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ABSTRACT

The need for effective marine main-
tenance 1is very obvious and also recog-
nized by all involved parties, "ship-
owners, classification societies, auth-
orities, etc., Maintenance is a key fac-
tor in the economic life cycle of ships
and offshore installations, as well as
in the safety and risk levels of their
performance.

A scientifically based theory. of
marine maintenance has not yet been
established, although many elements of
such an approach do exist. This paper
presents a survey of some important re-
search areas related to marine mainten-
ance, . which together may form the basis
of a scientific¢ maintenance method.

1. INTRODUCTION

Marine structures - ships and off-
shore platforms -~ represent very large
capital investments, and- the demands for
scheduled operation and planned earnings
are conseguently high. Public demands
on safety for people and environment
underline the requirements for fail-safe
operation,

The demands on marine structures
are in principle not very different from
those imposed on other _technical sys-
tems, such as chemical plants, facto-
ries, buildings, bridges, trains, aero-
planes and automobiles. However, c¢er-
tain features are unigque to marine
structures:

o Ships and offshore platforms are usu-
ally one~-off designs, which means
that statistical.  information from
large series of identical . vessels
does not. exist (unlike aeroplanes and
automobiles).,

o The environmental actions, especially
wave loads and sea water corrosion,
are very severe on marine structures,
and unfortunately only predictable
with a high degree of uncertainty.

0 Maintenance work on marine structures

is difficult due to the harsh envi-
ronment and due to low manning rates.
Extra manpower cannot easily be
brought in for repair and mainten-
ance. Ships may be far from suitable
repair dockyards, and fixed offshore
platforms have to be repaired and
maintained at sea, often by the use
of divers and other very expensive
specialists.

o The downtime cost is extremely high.
A typical ship costs about $20,000
per day, and the biggest North Sea
platforms about $20,000,000 per day
of lost production,

Systematic maintenance 1is a key
concept in the endeavour for optimum
availability and safety of technical
systems in general. Very large amounts
of money are spent on maintenance, typi-
cally in the order of five per cent of
the new-building cost per year. But it
is characteristic that the maintenance
function 1is usually governed by the
experience and judgment of single per-
sons, instead of a scientifically based
analysis.

In contrast to the classical engin-
eering disciplines of design, production
and economic management, where scien-
tific methods have been introduced long
ago, a systematic research effort and a
scientific method in the field of main-
tenance seem to be lacking. "Mainten-
ance is the last frontier of scientific
management!" (Hawcroft, 1988).

There may be several reasons for
the neglect of maintenance as a scienti-
fic discipline in its own right. First
of all, maintenance is so multi-disci-
plinary that it is not covered by any of
the traditicnal categories of engineers.
And secondly, all engineering education
and - tradition is concerned with the
design and construction of new items,
not the preservation of old ones. How-
ever, most naval architects and marine
engineers will be dealing with mainten-
ance problems during their ecareer, and
there is a-growing understanding of the
need for a systematic research effort in
the field of marine maintenance.
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2. RESEARCH PERSPECTIVES AND NEEDS

Many elements of a scientifically
based maintenance method do already
exist, such as:

Statistical reliability theory

Risk analysis methods

-FPatique theory

Crack growth theory -

Corrosion theory

"Methods of accelerated testing of

-machine components

Metods of non-destructive testing and

inspection .

0 Instruments for automatic measurement
and surveillance

o Computers and database systems for

aguisition, storage and analysis of

very large amounts of data.
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But a synthesis of these different
technical disciplines into one universal
maintenance theory has.never been formu-
"lated. However, the idea as such has
heen described quite precisely under the
name of terotechnology (from Greek "te-
reo": to look after, to take care of):

"Terotechnology is a combination of
management, financ¢ial, engineering,
.and other practices applied to physi-
cal. assets in pursuit of economic
life cycle cost. Its practice .is
concerned with specification and de-

.8ign for reliability and maintainabi-.

lity of plant, machinery, equipment,
buildings and structures, with their
installation, commissioning, mainten-
ance, modification, and replacement,
and with feed-back of informatien on
‘design, performance, and costs.”
(Hewgill and Parkes, 1979).

In contrast- to the traditidnal

maintenance concept, it is emphasized
that maintenance is taken into consider-
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Fig. 1.

The lifetime costs of a
technical installation.
(Sulzer, 1987).

ation already at the design stage where
important system properties such .as
reliability and maintainability are de-
termined. Furthermore, it is important
to realize that terotechnolegy is not
only a technical matter. Organisation
and management of human resources are
equally important for an optimal solu-
tion of these complex problems. In
other words, maintenance must be consi-
dered in relation to the system's life
cycle, and the marine structure - ship
or offshore platform -+ must be seen as
part of a greater system in which human
resources play an important part.

