Cror 22.5 20.5 14.3 12.3 13.5 (22.4)
CIn 0.0 0.7 1.4 2.0 2.3 13.1
CRrE 0.0 1.0 4.1 4.9 6.6 (7.9)
Cra 22.5 18.9 8.8 5.4 4.2 1.4
By (20 y.) (0.02 0.2 0.9 1.2 1.4 1.9
With optimal inspection intervals:

n 1® 2(2) 3(2) 10®

Cror 9.3 8.9 9.7 18.8

CIn 0.5 i 1.6 5.6

CrE 2.8 4.6 5.6 11.8

Cra 6.0 3.3 2.4 1.4

By (20 y.) |1.2 15 s 1.9

T (years) |15.1 13.9,16.5 13.5,15.4, 174 T1 =10.0,AT =1.0

1 Only branches without repair incl. in the reliability calculations (INCBRAN=1).
2 The "optimal” point is found as the point with the largest Sy (20) years.
3 Not optimized (T is part of the input to PRODIM2).

Table 5.7 Optimization results for z = 1.800 m,
A: N(200 pm per year, 40 ym per year) and B: N(1.1, 0.1).
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ith constant inspection intervals:
0 1 2 3 4 6
Cror 15.6 14.9 9.6 7.7 9.3 11.9
Crn 0.0 0.7 1.4 2.1 2.7 4.1
CRE 0.0 0.7 3.7 4.2 5.7 7.5
Cra 15.6 13.5 4.5 14 0.8 0.3
By (20 y.) |0.4 0.5 1.3 1.9 21 2.5
'With optimal inspection intervals:
) 1M 2(1) 3(1) 6
Cror 4.8 6.0 7.4 11.3
CIN 0.5 1.1 1.6 3.3
CrE 20 4.5 5.6 8.0
Cra 1.5 0.4 0.2 0.1
By (20y) |1.9 2.4 2.7 3.0
T (years) |15.4 14.1,16.7 13.4, 15.5, 17.5 12.0,14.0,15.2,
16.2,17.3,18.5

1 The "optimal” point is found as the point with the largest 8y (20) years.

Table 5.8 Optimization results for z = 5.100 m,
A: N(200 pum per year, 40 pm per year) and B: N(1.1, 0.1).

'With constant inspection intervals:

n 0 ] 2 3 4
Cror 7.6 7.8 6.5 6.5 8.6
Crn 0.0 0.7 1.4 2.1 i g
CrE 0.0 0.7 3.7 4.2 5.7
Cra 7.6 6.4 1.5 0.2 0.1
By(20y.) | 1.0 14 1.9 2.6 3.0
With optimal inspection intervals:
n 10 2 3
Cror 8.5 4.8 5.7
Crn 0.5 1.1 1.6
CRrE 2.7 3.6 4.1
Cra 0.2 0.1 0.1
éy(zo v.) |2.7 3.0 3.0

(years) |[15.4 15.0, 16.3 15.2, 16.2, 17.2

1 The "optimal” point is found as the point with the largest By (20) years.

Table 5.9 Optimization results for z = 8.070 m,
A: N(200 pm per year, 40 um per year) and B: N(1.1, 0.1).
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Not surprisingly, the calculations show that inspections during the first 9 years, where
corrosion is prevented by coating, only have a minor effect on the reliability. In other
words, the reliability achieved by 19 inspections can also be achieved by only 10
inspections performed at one year intervals from 10 to 19 years and then the costs
are considerably lower.

For n = 1 the optimization reduces the total costs by 50-60% and increases the
reliability index by 150-500% and for n = 3 the total costs are reduced by 10-20%
and the reliability index is increased by 15-40% so the more inspections made the
less is gained by optimizing assuming that the number of inspections is known.

Without constraints on the reliability index the optimal inspection strategy for the
bottom longitudinal (z = 1.800 m) is two inspections, i.e. after 13.9 and 16.5 years,
and for the longitudinals at z = 5,100 m and z = 8.070 m it is one inspection after

15.4 years (see table 5.7 - 5.9).
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Figure 5.27 Inspection strategy.
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For f™in = 3 the bottom longitudinal cannot, as mentioned before, fulfil the safety
requirements but the maximum reliability is achieved by carrying out inspections each
year after the first 9 years. The longitudinal at z = 3.320 m can achieve a minimum
reliability index of 2.9 by inspecting every year after the first 9 years and this may be
acceptable considering the reliability of reliability calculations. For the longitudinal
at z = 5.100 m the optimal strategy is 6 inspections, i.e. after 12.0, 14.0, 15.2, 16.2,
17.3 and 18.5 years and for the longitudinal at z = 8.070 m the optimal strategy is
two inspections at 15.0 and 16.3 years. The inspection strategy is illustrated for the
three groups of longitudinals in figure 5.27 rounding off the inspection times to whole

years.

It should be stated that for most longitudinals above 4.0 m fatigue is the dominating
failure mode so if fatigue was included these longitudinals would probably need more
inspections.

A rough estimate of the savings by using different inspection strategies for different
longitudinals can be calculated by summing up the expected costs for all 21 longitu-
dinals. The total inspection cost for the three groups of longitudinals is (see tables
5.7-5.9) 356+ 5-3.3+ 13 1.1 ~ 48 using different strategies and 21 - 5.6 ~ 118
using the same strategy (i.e. the one calculated for z = 1.800 m) which means that
the inspection cost is reduced by 59% by using different strategies. In this estimate
though, the effect of inspecting several longitudinals at a time, which will reduce the
inspection cost per longitudinal, is not included. The total repair cost is probably
reduced by 30-50% by using different strategies but it cannot be calculated without
making calculations for each of the 21 longitudinals. The failure cost of the upper
longitudinals is increased by using different strategies but when different strategies
are used the failure cost is only 1-2% of the total costs for the longitudinals above
4.0 m (see tables 5.8, 5.9), so this effect is insignificant. Considering all longitudinals
as a whole, calculations for each longitudinal should be made on the assumption that
all other longitudinals have not failed since it is assumed in the model that if a longi-
tudinal has failed it cannot be repaired. This will probably not have much influence
on the results since the probability of non-failure is close to one, as mentioned be-
fore . Conclusively, assuming that the parameters and the failure modelling used in
the calculations are realistic, the total costs are estimated to be reduced by 20-40%
by using different inspection strategies for the longitudinals instead of inspecting all
longitudinals according to the needs of the poorest.

Since the very low reliability of the bottom longitudinal does not seem realistic the
most conservative assumptions affecting the reliability are reviewed and revalued.

- The assumption that the longitudinals are fixed at the bulkheads and the web
frames must be a fairly good approximation since the longitudinals are continuous
and partly fixed at the bulkheads and the web frames.

- The L-shaped cross-section of the longitudinals is approximated to a rectangu-
lar cross-section which may have increased the stress contribution by more than
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100 %.

- Calculating only for the full cargo condition is not realistic since a tanker will be in
the ballast condition for up to 50% of its lifetime and in the ballast condition there
will be less water pressure on the side longitudinals. For the lowest longitudinals,
however, the water pressure will be about the same in the two conditions. The
resulting depth of the water column above the lowest longitudinal is about 11 m
in both cases as the ballast tank is full in the ballast condition.

- Assuming no correlation between the two load contributions to yielding failure
does not influence the results since the stress contribution corresponding to the
hull bending moment is less than 1% of the stress contribution corresponding to
water pressure on the ship side. Apart from this the correlation may be positive
for some longitudinals up the ship side so the assumption is in some cases non-
conservative.

- Due to the previous item the modelling of the corrosion is only important with
regard to the load contribution from the water pressure on the ship side, i.e. the
modelling of each longitudinal cross-section, and here it is probably too conser-
vative to assume corrosion on the underside of the longitudinals. However, the
size of the corrosion parameters and the duration of the coating seem realistic
according to Lgseth et al., 1992.

- Another conservative assumption is that the coating is not maintained unless a
repair is needed which will hopefully not be the case in real life.

- It is not known whether the repair criterion, which is 2 mm corrosion of the
longitudinals, is realistic or not but in Condition Evaluation.., 1991, it is men-
tioned that the Classification Societies generally accept a 10% reduction of the
hull section modulus in the wasted condition provided this does not involve an
unacceptable risk of buckling. A 10% reduction of the moment of inertia corre-
sponds to a corrosion penetration of 1 mm (see (5.43)), i.e. 2 mm corrosion of the
longitudinals which are assumed to corrode on both sides.

These assumptions can easily have caused an underestimation of the reliability of
the longitudinals, especially the assumptions about rectangular cross-sections of the
longitudinals and corrosion developing on the underside of the longitudinals. On the
other hand some non-conservative assumptions have been made in connection with
the selection of load contributions.

- The shear stress due to the hull shear force and due to the water pressure on the
ship side is neglected. But, with the approximation of rectangular cross-sections
of the longitudinals, the shear stress is zero at the tip of the cross-section where
the axial stress and the Von Mises’ stress is largest so this assumption hardly
influences the calculations for yielding failure. It is not known to which degree a
shear stress will increase the fatigue crack growth.

- The hull bending moment around the vertical axis is not included as it is not
calculated by the ISH-DESIGN programmes described in section §.8.1. It may
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be of some importance though if it is considerably bigger than the hull bending
moment around the horizontal axis which for the lowest longitudinals gives axial
stresses of only 1 - 2 N/mm?. Furthermore, the vertical bending stiffness is about
2.6 times bigger than the horizontal bending stiffness.

- As mentioned in section 5.3, an important load contribution is the secondary
stresses induced by the relative transverse deflection between adjacent bulkheads

and web frames.
Especially, the last assumption has influenced the results and the caleulations could
be refined with more knowledge about the problem.

5.9 Conclusion

Several assumptions are made in the calculations which means that it is difficult to
assess the reliability of the structure. The most conservative assumptions are that
the cross-section of the longitudinals is assumed to be rectangular and that general
corrosion is assumed to develop on all inner surfaces of the tanker. The most non-
conservative assumption is that the relative deflection between adjacent bulkheads
and web frames is neglected. The reliability calculations are made using corrosion
parameters that later on were found to be too low so conclusions are only made for
the mutual differences between the reliability indices. The yielding failure mode is
not considered as a first-passage problem which would be more realistic than the

model used.

The reliability calculations show that of the two failure modes considered fatigue is
the dominating failure mode for all longitudinals at the ship side except for the three
lowest longitudinals, where yielding is dominating. The system reliability index at
the end of the lifetime without inspections only show minor variations up the ship
side, which indicates that the design of the longitudinals is rational. The lowest
fatigue reliability index is found a couple of metres below the load waterline which
agrees with observations of fatigue failure in tankers. However, these observations
are made for oil tanks at the ship side and they show that fatigue cracks propagate
from the inside of the longitudinals at connections to bulkheads since the pressure
of the o1l inside the tank is higher than the water pressure outside the ship. The
calculations made in this chapter show that for ballast tanks at the ship side fatigue
cracks are expected to propagate from the outside of the longitudinals at connections
to bulkheads since the ballast tanks are empty under the full cargo condition. As
expected, the lowest yielding reliability index is found for the bottom longitudinal
where the water pressure is largest.

In the optimization calculations only yielding failure is considered. When calcu-
lating an optimal inspection strategy several options are available for approximate
calculations of failure and repair probabilities in the program PRODIM?2 but exami-
nations show that one should be very careful by using these options as they may give
misleading results.



96 A.M. Sommer. Optimal Inspection and Maintenance Strategies for Structural Systems

Considering the three contributions to the expected total costs as a function of the
constant inspection interval AT, the inspection cost and repair cost decrease with AT
and the failure cost increases with AT, so the more dominating the failure cost, the
greater the optimal number of inspections (not considering constraints on the reliabil-
ity index). The contour lines of the expected total costs for two inspections indicate
that for a larger number of inspections several bends and small discontinuities may
occur in the total costs, however, this has caused no problems in the optimizations
made. An optimal inspection strategy is calculated for three longitudinals at the ship
side representing three groups of longitudinals. In these calculations larger and more
realistic corrosion parameters than in the remaining calculations are used. Based
on the optimizations an inspection strategy is suggested where 3 longitudinals are
inspected 10 times, 5 longitudinals are inspected 6 times and 13 longitudinals are
inspected twice during the lifetime of the tanker and it is rendered probable that the
total costs can be reduced considerably by using different inspection strategies for
different longitudinals.

Considering conventional inspection strategies the ship hull will typically be inspected
visually each year and carefully every 4 years. The type of inspection referred to in
this chapter is considered to be a ”careful” inspection since the thickness of the longi-
tudinals is measured. During the last period of the lifetime where coating is assumed
not to be effective, i.e. after 9 years, a traditional inspection strategy would result
in 2 - 3 careful inspections which for the 8 lowest longitudinals is a lot fewer than
calculated here but again the reliability may be too approximate and thereby, the
optimal number of inspections may be overestimated.
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CHAPTER 6
RELIABILITY AND
OPTIMIZATION PROGRAMS

In this chapter the programs used for reliability calculations and optimization are
described and the changes made in them are explained.

6.1 PROBAN-2

PROBAN-2 (PROBabilistic ANalysis program) is a commercial program made by
A.S. Veritas Research and the program is described in the manuals listed in section
6.4. PROBAN-2 has been used for the reliability calculations in chapters 4 and 5
- calculating failure probabilities for single elements as well as series systems. The
intention was to use it in the optimization program PRODIM?2 too for calculation of
failure probabilities and sensitivity factors for parallel systems but as explained later

this did not succeed.

A number of limit state functions were programmed. In chapter 4 the three failure
modes are bending, shear and bearing in a corroding steel girder and in chapter 5 two
failure modes are considered namely yielding and fatigue in a corroding longitudinal
in a tanker. Furthermore, a repair criterion for a longitudinal was defined and the

corresponding limit state function programmed.

PROBAN-2 uses the NLPQL algorithm for optimization (see e.g. Schittkowski, 1986)
which is a sequential quadratic programming technique. In chapters 4 and 5 the First
Order Reliability Method (FORM) was used for probability calculations.

At first PROBAN-2 was also used for calculation of probabilities and sensitivity fac-
tors in PRODIM2 but some probability calculations did not succeed due to properties
of the optimization algorithm. For instance, occasionally a stochastic parameter takes
on an unrealistic value leading to numerical problems and then the program stops.
The problem arises if the limit state function is too flat. Another example is that
the probability for some parallel systems is calculated but is clearly wrong being
outside the simple bounds for positively correlated elements. Consider for instance
the parallel system with two elements in table 6.1, where M is the failure margin for
yielding and H is the failure margin for repair used in chapter 5. FORM has been
used for the reliability calculations but using SORM in PROBAN-2 gives about the

same results.
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PROBAN-2 PARLSENSI

Pp = P(H(T}) < 0) 9.791 - 10~2 9.791 102
Pp = P(M(T3) < 0) 6.929 - 10~ 6.948 - 10~
P(H(T1) <0 M(T2) <0) 2.004-10°° 8.084-107°
Simple lower bound:

Pgr - Pp 6.784 - 107° 6.803 -10~°
Simple upper bound:

min(Pr, Pr) 6.929 - 10~* 6.948 -10~*

T, = 10 years, T, = 20 years, prr = 0.041
Table 6.1 Comparison between PROBAN-2 and PARLSENSI.

It shows that the probability of the parallel system calculated by PROBAN-2 is
smaller than the simple lower bound. Since these problems create great difficulties
for the optimization in PRODIM2 it was chosen to use another program PARLSENSI
for calculation of probabilities and sensitivity factors.

6.2 PARLSENSI

PARLSENSI is made by Ib Enevoldsen and John Dalsgard Sgrensen, University of

Aalborg and a description is available in Enevoldsen, 1991, see also Enevoldsen and

Sgrensen, 1992 and 1993. It is used in the optimization program PRODIM2 for

calculation of probabilities and sensitivity factors for elements or parallel systems.

PARLSENSI uses an optimality criterion based optimization technique (the algorithm

JOINTS, see Enevoldsen, 1991, is used) and FORM is used for reliability calculations.

Sensitivity factors are calculated semi-analytically.

A number of changes has been made in PARLSENSI. The most important ones are

listed below:

Limat State Functions

Six limit state functions are programmed; yielding, no-yielding, fatigue, no-fatigue,

repair and no-repair (described in chapter 5).

Editorial and Other Minor Corrections

- Information which sensitivity factors to calculate are given in the input file instead
of being included in the program.

- Computing time is saved by treating deterministic variables as constants instead
of treating them as variables.

- Computing time is saved when calculating the Hessian matrix benefitting from
symmetry properties.

- In JOINTS3 a limit on the number of sub-iterations is introduced.

- An inconsistency in some optimality parameters in JOINT3 is corrected (leading
to the possibility that inactive components, which are not included in the calcu-
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lations, could be bigger than allowed in the convergence criterion for the failure
functions and therefore the calculation would show no convergence).

- A few errors are corrected.

Including Inactive Components

The original version of PARLSENSI does not include inactive components of parallel
systems in the calculations. In the revised version an option is included for lineariza-
tion of inactive components because the inactive components sometimes influence
the probability and sensitivity factors considerably. After having calculated the joint
design point for the active components, a joint design point is determined for each of
the inactive components keeping the actual component active by putting an equal-
ity constraint on the limit state function. Exceptions are made for ”"permanently”
inactive components as described below.

Highly Correlated Components
To avoid numerical problems the following is included. If two components have a

coefficient of correlation close to 1, the component with the lowest failure function
value in the mean value point is removed permanently from the active set, see figure
6.1. Le. even if inactive components are included in the calculations this component
will not be included.

%

|

If p;; > 0.94 component no. j (g;(E[X]) < ¢i(E[X])) is removed permanently from
the active set.

Figure 6.1 Highly correlated components.

Disjoint Components
If two components in the parallel system are disjoint the probability is set equal

to zero. This is done by comparing all components using the same failure function
(vielding failure or repair) with an opposite sign, i.e. failure and non-failure. If the
coefficient of correlation is close to -1 and minus the non-failure function value is
smaller than the failure function value in the mean value point, then Pr and the
sensitivity factors are set equal to zero, see figure 6.2.
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g;(x)=0 (limit state function for failure)

g;(X)=0 (limit state function
for non-—failure)
P Xk

=

If pij < —~0.94 and —g;(E[X]) < gi(E[X]) then, Pp = 0.

Figure 6.2 Disjoint components.

A disadvantage of the program is still that it cannot calculate the probability if all
failure functions are negative in the mean value point, i.e. the system reliability index
is negative, but this could easily be incorporated if wanted.

6.3 PRODIM2

The first version of PRODIM (PRobability-based Optimization of Design, Inspection
and Maintenance program) was developed in a cooperation between A.S. Veritas Re-
search, Danish Engineering Academy and Computational Safety and Reliability, Aal-
borg, Denmark. PRODIM calculates optimal design parameters and inspection plans
considering damage caused by fatigue crack growth in steel. The total expected cost
of design, inspection, repair and failure is minimized with a constraint on the failure
probability. It is possible to choose between two optimization methods which are
both sequential quadratic programming techniques (NLPQL, see e.g. Schittkowski,
1986, and VMCWD, see e.g. Powell, 1982). The program is described in PRODIM,
1988, and the first version of PROBAN is used for calculation of probabilities and

sensitivity factors.
In short the following changes have been made:

- To begin with PROBAN-2 was called instead of PROBAN-1. Due to major
changes in the input file for PROBAN this caused a complete change of some of
the subroutines (SMARGM and SMARGP) in PRODIM.

- PARLSENSI is called instead of PROBAN-2 and changes corresponding to the
input file to PARLSENSI have been made.

- Only inspection times are considered as optimization variables. In the first version
of PRODIM also design parameters and inspection qualities are included. This
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was done to simplify the problem and due to lack of time these variables were not
included again.

- Only one repair strategy is included compared to four strategies in the first version.
The possible decisions after an inspection are repair or no repair. Repair means
that the structure is brought back to the initial state, i.e. each time a repair
has taken place the initial time is set equal to the repair time and new corrosion
parameters are generated for the following safety and event margins.

- New limit state functions for failure and repair are introduced, i.e. yielding and
repair in a longitudinal. This influences the input file to PRODIM2 and the input
created for PROBAN-2 or PARLSENSI.

The parameter IFAIL is included in the input file to PRODIM2. This allows an
option for checking gradients if the optimization method VMCWD is used.