Even if a coherent universal main-
tenance theory -may not be possible in
the near future, if ever, it is realis-
tic to aim for a computerized terotech-.
nology method where all the disciplines
necessary for marine maintenance are
integrated at a superior systems level
as a tool which is easy and fail-safe to
use for. the .operator.

In the following sections some of
the more important research areas re-
lated .to marine maintenance will be
discussed. -

3. THE LIFE CYCLE CONCEPT

By intreducing the life cycle con-
cept. the operational cost is replaced by
the much more relevant cost of owner-
ship, which comprises all costs during
the 1lifetime of the ship or platform:
design, construction, running-in, opera-
tion, inspection; maintenance, repair,
insurance, demolition, and last but not
least the losses due to unavailability
of the production capacity.

Unavailability will often be caused
by  ineffective maintenance. In this



connection it should be emphasized that
minimum maintenance c¢ost and maximum
availability cannot be obtained simul-
taneously, unless a life cycle c¢oncept
is adopted.

An economic life cycle optimization
may very well end up in designs that are
different £from the results of sub-opti-
mization of each single phase of the
life cycle. Two examples will illu-
strate this:

1) A few millimetres increase in steel
dimensions of an offshore platform may
significantly reduce the number of very
expensive diver inspections. This pos-
sibility will not arise if- the " con-
struction cost alone is minimized.

2) The demolition costs of offshore
platforms are normally not taken into
account- at the design stage, If the
design is based on a life cycle model, a
concrete platform which has been found
optimal from a construction cost point-
of-view may be changed to a steel plat-
form, because the demolition costs are
lower for this type of platform.

References: 2, 6, 7, 8, 9, 11, 12, 13,
29, 30, 37.

4, THE HUMAN FACTOR

The human factor is a key element
in maintenance management as in all
management of large complex systems.
All experience shows that human beings
make mistakes, Apparently without ex-
plicable reason even the most experi-
enced and responsible operators can make
disastrous mistakes. Most accgidents
with ships, airplanes, trains and auto-
mobiles are due to human and not tech-
nical errors.

On the other hand, human improvisa-
tion and intelligence may sometimes save
unpredicted situations, which the con-
trol system has not been prepared for,
from developing into disasters. That,
however, seems to be the exception
rather than the rule,

Systematic maintenance must, es-
pecially due to the safety aspects in-
volved, take the human factor into ac-
count. Three- examples will illustrate
the problem:

1) In a paper factory, the lubrication
of all roller bearings in a new produc-
 tion line was put in the hands of one
trusted worker. Unfortunately, the man
consistently ignored one particular
bearing for two years, which resulted in
a very costly repair and production
stop. The factory, as a result, has
introduced automatic lubrication on all
bearings in the production line, even if
this from a pure maintenance point of
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Fig. 2. The life cycle for a ship
and an offshore platform.

view is far more expensive than - manual
lubrication.

2) On a passenger ajirplane, loss of
lubrication o0il pressure was observed in
flight on all three engines nearly sim-
ultaneously, which almost led to a dis-
aster. The reason was that all three
engines had been serviced at the same
time by one mechanic, who had changed
the magnetic plugs for collection of
wear particles, and failed to install
the necessary rubber seals on all plugs.

3) The Piper Alpha disaster in July
1988 was allegedly caused by a stream of
condensate being sent through a line
where a safety valve had been removed
for repair and scheduled maintenance, so
that the line was open to the air. This
resulted in a release of gas which 1led
to the initial explosion that started a
chain reaction ending in complete 1loss
of the platform and 167 1lives. The
production operations team was obviously
unaware of the missing valve, and no
alarms seem to have warned the operators
when they tried to send the condensate
through the inoperational line.

In all three cases the human factor
1s the direct cause that well-designed

"systems fail, and in all cases it is the

systematic maintenance itself that para-
doxically leads to the failure. This is
probably more than a coincidence. Main-
tenance provokes untypical situations
where normal procedures become useless
or directly dangerous,
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Several lessons can be learned from
the three examples. One single person
should not maintain or inspect the same
installation over a long period. Back-
up systems should be effectively inde-
pendent, also in terms of maintenance,
and should therefore not be serviced and
inspected at the same time and by the
same person. The human factor requires
systematic maintenance to be deliberate-
ly unsystematic. . And the need for sys-
tem ~state information is even greater
during maintenance than in the normal
production mode, -

The human factor problem is related
to the problem of keeping the necessary
overview in space and time. Overview in
space is difficult because large techni-
cal systems, such as ships and offshore
platforms, -are in fact too complex to be
grasped as a whole, while at the same
time having the operational knowledge
about all system components. The solu-
tion 1is to divide the system into smal-
ler subsystems, paying the price of lost
overview, especially if the subsystems
are put in the hands of different per-
S0NS.