- A couple of minor errors are corrected.
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6.3.1 Description of PRODIM2
In figures 6.3 and 6.4 the organization of PRODIM2 is shown. The figures are taken
from PRODIM, User’s Manual, 1988 and modified.

I PRODIM I

PRINSP

BETFUN

INSINP | [INSFUO | [ INSNLP | | INSOUT |

[ INSNL1 | | PROBTI | | GAUINV |

™~
~

NLZ2 s

~

[INsGRA2| [INSMER| [INSLNs | [INSQLO | [INSLDEWI

[INSGRA1| [INSGRA3] INSZQP | :

| PROBTI | |BRANCH| | GAUINV | |
I

ST D y— y

|[BRANCH| [SMARGM| [SMARGP|

PARLSENSI ]

Figure 6.3 Organization of PRODIM2 with call of NLPQL.
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l PRODIM

PRINSP

INSFUO | | MINCF | | INSOUT | |BETFUN|

COF | F}%}W [GAUINV |

INSINP

Optimization Y

Gradient check
CKCNST

Py
[FDFCDC| [DIFERR | [ QPSUB | N
|
[INSFUN2| [INSGRA2| [VE02AD INSGRAZ] |

INSGRA1] [INSGRA3| [LA02AD] [ﬁs%;m INSGm]{

[PrOBTI | [BRANCH| [GAUINV] [MBO1BD| [ PROBTI| [BRANCH] [GAUINﬂ:
| |

[Mcosaz] [Mco3a4] |

|
|
I - TN S X

[BRANCH| |[SMARGM| |SMARGP

| PARLSENSI

Figure 6.4 Organization of PRODIM2 with call of VMCWD.

The subroutines are described in short in the following.

PRODIM2 Main program.

PRINSP Main subroutine. Initialization of main working arrays.
INSINP Data input.
INSEFUQ Initialization of optimization variables.

INSOUT Print of result of optimization.



106 A M. Sommer. Optimal Inspection and Maintenance Strategies for Structural Systems

BETFUN Print of reliability index # as a function of time.

INSFUN2 Calculation of objective function and constraints. Called from opti-
mization algorithm.

INSGRA1 Main subroutine for calculation of objective function and constraints.
Also the gradients of the objective function and the constraints are
calculated and stored.

PROBTI Estimation of increase in probability of failure APp(T;_1,T;) from
Ti-1 to T;. Estimation of expected number of repairs E[R;] at the
time T;.

BRANCH Determination of inspection events in a given branch.

GAUINV Inverse standard normal distribution function.

INSGRA2 Calculation of gradients of objective function and constraints. Called

from an optimization algorithm.
INSGRA3 Gradients calculated by INSGRA1 are read.
SMARGM Generation of input to PARLSENSI for variables.

SMARGP Generation of system description (input to PARLSENSI, call of
PARLSENSI and identification of # and gradients of the system from
output of PARLSENSI.

PARLSENSI  The probabilistic analysis program.

NLPQL subroutines:
INSNLP, INSNL1, INSNL2, INSMER, INSLNS, INSQL0, INSZQP, INSLDL

VMCWD subroutines:
MINCF, MINCOF, CKCNST, FDFCDC, DIFERR, VMCWD, QPSUB, VE02AD,

LA02AD, MB01BD, MC03A2, MC03A4
The input to PRODIM2 is described in appendix 3.
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CHAPTER 7
CONCLUSION

Conventional strategies for inspection and maintenance are based on experience as
described in chapter 2. They are normally performed with constant time intervals
between inspections and in many cases a structure is subject to different types of
inspection characterized by varying thoroughness and different inspection intervals.

The wish to make inspections cheap and the structure reliable has lead to the de-
velopment of optimal reliability-based strategies which normally means optimal with
regard to the expected cost but in a few of the models described the availability
of the structural system is optimized. Three categories of models are described in
chapter 3. In the first category the failure mode is not specified and the system
can be in only two states - the failure state or the non-failure state, in the second
category a Markov model is used to describe the state of the system and in the third
category the development of fatigue cracks or corrosion is described by continuous
deterioration laws, e.g. the Paris and Erdogan equation. In the third category the
most realistic models are included and for these models, which are developed first of
all at A.S. Veritas Research, the Danish Engineering Academy (until recently) and
the University of Aalborg, the practical use seems to be within reach.

In this thesis inspection strategies have been considered for two different structures
- a steel girder bridge (chapter 4) and a tanker (chapter 5). The models developed
are based on model 3.1 described in chapter 3. The most important difference from
model 3.1 is that the models presented here do not consider the structure as one
system with a number of failure modes. Instead advantage has been taken of the
fact that if the structure consists of several structural components that are almost
alike but with different dimensions and/or loadings then the cost might be reduced
by inspecting these components at different intervals. Consequently the components
are divided into groups and for each group an inspection strategy is determined. It
is assumed that the most rational would be to restrict the inspections of components
with rare inspections to take place when the remaining components are inspected.

For the steel girder bridge the above-mentioned structural components correspond to
the girders. For each girder three failure modes are included and these failure modes
- bending, shear and bearing failure - are modelled in a series system. The capacity
of the steel girders are assumed to decrease with time due to corrosion. Based on
the failure probability as a function of time for each girder an inspection strategy
is proposed and it turned out that the same inspection interval should be applied
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to all girders for the highway bridge under consideration as the reliability indices of
individual girders decrease to the minimum reliability index after the same period of
time. The calculations could be improved by including fatigue failure, by assuming
that the steel girders are protected against corrosion for a period of time and by
updating the reliability indices after each of the scheduled inspections.

For the tanker the above-mentioned components are the longitudinals at the ship
side. The cross-section of the tanker is exposed to corrosion and reliability calcula-
tions are made for each longitudinal based on a series system with two failure modes
- yielding and fatigue failure. Based on the yielding failure mode optimal inspection
strategies are determined for three longitudinals representing three groups of longitu-
dinals with different reliability levels. The calculations show that the expected total
costs can be reduced and the safety of the structure improved for a given number
of inspections using optimal inspection intervals instead of constant inspection inter-
vals and furthermore, the expected costs can be reduced by using different strategies
for the longitudinals instead of using the same strategy for all longitudinals. The
calculations also show that if the expected failure cost contribute considerably to
the expected total costs then the optimal strategy is not to wait as long as possi-
ble, with due regard to safety requirements, before inspecting, so a reliability-based
inspection strategy will not necessarily be optimal. The calculations could be im-
proved by including fatigue failure and by modifying some of the conservative and
non-conservative assumptions described in chapter 5.

In chapter 6 the programs used for reliability calculations and optimizations are de-
scribed. Due to problems with the commercial program PROBAN-2 it was decided
to use the program PARLSENSI for reliability calculations in the inspection opti-
mization program PRODIM2. The most important change made in PARLSENSI is
that inactive components can now be included in the calculation of probabilities and
sensitivity factors which was not possible in the original version. To improve the
program further, corrections should be made so that parallel systems with a negative
system reliability index could be calculated. In PRODIM2 (and in the original ver-
sion of PRODIM) options are included for approximated calculations of probabilities
of parallel systems. For instance, it is possible to exclude inactive components, but
during the calculations concerning the tanker in chapter 5 it was realized that this
approximation may give misleading results, for example that the reliability index
gets smaller the more inspections made. So it is concluded that this option should
be treated with care.

Finally, some suggestions for improvement of the inspection optimization program
PRODIM2 are listed.

- A complicated system of series and parallel elements should be available to be
able to describe a realistic structure. Some work is being done in that area, see

e.g. model 3.1 in chapter 3.
- The user of the program should be able to define the failure modes and repair

events.
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- More optimization variables should be included. In some models in chapter 3 the
inspection qualities and a design parameter are optimization variables in addi-
tion to the inspection times (these variables are included in the original version
of PRODIM). The inspection quality could be separated into two contributions
namely the reliability and accuracy of the inspection method and the skills of the
inspector which are both connected to the cost of an inspection. Eventually, re-
pair qualities could be introduced as optimization variables describing the degree
to which the structural component is brought back to the initial state.

Research could also be made to improve the description of the deterioration processes
(fatigue and corrosion), the inspection qualities, the effect of repair and the total
expected cost of a structure during its lifetime.

Since reliability and optimization calculations are expensive and time-consuming,
the benefit from using optimal reliability-based inspection strategies probably have
to be considerable before the authorities responsible for inspection of structures are
motivated to use them. Furthermore, it is normally necessary that the user of a
reliability or optimization program is well educated to be able to use the program
correctly. Not least, for some inspection planners it will require a change of attitude
and more flexibility to accept varying instead of constant inspection intervals. In
the future optimal inspection strategies may be used for large structures or if a
large number of similar structures is present so that the investments required can be

counterbalanced by the savings.



APPENDIX 1
NON-DESTRUCTIVE INSPECTION AND
REPAIR OF STEEL STRUCTURES

A1l.1 Introduction

A number of different methods for inspection of steel structures for cracks or corrosion
exists. These methods can be divided roughly into two categories:

- Visual inspection, supplemented by video recordings and photos.
- Non Destructive Examination (NDE)/Non Destructive Testing (NDT).

The abbreviations in NDE stabi, 1987, have been used. NDT covers methods used
for production control (pre-service inspection) and NDE covers methods used for
in-service inspection. The NDE-methods consist of four main types of technique:

- Electromagnetic methods.

- Ultrasonic methods.

- Acoustic emission.

- Radiographic methods.

The electromagnetic and ultrasonic methods, of which there are a great variety, are
the most widespread, for instance some of them are referred to in rules from Det
Norske Veritas and Lloyd’s. The radiographic methods are also well known but not
so widely used. Many of the methods can be used for both crack detection and
thickness measurement, i.e. corrosion detection, and some of the methods may have
other features but they are not referred to here. A NDE-technique for detection
of cracks or corrosion which is investigated by a growing number of researchers is
modal analysis using strain-gages, accelerometers and/or displacement transducers
for monitoring the structure, see Proceedings of OMAE, 1992. The technique is not
described further here since it is not very widespread.

A detailed description of most of the methods is given in Underwater Inspection...,
1989, and NDE stabi, 1987. In Sommer and Thoft-Christensen, 1990, a summary
similar to this appendix is available.

A1.2 Visual Inspection

Visual inspection will indicate gross defects and areas that need a closer examina-
tion and according to Miki et al., 1990, visual inspection is so far the most reliable
method if the testing is performed by a skilled technician. Below water the result
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of a visual inspection is not very reliable, for the reason among others that the
divers normally have fewer formal qualifications than an above water inspector. A
visual inspection can be performed directly by an engineer inspector, a diver or by
a manned submersible or it can be performed indirectly by remotely operated vehi-
cles (ROV)/remotely controlled vehicles (RCV) (see Offshore vedligeholdelse, 1984,
or Det Norske Veritas, 1980). Normally the inspection results are reported as pho-
tographs or video recordings. Surface breaking cracks can also be detected by dye
penetrant.

According to Det Norske Veritas, 1981, all welds are to be visually inspected, whereas
they are tested non-destructively to an extent varying from 5 to 100%.

A1.3 Electromagnetic Methods

These methods are based on a magnetic and/or electric field in the material. The
disturbances caused by surface breaking irregularities are measured.

Magnetic Particle Inspection (MPI)
MP1is the most frequently used NDE-method and there are several different magneti-
zation methods. In Offshore Technology, 1984, the following methods are mentioned:

- Prods, which impress a current that induces the magnetic field.

- Coils and conductors, the current again produces the magnetic field.
- Permanent magnets (produce a weak magnetic field).

- Yokes.

If the magnetic field is produced by a current both alternating current, pulsing direct
current and direct current can be used. The strength of the magnetic field must
neither be too high - then non-existent defects will be found - nor too low - then
defects will not be detected. The magnetic flux lines are disturbed by discontinuities
such as surface breaking cracks and the flux will either pass around the tip or bridge
the discontinuity at the surface - called flux leakage, see figure Al.1.

| e e — === S,
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Figure A1l.1 MPI-method.

The flux leakage is revealed by covering the surface with magnetic particles. If the
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inspection is below water a magnetic ink is used, which consists of magnetic particles
in a liquid carrier. Usually, the liquid carrier is a fluorescent water base, i.e. the
surface can be examined under ultraviolet light in dark areas.

To detect all defects it is necessary to magnetize the steel in two mutually perpen-
dicular directions as defects parallel to the flux lines are not discovered. The surface
of the material must be cleaned to the bare metal according to Det Norske Veritas,
1981, and it is recommended to grind the surface to make it very smooth.

MPI is usually used to detect surface breaking cracks, but it can also size the crack
length. According to Offshore Technology, 1984, the smallest detectable crack length
is 5 mm +/— 1 mm. According to NDE stabi, 1987, it is 2 - 3 mm under optimum
conditions. In Miki et al.,, 1990, a number of tests is described showing that the
smallest detectable crack length is 2 - 5 mm and the smallest detectable crack depth
is 0.5 mm. In Lassen, 1991, the probability of detection is plotted as a function of
crack depth for MPI showing that the probability is 0% for a crack depth of 1 mm
and 80 % for a crack depth of 3 mm. According to Miki et al., 1990, the crack length
is often overestimated with up to 5 mm. The probability of detection is reduced,
when the cracks are tight and the faces are getting into contact.

There are several ways to record the MPI results. The best way is to photograph the
magnetic particles using ultraviolet flash gun, another way is to take an imprint of
the particles using a magnetic tape and a third way is to use a plastic envelope with
epoxy, hardener and ink, which is mixed on the work site and applied over the weld
(Mills, 1984).

Most of the time used for inspection is cleaning time. If the inspection takes place
under water a ROV can clean the member faster than a diver and that makes the
cleaning about 50% cheaper than if it is performed by a diver. MPI is as cheap or
even cheaper than other NDE-methods.

Eddy Current (EC) Technique
This technique is not so widely used but it is expected to be more frequently used

for underwater inspection in the future.

|
J
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magnetic f.teld

Figure Al.2 Eddy Current technique.
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A coil with an alternating current produces a magnetic field so if the coil is held close
to the material to be examined the magnetic field will induce currents, called eddy
currents, in the metal. The eddy currents will produce a magnetic field in the metal
with the same frequency as in the coil but with opposite directions.

A defect in the metal close to the surface will cause a characteristic phase shift
between the exciting and the induced field, as the induced current will pass either
around or under the crack. The changes in the induced electromagnetic field can
be amplified and displayed and thereby cracks can be detected but the crack signals
might be confused with changes due to e.g. surface roughness or heat affected zones.
By using an alternating current with high frequency, surface breaking cracks are
detected, and with low frequency buried cracks and corrosion are detected.

There are no strong requirements for the cleaning of the surface, only that it should
be so smooth that the probe lift-off is max +/— 2 mm.

The EC technique can be used to detect surface breaking cracks or corrosion, but it
can also size the crack length. According to Miki et al., 1990, the smallest detectable
crack length is 5 - 6 mm and the smallest detectable crack depth is 1 mm. Cracks
over 30 mm in length are overestimated with up to 20 mm so it is concluded that
the EC technique is not suitable for estimation of the crack length. The probability
of detection is between 25 and 40% depending on the equipment used according
to Offshore Technology, 1984. Referring to NDE stdbi, 1987, the reliability of the
method is the same as for MPI. Filled cracks do not affect the reliability of detection.
Compressive loads giving tight cracks decrease the signals but not seriously.

The results can be stored by videotaping the positions corresponding to the measure-
ments. The method requires less time for cleaning than MPI, but the total costs are
about the same.

Alternative Current Potential Drop (ACPD)/

Alternative Current Field Measurement (ACFM)

It should be mentioned that in Underwater Inspection..., 1989, ACPD is an abbre-
viation for Alternating Current Potential Drop while the abbreviations given above
are used in Offshore Technology, 1984.

7

Figure A1.3 Alternative Current Potential Drop.
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Using these methods an electric field is produced in the metal. There are several
ways to do this. The frequency of the current is between 50 Hz and 1 MHz and
depending on this frequency the current will penetrate from 0,1 mm to 2 mm into
the metal (Offshore Technology, 1984). The potential difference between two probes
placed on the metal is proportional to the distance of the probes and if there is a
crack between the probes the distance will increase by twice the crack depth as the

current passes under the crack.

If the crack is short compared to the depth (i.e. the depth > 20% of the length), the
current might pass around the crack instead and another problem is that the crack
depth is undersized if the angle between the surface and the crack is less than 60°.

The surface only needs to be cleaned to the bare metal below the probes. The method
is used to size depth of surface breaking cracks provided that the depth is at least
2 mm and the accuracy of the sizing is about +/— 1 mm according to Mills, 1984.
But if the cracks are tight the sizing of the depth might be affected.

The results are recorded manually. The time required and the costs are the same as
for MPI.

A1l.4 Ultrasonic Methods

Sound waves are defined as elastic oscillations in gases, liquids or solids. They consist
of three groups (f is the frequency):

- Infrasound, f < 10 Hz.

Sound, 10 Hz < f < 20,000 Hz (perceptible for human beings between 15 Hz and
17,000 Hz).

- Ultrasound, f > 20,000 Hz.

When testing by ultrasonic methods it is recommended by Det Norske Veritas, 1981,
that the frequency range should be 2 - 6 MHz. The methods rely on evaluating the
wave propagation in the material, which is composed of:

- Propagation of undisturbed wave.

- Diffraction, i.e. the wave propagates from the corner of a defect, e.g. a crack,
with a cylindrical wave front.

- Refraction, i.e. the bending of the beam by passing through materials of varying
optical density.

- Reflection by the back wall of the material or by discontinuities, e.g. a defect.

The velocity of the ultrasonics is a known property of the material. Referring to

Underwater Inspection..., 1989, the energy can propagate in the steel in two ways at

different speeds, i.e. as compression waves perpendicular to the steel surface (used

for thickness measurement) or as shear waves at an oblique angle to the surface (used
for defect characterization). Compression waves can also be used at an oblique angle
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to the surface, but then they generate undesired shear waves according to Silk et
al., 1987. By measuring the time lag between the transmission of the signal and
the reception of the reflected or diffracted wave, a crack or other discontinuities are

detected.

Methods Based on Reflected Waves

There is a great variety of techniques based on reflected waves and only a few is
mentioned here. In most techniques the angle of the beam is varied, since otherwise
some defects may be missed because of their orientation. One of the most commonly
used methods is the pulse echo technique which is performed with straight beams or
angle beams of 45°, 60°, 70° or 80° to the surface, see figure Al.4.

N

Figure A1l.4 Pulse echo technique.

Another common method is the double probe technique using one probe for emission
of the ultrasonic beam and another for receiving the echo. The angle of the beams is
normally 45°. Both methods are mentioned in Det Norske Veritas, 1981. There are
several variations of the double probe technique, see e.g. Silk et al., 1987.

transmitter receiver
—— 1 direct signal
45 1 2
| 2 | received echo
A—scan

Figure A1.5 Double probe technique.

The signal received can be measured in several ways and in Silk et al., 1987, A-
Scan, B-Scan and C-Scan are described. A-Scan is the trace produced on an oscil-
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loscope after amplifying the signal received, i.e. the signal is depicted as a function
of time/distance, see figure A1.5. In this case the transducer is not moved. B-Scan
indicates a series of A-Scans, i.e. the transducer is moved in one dimension between
each pulse thereby depicting various cracks in the specimen. The A-Scans are stacked
so that the signals from one crack are placed beneath each other, i.e. the signals are
depicted as a function of distance from the same point. C-Scan also indicates a series
of A-Scans, but in this case the transducer is moved in two directions. It is also
possible to use digital display, if the purpose of the test is merely to measure plate
thickness.

In the projection image scanning (P-Scan) technique the defect position is visualized
by projecting the defect on two planes, i.e. one parallel to the surface and one per-
pendicular to the surface and parallel to the weld. That produces a three-dimensional
location of the defects.

It is required that the surface of the material is very smooth, i.e. marine growth,
paints in bad condition and thick rust are to be removed before examination. The
methods are used to detect corrosion or cracks - both buried and surface breaking
cracks and it is also possible to size the crack depth or length. The reliability of crack
detection is not too good. About 30% of the cracks are detected according to Offshore
Technology, 1984. In Miki et al., 1990, the minimum detectable crack depth is found
to be 1 mm. According to Jubb, 1984, it is said that 50% of ultrasonic operators
only find 50% of the cracks. The accuracy of sizing the cracks is about +/— 5 mm
for the depth and +/— 44 mm for the length with a deviation of 140 mm (Offshore
Technology, 1984, Mills, 1984). In Miki et al., 1990, the accuracy of the sizing of the
crack depth is +/— 1 mm if the crack is deeper than 2 - 5 mm and the sizing of the
crack length is unreliable. The methods might have problems with detecting cracks
that are filled with e.g. corrosion products or that are tight according to compressive
loads.

The results are recorded by storing the received signals in a computer and the probe
positions on a video.

At the inspection most of the time is used for cleaning and Mills, 1984, states that
ultrasonic methods require more cleaning and surface preparation than MPI and the
testing is more time consuming and therefore more expensive than MPI. However,
automated methods are being developed which will make ultrasonic methods faster

and cheaper.

Time-aof- Flight-Diffraction (TOFD)

The method requires two probes, one for transmitting the signal and one for receiving
it, and as the name indicates it relies on the diffracted waves measuring the time-of-
flight from the signal is transmitted till it is received. Defects will change the path
of the signal and thereby the time-of-flight so the method can be used to size and
locate both hidden and surface-breaking cracks, see Underwater Inspection..., 1989,

Acoustic Pulsing
Acoustic Pulsing is a relatively new ultrasonic technique which can be used for mon-
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itoring, which means a continuous surveillance of the structure. The technique is
described in Bartle and Mudge, 1983. A network of widely spaced transducers (e.g.
spaced 10 m) is placed on the surface of the structure. Defect growth will change the
signal between at least one pair of transducers and hence cracks will be detected by
comparing new results with earlier records. In this way suspect areas to be examined
closely can be located. The advantages of the method are that underwater structures
can be monitored without divers and the monitoring system does not have to run
continuously which makes it cheaper than acoustic emission. Until now the method
has only been used in laboratory studies.

A1.5 Acoustic Emission (AE)

The presentation here of AE is based on the book by Williams, 1980. When a mate-
rial is subjected to stress levels causing atomic rearrangements due to deformation or
cracking, these rearrangements produce elastic waves (discrete, acoustic wave pack-
ets) in the material. At the surface these waves can be detected by transducers.
This goes for most structural materials, e.g. steel, aluminium and concrete. Acous-
tic emission is normally only generated when the loading exceeds previous loadings
as it requires changes at the atomic level. By analysing the emissioned energy and
the frequency spectrum the deformation can be characterized. The position of the
acoustic emission source is detectable by using 3 or more transducers and measuring
the arrival times of the signal.

A great advantage of the method is that the transducers do not have to be so near
the area to be examined as for ultrasonic methods and this means that a complex
structure can be examined or monitored using much fewer transducers. As a matter of
fact AE is the best suited method for monitoring among the available NDE-methods.
Moenitoring has the advantage that cracks are detected before they get too big, i.e.
the repair is cheaper.

A problem by this method is to distinguish the acoustic emission from background
noise, but equipment has been developed to deal with that (Williams, 1980). Other
problems are that in some metals crack growth does not produce acoustic emission,
and sometimes acoustic emission is produced by other sources than crack growth
(Mills, 1984). But the technique is still being developed.

The frequency response of the transducer can be both narrow and wide-banded. In
Williams, 1980, it is stated that for industrial applications the frequency response
should be in the range from 100 kHz to 1 MHz, but in most investigations a narrow
frequency range has been used.

The method does not require any cleaning of the surface. The equipment for acoustic
emission is quite expensive, but it is not clear how the costs and time required are
to be compared with other NDE-methods.

Williams, 1980, states that strains greater than 0.05% can be measured.

According to Williams, 1980, the AE-method is becoming widespread for 24 hour
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monitoring supplemented by visual, electromagnetic or ultrasonic examinations when
the monitoring detects critical areas but referring to Underwater Inspection..., 1989,
AE is suitable for temporary installation, monitoring known defects, since permanent
monitoring of a structure is often too costly.

A1.6 Radiographic Methods
For radiography, x-rays and gamma rays can be used. The principle of the technique
is shown in figure A1.6.

)&radiation source

7 %
| i \ I
& 8

£ 5

\film

Figure A1.6 Radiography.

Cracks or other variations in the material will appear on the film/radiograph as
cavities permit a bigger part of the rays to pass through the material and blacken
the film. The film length may vary. The panorama technique makes it possible to
radiograph the full length of a weld on one film by using several radiation sources. It
is possible to determine the defect position by taking three radiographs from different
directions and using numerical image processing techniques.

The methods are used to detect corrosion or cracks in critical areas but not to examine
the whole structure. An inconvenience of the method is that both sides of the subject
must be accessible.

The radiographic methods are not so widely used and when they are used it is nor-
mally above water. In Det Norske Veritas, 1981, radiographic testing is only required
for between 0 and 20% of the welds at pre-service inspection.

Information of the cost, time consumption and reliability of the radiographic meth-
ods is not available but in NDE stabi, 1987, the accuracy is stated to be +/— 5% or
+/— 0.3 mm.

A1.7 Applicability of the Techniques

With the information available it is not possible to make any choice between inspec-
tion methods solely on the basis of the cost of the methods. The judgement must

first of all be based on the properties of the methods.
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Regarding crack detection the usable methods are MPI, the EC-method, ultrasonic
methods based on reflected waves, AE and radiographic methods. MPI and the
EC-method are only capable of detecting surface breaking cracks while ultrasonic
methods based on reflected waves detect both surface breaking and buried ecracks.
MPI is the most reliable of the electromagnetic and ultrasonic methods, the technique
detects about 80% of the cracks. AE is well suited for permanent surveillance, besides
it only registers the deformation as it is propagating so it could not be used for
periodic inspection.

Sizing of crack length can be performed by MPI (surface breaking cracks) and ultra-
sonic methods based on reflected waves (unreliable) and sizing of crack depth can be
done by the ACPD-method (surface breaking cracks) and ultrasonic methods based
on reflected waves.

Mills, 1984, states that fatigue cracks are usually surface breaking cracks, i.e. MPI

is normally sufficient for in-service crack detection. In practical applications it is
often only necessary to size the crack depth, but even then it is obvious that several

methods must be used to detect and size all cracks.

The corrosion protection system (e.g. coating, cathodic protection), if there is one,
has to be inspected of course but this is not described here. The corrosion penetration
is normally measured by measuring the thickness of the steel and this can be done
using the EC-method, ultrasonic methods based on reflected waves or radiographic
methods.

Techniques are being developed for using ROVs for cleaning the surface and for NDE.
This will make inspections faster and cheaper.

In Det Norske Veritas, 1981, it is required for pre-service inspection that MPI and/or
ultrasonic testing of all welds is performed for special structural steel and for sec-
ondary structural steel 0 - 5% of the welds must be inspected. Radiography is used
for a minor part of the welds. MPI and the ultrasonic methods are also the NDE-
techniques most often referred to by Lloyd’s.

This review indicates that the applicability as well as the reliability of the available
methods is poor and in accordance with normal practice a combination of MPI and
ultrasonic methods is concluded to give the best results.

A1.8 Repair Techniques
If corrosion or a crack is detected there are four possibilities with respect to repair:

1. The damage is so small that it can be accepted in the structure and crack prop-
agation can be stopped by drilling arrestor holes in the toes of the crack.

2. If the damage is not too deep it may be removed by grinding. According to Det
Norske Veritas, 1981, the area is to be examined by MPI or other NDE-techniques

afterwards.

3. The damaged part of the structure is replaced.
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4. The structure is reinforced by adjusting structural parts to it so the original
strength of the structure is either restored or increased.

Repair techniques for offshore structures and steel ships are briefly explained in the

following.

Offshore Structures
Repair performed by welding is extensively used and earlier it was the predominant

repair technique (Tebbett and Lalani, 1986). Welding repair can be used to replace
a damaged part or to install additional members supporting the damaged member.
Replacement implies that the structure can manage without the damaged member
or part of the member for some time. Additional members cause extra loads on the
structure and one must make sure that the load capacity of the structure is sufficient.

Below water the welding can be performed as wet welding or dry welding. In Tebbett,
1987, however, it is stated that the quality of wet welding is constrained by the fact
that the weld area is only protected locally against the seawater by the welding
process. Dunn, 1984, who has some experience based on the Gulf of Mexico, says
that the quenching effect of the surrounding water may cause more problems than
the wet welding solves but work is being done to improve the quality. Wet welding
is only used for secondary and fertiary structures.

Dry welding below water can be performed by surrounding the part of the structure
to be repaired by a sort of box or chamber (Offshore vedligeholdelse, 1984). The air
pressure in the chamber can be hyperbaric or atmospheric depending on the design of
the chamber. All the dry welding methods are more expensive than the wet welding
method because of the chambers to be constructed.

Clamped repairs are developed as an alternative to welded repairs. If a member of a
structure is damaged it may indicate that it is required to strengthen the member.
In that case a clamped repair is more appropriate than a welded repair according to
Tebbett and Lalani, 1986.

Clamps are cylindrical pieces which are bolted together around the damaged member
or joint. Mechanical clamps are fabricated to fit exactly to the existing member, and
the bolts are prestressed. The forces will be transferred as friction between the
steel surfaces but normally the clamps are made with some tolerance, which is less
expensive. If the cavity between the steel surfaces is sealed and grouted with cement,
then the forces are transferred as a bond between steel and grout (Tebbett and
Lalani, 1986) and the clamps are called grouted clamps. The shear capacity can be
increased by prestressing the bolts thereby giving a friction contribution and it can
also be increased by welding mechanical shear connectors (usually weld beads) on
the steel surfaces in contact with the grout. Clamps can be used to install additional
members, replace damaged members, re-establish damaged members or reinforce
existing (damaged) members. Figure A1.7 shows some examples of clamp cross-

sections.
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Figure A1.7 Clamp cross-sections (Tebbett and Lalani, 1986).

Welded and clamped repairs have different advantages and disadvantages compared
to each other. According to Tebbett and Lalani, 1986, grouted clamped repairs have
the following advantages:

- The clamps need not be fabricated to a close fit with the original construction.

- Geometrical damage is easily accommodated.

- The strength of the damaged part can be readily reinstated.

- The original strength of the damaged part can be increased.

- Reduction of underwater work.

- There is no need for specially constructed habitats or cofferdams.

The advantages of welded repairs are:
- By replacement the weight of the structure is unchanged.
- The strength of the repair is more predictable than for clamped repair.

In some cases the property of unchanged weight is essential and a welded repair is
chosen even though it is more expensive than a clamped repair. According to Tebbett,
1987, welding is preferred in the case of replacement of the original structure and
clamping is preferred when strengthening is required, in case of time trouble or if the
physical conditions are difficult (e.g. deep water).

Steel Ships

According to Condition Evaluation..,1991, repair of tanker structures is normally
performed as a combination of replacements, reinforcement and improved corrosion
protection. The repair strategy should be chosen so the requirements of the owner
and the classification societies are fulfilled at the same time as the cost is kept at a
minimum. Reinforcement of the structure is often cheaper than renewals but if re-
placement is chosen it is recommended that complete panels and not only individual
members such as stiffeners should be replaced. This may be the most reliable and
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cost effective method.
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APPENDIX 2
THEORY OF STRUCTURAL RELIABILITY

A2.1 Introduction

In this appendix some basic concepts in structural reliability theory are defined.
Reliability theory is explained in more detail in e.g. Madsen et al., 1986, Thoft-
Christensen and Baker, 1982, and Thoft-Christensen and Murotsu, 1986, and this
appendix is based on these references.

All the different states of a structural system constitute a sample space for the state
of that structure, i.e. the sample space is defined by the parameters used to describe
the structure completely. A subset of this sample space is called an event. All
the safe states of the structure constitute the safe event, safe set or safe region
and all the failure states constitute the failure event, failure set or failure region. A
structural system can break down, i.e. get into a failure state, in different ways called
failure modes and for each failure mode a failure function or limit state function g(x)
is defined determining whether the structure has failed or not. ¢ is a function of
deterministic and random variables x (e.g. dimensions, strength, loads, deterioration
parameters, time). A random variable called the safety margin M is defined for each
failure mode as M = g(X). Usually, "safety margin”, "failure function” and "limit
state function” are used indiscriminately. The safe set is defined by g(x) > 0 and the
probability of non-failure is P(M > 0) while the failure set is defined by g(x) < 0
(or g(x) < 0) and the probability of failure is P(M < 0). The surface separating the
failure set and the safe set is defined by g(x) = 0 and it is called the failure surface,
limit state surface or limit state boundary.

Correspondingly, for other events such as repair the sample space could be divided
into a repair event and a non-repair event defined by the corresponding limit state
function and event margin.

A2.2 Reliability Index
The non-failure probability or the reliability of a structural system is often expressed
in terms of the reliability index. A system with one failure mode is considered here.
If the probability calculations are based on level III methods (meaning that the
joint distributions of all random parameters are used in the calculations) then the
reliability index J is defined as

f = -2"'(Pr) (A2.1)
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PF=/fo(x)dx (42.2)

where & is the standard normal distribution function, Pr is the probability of failure,
F is the failure set and fx(x) is the joint probability density function of the basic

variables.

If the probability calculations are based on level II methods (meaning that the means
and covariances of all random parameters are used in the calculations) several differ-
ent definitions of reliability indices are available, see e.g. Madsen et al., 1986. In the
programs described in chapter 6 the definition (A2.1) has been used.

Normally, the integral (A2.2) cannot be calculated analytically, therefore, the reliabil-
ity index is usually calculated approximately. In the probability calculation program
PROBAN-2 (see chapter 6) two approximate methods and a number of simulation
methods are available. The approximate methods are the First Order Reliability
Method (FORM) and the Second Order Reliability Method (SORM) which will be
described here briefly. In the probability calculation program PARLSENSI (see chap-
ter 6) FORM is used. The first two steps are the same for FORM and SORM.

1. The basic variables and the limit state function are transformed to a space where
the probability (A2.2) is easier to compute and where the probability content of a
given set is the same as in the basic space. Normally, the standard normal space
is chosen as the transformed space. The transformation can be performed in dif-
ferent ways. For instance, in Madsen et al., 1986, the Rosenblatt transformation
is described. This method is used in the programs PROBAN-2 and PARLSENSI.
The Rosenblatt transformation is defined as

u; = @Y Fi(z; | ¢1,225 0, i-1)), i=1,n (A2.3)

where u; is the standard normal variable corresponding to z;,

Fy(zi | z1,22,...,2zi-1) is the distribution function of X; conditional upon X; =
T1,...,Xi—1 = z;—1 and n is the number of variables. In figure A2.1 the original
space and the transformed space are shown in the case of two variables. The
failure function g, in the transformed space is defined from g as

gu(w) = g(x) (A2.4)

2. In the standard normal space the minimum distance from the origin to the failure
surface is calculated. The corresponding point on the failure surface is called the
design point. Calculation of the design point can be formulated as an optimization
problem for which the derivatives of g, are needed

agu(u) ag(x 6.’51
“ou; Z By B (A28)
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Figure A2.1 Basic space and standard normal space.
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3a. If FORM is used the limit state function is approximated by a linear function,
i.e. it is linearized at the design point. In this case the reliability index is equal
to the distance from the origin to the design point in the u-space and the failure
probability can be calculated as

Pr ~ ®(—BTORM) (A2.6)

3b. If SORM is used the limit state function is approximated by a quadratic function
at the design point. For a quadratic failure surface the integral (A2.2) can be
calculated and the reliability index is defined by in (A2.1).

A2.3 Parallel- and Series Systems

Series Systems
If a structural system has more than one failure mode these failure modes can be

considered as elements in a series system and the failure probability is equal to the
unified probability content of the failure events, see figure A2.2

Pp = P(UE {g:(x) < 0}) (A2.7)

where k is the number of failure modes.

Different upper and lower bounds on the failure probability can be calculated, see e.g.
Madsen et al., 1986, but the problem can also be solved approximately by considering
the complementary problem, i.e. a parallel system

Pr~1-P(nL {g:(x) >0} (A2.8)
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sample space

Figure A2.2 Probability content of a series system of events.

Parallel Systems
If a number of local failure modes acting together will cause failure of the whole

system then the local failure modes can be considered as elements in a parallel system.
The probability of system failure is equal to the common probability content of the
local failure events, see figure A2.3

Pp = P(Ni_y{gi(x) < 0}) (42.9)
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Figure A2.3 Probability content of a parallel system of events.

For parallel systems upper and lower bounds are available, see e.g. Thoft-Christensen
and Murotsu, 1986. Using FORM and assuming that origo is not included in the
failure set, the joint design point in the standard normal space is defined as the point
closest to origo where all gj(u) < 0 (u* in figure A2.4). Those elements for which
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gi(u) = 0 at the joint design point are denoted active (elements no. 1 and 2 in
figure A2.4) and those elements for which g;(u) < 0 at the joint design point are
denoted inactive (element no. 3 in figure A2.4). To include the inactive elements in
the calculations, consecutive joint design points are found for each inactive element
under the restriction that for element no. ¢ gi(u) = 0 and g;(u) <0, ¢ # j (u} in
figure A2.4).

L

Figure A2.4 Parallel system with active and inactive elements.

If origo is included in the failure set, i.e. ¢:(0) < 0 for all elements, then individual
design points are found for each active element defining active elements as the ele-
ments being part of the boundary of the failure set. In this case inactive elements
will not influence the result and they are not included.

The probability can be calculated approximately using the k-dimensional standard
normal distribution ®¢

Pp ~ @ (—pFORM; R) (A2.10)
where GFORM contains the reliability indices for the individual failure modes and
the matrix R contains the correlation coefficients p;; for the failure modes. The
correlation coefficients p;; are calculated using the unit vectors defined as

Vgi(u*)

O = e A2.11
Voi(a) !

where u* is the vector from the origin (= E[U]) to the actual (joint) design point.
pij = i a; (42.12)

Further approximations can be made by not including the inactive elements in the
calculations or by using individual design points for all elements.

In many real-life structural systems a combination of series and parallel systems
would be necessary to model all the failure modes.
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A2.4 Sensitivity Factors

Sensitivity factors of the reliability index are calculated in the programs PROBAN-2
and PARLSENSI and they are used in the optimization program PRODIM2. Con-
sidering a single element and using FORM, the sensitivity factor of the reliability
index with regard to a certain parameter ¢ can be calculated as (see Madsen, 1988)

8B _ 9BFORM  Zg(u*;6)
0~ 88 | Vg(u~6) |

(A2.13)

where 8 is a deterministic variable or a statistical parameter of a stochastic variable.
For series systems and parallel systems several asymptotic methods are available for
the calculation of sensitivity factors. In Madsen, 1988, an exact method for the cal-
culation of %;;-fi for parallel systems is described including the effect of inactive
components. The method can also be used for series systems considering the com-
plementary problem, i.e. a parallel system.
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APPENDIX 3
INPUT TO PRODIM2

In this appendix the input to PRODIM2 is described and an example is given.

A3.1 Description of input
The input to PRODIM2 is given in a file whose default name is PROD.DAT. The
input file is described line by line.

TITLE

In the first line a description of the actual problem is given.

INCBRAN INCELEM INACTV

INCBRAN

INCELEM

INACTV

Parameter indicating which branches are used for estimating the fai-
lure and repair probability.

= 0 : All branches are used.

= 1 : Only the branch corresponding to no repair is used.

= 2 : Only branches with max one repair are used.

Parameter indicating which elements are included in parallel sys-
tems.

= 0 : All elements are included.

= 1 : No-failure elements are excluded.

Parameter indicating whether inactive elements are linearized or not.
= 0 : Inactive elements are not included.
= 1 : Inactive elements are included.

TL BETAM RATE

TL
BETAM
RATE

Lifetime of the structure.
Minimum reliability index g™,

Real rate of interest.

TMIN TMAX NINSP

TMIN
TMAX
NINSP

Minimum inspection interval.
Maximum inspection interval.

Number of inspections.
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MINSP
Number of inspections already performed.
LINSP(i) TINSP(i) i=1,MINSP (only if MINSP>0)

LINSP(i) Result of inspection no. i.
= 0 : No repair at the time TINSP(i).
= 1: Repair at the time TINSP(i).

TINSP(i) Time at which inspection no. i was performed
CI0 CRQ CFO

CI0 Cost of one inspection.

CRO Cost of one repair.

CFo0 Cost of failure.

TDISTT(1)

Distribution of modelling uncertainty for stress contribution corresponding to water
pressure on the ship side.

TDISTT(2)

Distribution of modelling uncertainty for stress contribution corresponding to the
hull moment.

TDISTT(3)

Distribution of the yield stress (N/mm?).
TDISTT(4)

Distribution of wave crest/trough (m).
TDISTT(5)

Distribution of hull moment (Nm).

TDISTT(6)
Distribution of modelling uncertainty for the actual longitudinal thickness (used in the

repair criterion).

TDISTT(7)

Distribution of the corrosion starting time (years).
TDISTT(8)

Distribution of corrosion parameter A (A in um).

TDISTT(9)

Distribution of corrosion parameter B.
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The distributions are given as

NDP1P2P3

N Number of the variable described (N = 1,9).

D Number of distribution type.

D=0 : fixed value (= P1)

B =1 : normal distribution (P1 = u, P2 = o)

D=2 : Gumbel distribution (P1 = u, P2 = o)

D=3 : lognormal distribution (P1 = p, P2 = ¢, P3 = lower bound)
D=-3 : lognormal distribution (P1 = 3, P2 = a, P3 = lower bound)
D=4 : exponential distribution (P1 = ¢, P2 = lower bound)
D=5 : Weibull distribution (P1 = g, P2 = ¢, P3 = lower bound)
DETVAR(1)

Deterministic value of the level above bottom (m).

DETVAR(2)

Deterministic value of the distance between longitudinals (m).
DETVAR(3)

Deterministic value of the panel thickness (mm).

DETVAR(4)

Deterministic value of the height of the longitudinal (mm).

DETVAR(5)

Deterministic value of the thickness of the longitudinal (mm).

DETVAR(6)

Deterministic value of the critical longitudinal thickness (mm).

EPSM MAXIT MAXLIN IPRINT PRINB IOPTME IFAIL

EPSM Accuracy used in optimization algorithm.
MAXIT Max number of iterations (in NLPQL).
Max number of function calls (=MAXFUN in VMCWD).
MAXLIN Max number of iterations in line search (=MAXFUN in NLPQL).
Max number of function calls in a line search (in VMCWD).
IPRINT Specification of output level.
= 0 : No output from NLPQL/VMCWD and only final output from
PRODIM2.

= 1: Only a final convergence analysis from NLPQL/VMCWD and
final output from PRODIM?2.
= 2 : More detailed information.
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= 3 : Detailed information.
IPRINB Specification of calculations to be made.
= 0 : Optimization is performed, no beta as a function of time is
determined.
= 1 : Optimization is performed, beta as a function of time is deter-
mined at the end of the optimization.
= 2 : Only beta as a function of time is determined.
= 3 : Only objective function is determined without any optimiza-
tion.
= 4 : Beta as a function of time and objective function are deter-
mined without any optimization.
IOPTME Specification of optimization method.
=1: NLPQL.
= 2: VMCWD.
IFAIL Only used in VMCWD.
= 0 : Gradients are checked (IPRINB = 0 or 1 is ignored).
= 1: Optimization is performed
TCOMM
TCOMM In order to be able to specify fixed values and start values
it is possible to add a number of command lines to the
lines specified above. The commands can be mixed and
repeated but the first command word in each line has to
be enclosed by ’ ’. PRODIM2 stops reading the input file
when TCOMM = ’STOP’. The following commands can
be used.
'TFIXED’ IF TF Inspection no. IF has to be performed at the time TF
(Tre = TF).

IFIXED’ IF T1...TIF  The first IF inspection intervals are fixed

(4y=T1trp = TIF)

'TSTART® TS51...TSn Initially the inspection times are equal to TS1,...,TSn

(T1 = TS1,...,Tn = TSn, n is the number of inspections).

ISTART’ TS1...TSn Initially the inspection time intervals are equal to TS1,...,

TSn (t; = TS1,...,tn, = TSn, n is the number of inspec-
tions).

"'UMULT’ NMULT Only used in NLPQL.

Initially NMULT estimates of the Lagrangian multipliers
are available. The remaining multipliers are assumed ini-
tially to be zero. The multipliers associated with the con-
straints are ordered in the following way:

1. Multipliers corresponding to equality constraints (here
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IMULT(i) UMULT(i)

'STOP’

135

equal to specified inspection times).

2. Multipliers corresponding to inequality constraints (here
first the reliability constraint A(7') > A™" then t™in <
T -3 ,tiand finally T — Y7, t; < t7™2%),

3. Multipliers corresponding to the simple bounds (first
the lower bounds and then the upper bounds).

After the line with '"UMULT’ the following NMULT lines
have to be specified:

(i =1,NMULT)
IMULT(i) is the no. of the i’th multiplier. UMULT(i) is
the initial estimate of multiplier no. IMULT(i).

Input reading is stopped.

A3.2 Example of input file

Longitudinal no. 1, z = 1.8 m.

G 0.1

20. 3. 0.04

1. 19. 2

o]

1. 10. 100.

3 1.0 0.1 0.0001
3 1.0 0.1 0.0001
3 353. 3b. 280,
5 .335 .372 0.

5 2.746D7 2.829D7 0.
3 1.0 0.1 0.0001
1 9. 0.9

1 200. 40.
1.1 0.1

1.80

0.76

14.0

340.

15.

13

1.D=6 20 53 6 2 1
’STOP'

A3.3 References

INCBRAN INCELEM INACTV
TL BETAM RATE
TMIN TMAX NINSP
MINSP

CINO CRO CFO
TDISTT (1)
TDISTT (2)
TDISTT (3)
TDISTT (4)
TDISTT(5)
TDISTT(6)
TDISTT(7)
TDISTT(8)
TDISTT(9)
DETVAR (1)
DETVAR (2)
DETVAR(3)
DETVAR (4)
DETVAR (5)
DETVAR (6)

EPSM MAXIT MAXLIN IPRINT IPRINB IOPTME IFAI

PRODIM, User’s Manual (1988), A.S. Veritas Research Report No. 88-2030, Hgvik,

Norway.



APPENDIX 4
PROGRAM FOR CALCULATION OF
TRAFFIC LOAD IN EACH GIRDER

The Fortran-program used in chapter 4 to calculate the traffic load in each girder is
shown below.

PROGRAM GIRMOM
Calculation of girder moment using live load moment distribution (LLMD),

girder influence line and truck distribution across each lane (two lanes,
span=80‘ and girder spacing=6‘).

* % o+ ¥ *

REAL MG(0:52), MY(15), MB(52), MT(52)
DIMENSION FT(52), GR(11,10), DFR(1l), DFL(8), FG(0:52),

2 A(52), B(0:30,10), V1(10), FB(52), C(52), SD(15), FMTOT(5,300)
PARAMETER (YY=5583., ST=1005.)

OPEN (5,FILE='/GIRMOM.DAT’,STATUS='UNKNOWN”’)

OPEN (3,FILE='GIRMOM.RES’,STATUS='UNKNOWN’)

WRITE (3,'(//)") '

WRITE(3,*) ‘A girder bridge with two lanes, span= 80 feet’
WRITE(3,*) ‘and 5 girders (spacing= 6 feet) is considered.’
WRITE(3,*) ‘The girder moment is calculated using the total’
WRITE(3,*) ’live load distribution, girder influence line’
WRITE(3,*) ‘and truck distribution acress each lane.’
write(3,*)

write(3,*) ‘Total moment (kNm), mean = ’,yy,’ st.dev. = ’/,6 st
write(3,*)

write(3,*)’ Moment £ (m) dF (m) F(m) "’
write(3,*)’ (kNm) *

Calculate distribution of total moment.

* & * % *

EPS=SQRT (ALOG ( (ST/YY) #%2+1))

XI= ALOG(YY)-0.5*EPS#*®2

FMM=0.0

do 10 I=1,52
MT(I)=250.%I
FM=0.3989423/EPS/MT (I) *EXP(-.5# ( (ALOG (MT (I))-XI)/EPS) **2)
DFM=FM#*250.d0
FMM=FMM+DFM

* write(3,*)250%I,FM,DFM, FMM
FT(I)=FMM
10 continue

Read Truck Moment Ratio for each girder and probability (delta F) of
truck in the actual position (11 positions) for truck in right lane.

* % % %

DO 20 I=1,11
READ(5,*) GR(I,1), GR(I,2), GR(I,3), GR(I,4), GR(I,5), DFR(I)
20 CONTINUE

Read Truck Moment Ratio for each girder and probability (delta F) of
truck in the actual position (8 positions) for truck in left lane.

* * % *

DO 30 I=1,8
READ(5,*) GR(I,6), GR(I,7), GR(I,8), GR(I,9), GR(I,10), DFL(I)
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30  CONTINUE
*
* Calculations for truck in right or left lane.
*
DO 200 L=1,10
Do 32 I=1,30
B(I,L)=0
32 CONTINUE
DO 150 I=1,11
*
* Calculation of moment values for girder no. L and truck position no. I.
*
K=1
FG(0)=0
MG(0)=0
DO 50 J=1,52
MG(J)= GR(I,L)*MT(J)
IF (L.GT.5) GOTO 35
FG(J)= DFR(I)*FT(J)
GOTO 40
35 IF (I.GT.8) GOTO 40
FG(J)= DFL(I)*FT(J)
*
* Moment distribution values for moments equal to 250, 500, 750 kNm etc.
*

40 IF (MG(J).LT.250%K) GOTO 50
A(K)= FG(J-1)+(FG(J)-FG(J-1))*(250*K-MG(J-1) )/ (MG(JT)-MG(J-1))
K=K+1

50 CONTINUE

IF (K.GT.30) GOTO 100
DO 90 J=K,30
A(J)=FG(52)

90 CONTINUE

The moment distributions for different truck positions are summed for
girder no. L.

* % ¥ %

100 DO 140 K=1,30
IF (L.GT.S) GOTO 130
B(K,L)=A(K)+B(K,L)
GOTO 140

130 IF (I.GT.8) GOTO 140
B(K,L)= A(K)+B(K,L)

140 CONTINUE

150 CONTINUE

200 CONTINUE

+*

* Calculation of mean and standard deviation for moment distribution for
* each girder.
*

DO 250 I=1,10
B(0O,L)=0
MY (L)=0
V1(L)=0
DO 220 K=1,30
MY(L)= 250#K#*(B(K,L)-B(K-1,L))+MY (L)
V1(L)= (250%K)#*2%(B(K,L)-B(K-1,L))+V1(L)
220 CONTINUE
SD(L)= SQRT(V1(L)-MY(L)*#%2)
250 CONTINUE
*
*  Qutput for trucks in right lane or left lane.
*
WRITE (3,°(//)")
WRITE(a'*)'**t*ttti*t**it*t***iit*t*i****i***i************i*******
2hkhhhdkk’
WRITE(3,*) ‘INPUT’
WRITE (3,°(/)")
WRITE(3, *) ‘Truck Moment Ratio and probability of truck in the actu
2al position.’
WRITE (3,'(/)")
WRITE(3,'(10X,A,20X,A)’) 'Right lane’, ’'Left lane’
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WRITE(3,*) ' Gl G2 G3 G4 G5 DF Gl G2 c3 24
2 G5 DF ?
DO 256 I=1,8
WRITE(3,’ (6F5.2,2X,6F5.2)') GR(I,1),GR(I,2),GR(I,3),GR(I,4),GR(I,5
2),DFR(I),GR(I,6),GR(I,7),GR(I,8),GR(I,9),GR(I,10),DFL(I)
256 CONTINUE
Do 257 I=9,11
WRITE(3,' (6F5.2,2X,6F5.2)’) GR(I,1),GR(I,2),GR(I,3),GR(I,4),GR(I,S
2) ,DFR(I)
257 CONTINUE
WRITE (3,'(//)")
WRITE(‘J i *) Thithadhbhdtdbddddhd bbb d bbbt At
2hkhAdhhs
WRITE(3,*) ‘OUTPUT’
WRITE (3,°(/)")
WRITE(3,*) ‘Moment distribution for each girder (incl. dynamic load
2)”
WRITE (3,'(/)’)
WRITE(3,*) 'TRUCK IN RIGHT LANE’
WRITE(3,*)’ M(kNm) F(MG1) F(MG2) F(MG3) F(MG4) F (MG5
2)’
DO 260 I=1,30
WRITE(3,’(2X, I5.2, 5F10.5)’) I*250, B(I,1), B(I,2), B(I,3),
2 B(1,4), B(I,5)
260 CONTINUE
WRITE (3,°(///)")
WRITE(3,*) 'TRUCK IN LEFT LANE’
WRITE(3,*)’ M(KNm) F(MG1) F(MG2) F (MG3) F(MG4) F(MG5
2)’
Do 270 I=1,30
WRITE (3,'(2X, I5.2, 5F10.5)') I*250, B(I,6), B(I,7), B(I,8),
2 B(I,9), B(I,1l0)
270 CONTINUE
*
* Calculations for trucks in both lanes: Moment distribution incl. dynamic
* locad for each girder.
*

Do 850 L=1,5
DO 300 I=1,30
B(I,L)=0
300 CONTINUE
K=1
DO 800 J=1,11
Do 750 I=1,8
DFB= DFR(J) #*DFL(I)
GB= GR(J,L)+GR(I,L+5)

* Calculation of moment values for girder no. L and truck positions J and I.

M=1

MB(0)=0

FB(0)=0

DO 400 N=1,52
MB(N)= GB*MT (N)
FB(N)= DFB*FT(N)

*

Moment distribution values for moments equal to 250, 500, 750 kNm etc.

IF (MB(N).LT.250%M) GOTO 400
C(M)= FB(N-1)+(FB(N)~FB(N-1))*(250%M-MB(N-1))/(MB(N)=-MB(N-1))
M=M+1
400 CONTINUE
IF (M.GT.30) GOTO 470
DO 450 N=M, 30
C(N)=FB(52)
450 CONTINUE
*

* The moment distributions for different truck positions are summed for
* girder no. L.
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*

470 DO 500 N=1,30

B(N,L)= B(N,L)+C(N)
500 CONTINUE

K=K+1

IF (K.GT.88} GOTO 850
750 CONTINUE

800 CONTINUE

850 CONTINUE
*

# Calculation of mean and standard deviation for moment distribution for
* each girder.
*

DD %00 L~1,5
MY (L+10)= 0
Vi(L)= 0
DO 880 K=1,30
MY(I+10)= 250%K#*(B(K,L)-B(K-1,L))+MY(L+10)
V1{L)= (250*K)#*#2#(B(K,L)-B(K=-1,L))+V1i(L)
880 CONTINUE
SD(L+10)= SQRT(V1(L)-MY (L+10) *#*2)
900 CONTINUE
*
* Output for trucks in both lanes
*
WRITE (3,'(///)")
WRITE(3,*)/TRUCK IN BOTH LANES’
WRITE(3,*)’ M(kNm) F(MG1) F (MG2) F (MG3) F(MG4) F (MG5
2)’
DO 910 I=1,30
WRITE(3, ' (2X, I5.2, 5F10.5)‘) I*250, B(I,1), B(I,2), B(I,3),
2 B(I,4), B(I,5)
910 CONTINUE
WRITE (3,'(///)")

WRITE(S,t)'**t*it*t*iiiiii****t*iiii*i****t*i*i**iti******i*******
iy

*

# Output of means and standard deviations.

*
WRITE(3,*)’Mean and standard deviation for moment distributions’
WRITE(3,*)’of each girder.’
WRITE (3,'(/)")
WRITE(3,*) 'TRUCK IN RIGHT LANE’

WRITE(3,*)’ Gl G2 G3 G4
2 G5’

WRITE(3,’(1X,A,4X,5F10.4)’) ’Mean’, MY (1), MY(2), MY(3), MY(4),

2 MY (5)

WRITE(3,’ (1X,A,1X,5F10.4)’) ’St.dev.’, SD(1), SD(2), SD(3), SD(4),
2 sSD(5)

WRITE (3,'(/)’)
WRITE(3,*)/TRUCK IN LEFT LANE’

WRITE(3,*)’ G1 G2 G3 G4
2 G5*

WRITE(3,’ (1X,A,4X,5F10.4)’) ‘Mean’, MY(6), MY(7), MY(8), MY(9),

2 MY(10)

WRITE(3,’ (1X,A,1X,5F10.4)’) ’St.dev.’, SD(6), SD(7), SD(8), SD(9),
2 SD(10)

WRITE (3,°(/)")

WRITE(3,*) TRUCK IN BOTH LANES’

WRITE(3,*)’ Gl G2 G3 G4

2 G5’

WRITE(3,’(1X,A,4X,5F10.4) ') ’Mean’, MY(11l), MY(12), MY(13),

2 MY (14), MY(15)

WRITE(3,' (1X,A,1X,5F10.4)’) ’St.dev.’, SD(11), SD(12), sSD(13),
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*

2 sD(14), SD(15)
WRITE(j’*)’*****i**ii*i***i****t*ttt**t*t*************************

PEZ 2 L2 L

WRITE (3,'(///)')

WRITE(3,*) ‘Mean and standard deviation for shear distributions’
WRITE(3,*)’of each girder.’

WRITE (3,°(/)"')

WRITE(3,*)'TRUCK IN RIGHT LANE’

WRITE(3,*)’ Gl G2 G3 G4

2 G5’

WRITE(3,® (1X,A,4X,5F10.4) ') ‘Mean‘, MY(1)/6.1, MY(2)/6.1,

2 MY(3)/6.1, MY(4)/6.1, MY(5)/6.1

WRITE(3, ' (1X,A,1X,5F10.4)’) ‘St.dev.’, SD(1)/6.1, SD(2)/6.1,

2 SD(3)/6.1, SD(4)/6.1, SD(5)/6.1

WRITE (3,'(/)")

WRITE(3,*) 'TRUCK IN LEFT LANE'

WRITE(3,%) " G1 G2 G3 G4

2 G5*

WRITE(3,’(1X,A,4X,5F10.4)"') 'Mean’, MY(6)/6.1, MY¥(7)/6.1,

2 MY(8)/6.1, MY(9)/6.1, MY(10)/6.1 '

WRITE(3, (1X,A,1X,5F10.4)’) ’St.dev.’, SD(6)/6.1, SD(7)/6.1,

2 sD(8)/6.1, SD(2)/6.1, SD(10)/6.1

WRITE (3,°(/)’)

WRITE(3,*)/TRUCK IN BOTH LANES’

WRITE(3,*)’ Gl G2 G3 G4

2 G5’

WRITE(3,’ (1X,A,4X,5F10.4)*) ’‘Mean’, MY(1l1l)/6.1, MY(l2)/6.1,

2 MY(13)/6.1, MY(14)/6.1, MY(15)/6.1
WRITE(3,’(1X,A,1X,5F10.4) ') ’sSt.dev.’, SD(1l1)/6.1, 8D(12)/6.1,
2 sD(13)/6.1, SD(1l4)/6.1, SD(15)/6.1
WRITE(3’*)’*****!i***tiiti**i**i*ii****ii*ii*t*t****iti!i*i*******
PRI T T2

* Calculating of total density function for each girder

&

600
650

* A % ¥ * ok * #*

660

DO 650 I=1,5
EPSR=SQRT (ALOG ( (SD(I) /MY (I))**2+1))
XIR= ALOG (MY (I))-0.5%EPSR*#*2
EPSL=SQRT (ALOG ( {SD(5+I) /MY (5+T) ) #%2+1} )
XIL= ALOG (MY (5+I))~0.5*EPSL**2
EPSRL=SQRT (ALOG ( (SD(10+I) /MY (10+I)) ##2+1))
XIRL= ALOG(MY(10+I))=-0.5*EPSRL*#2
DO 600 J=1,300
X=10.*J
FMR=0.3989423/EPSR/X*EXP (-.5% ( (ALOG (X) ~XIR) /JEPSR) #*2)
FML=0.3989423/EPSL/X*EXP (-.5% ( (ALOG (X) ~XIL) /EPSL) **2)
FMRL=0.3989423/EPSRL/X*EXP (~.5# ( (ALOG (X) -XIRL) /EPSRL) **2)
FMTOT (I,J)=0.66*FMR+0.33*FML+0.01*FMRL
CONTINUE
CONTINUE
WRITE(3,’(///)")
WRITE(3,*) TOTAL MOMENT’
WRITE(3,*)’ M(KNm) £ (MG1) £(MG2) £(MG3) £(MG4) £ (MGS5
2y
DO 660 I=1,300
WRITE(3,’(2X, 15.2, 5F10.5)) I*10, FMTOT(1,I),FMTOT(2,I),
2 FMTOT(3,I),FMTOT(4,I),FMTOT(5,I)
CONTINUE

STOP
END
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