Overview in time is difficult when
the time scales are outside the range of
normal human actions, 1like walking or
running. Very fast actions, such as
manoeuvring a modern jet fighter, re-
gquire computer assistance because they
are too gquick for the normal human
brain. But also the very slow time
scales give problems.. Keeping the over-
view of the maintenance work on a large
technical  system over a period of 20
years 1s nearly impossible for any per-
son, not to mention that the persons in
charge will probably change several
times over such a span of years.

Here again, computers are the natu-
ral tools to provide the necessary over-
view of the system in the short term as
well as the long term. When the inspec-
tion and maintenance tasks are deli-
berately spread out to a large number of
persons and over a long period of time,
the computer must keep the general over-
view. And all system functions should be
easily and unambiguously understood by
many different persons.

The man-machine communication takes
place by visual means, except in very
few cases, where e.g. sound alarms are

used. And usually a computer screen is.

the man-machine interface. For the pur-
pose of creating an overview of complex
systems 'and large amounts of- data,
graphical  displays seem to be much
better suited than text messages or
numbers, ’

'Kéywords in the human factors re-
search areas are:

o Comprehension of complex systems
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Visual communication

Diversification

Man-machine relations

Human reliability

Psychology of operational reliability.

00000

References: 5, 14, 16, 20, 39, 42,

5. INSPECTION AND DATA MONITORING

Visual inspection is still the most
important method to obtain information
of the condition of marine structures
with respect to cracks and corrosion.
Underwater inspections may be carried
out by divers, but very often a remotely
operated vehicle (ROV) carrying a TV-
camera can do the job more efficiently.

Different non-destructive testing
(NDT) methods are used to detect the
less visible defects, the most important
being magnetoflux and sound emission
methods,

Usually, an inspection programme
indicating inspection intervals for dif-
ferent parts of the structure is laid
down by rules of the class or other
authorities. Theories 1leading to more
flexible and efficient inspection pro-
grammes, while maintaining a specified
safety level, have been developed for
offshore steel platforms by Madsen et
al. (1989). 1Instead of fixed inspection
schedules, the results of each inspec-
tion are used to determine the time un-
til a new inspection will be necessary.

Here again the human factor problem
plays an important part. Even the most
experienced surveyor or diver will over-
look serious cracks once in a while. B5So
there is an unknown risk that structures
with these damages continue in service
for the next approved periecd, which is
maybe guite long because the serious
cracks were not found. This problem,
however, is in principle not very dif-
ferent from the problem of structural
design. Just as loads and structural
strength of marine structures are con-
sidered as stochastic variables, we can
also consider the inspection gquality as
a stochastic variable in the safety
evaluation of the structure.

Important research areas related to
inspection and data monitoring are the
following:

o Visual inspection quality

o Fatigue crack detection, wisual,
magnetoflux, sound emission

© Underwater inspection, divers,
remotely operated vehicles

o Pipeline 1nspection, outside (ROVS),
inside (pigs)

© Automatic monitoring systems.,

References: 2, 3, 11, 17, 18, 23, 24,
27, 29.



6. BASIC RESEARCH AT COMPONENT LEVEL

Reliability assessment and systema-
tic -maintenance planning both require a
good knowledge of the reliability of
each component of the system. Methods
for reliability assessment at the compo-
nent = level have been developed during
the last fifty years, especially within
the electronics and aerospace industries.

Two main principles are used: stat-

istical information from components in:

service, and laboratory testing of large
numbers of components, In the labora-
tory, accelerated testing is usually ap-
plied, meaning that the testing time is
compressed and the stress level in gene-
ral terms is raised relatively to normal
service, The latter method has - the
obvious advantage of making reliability
assessment possible also of newly de-
signed components. However, its use is
restricted to relatively cheap mass
production items or small standard de-
tails, The reliability of large and
expensive components in marine systems
can be assessed by the use of statisti-
cal data bases which have bheen estab-
lished in recent years. Some of these
databases have been published, but some
have only restricted circulationm.

Condition monitoring of important
single components is applied to facili-
tate repair or 'replacement at convenient
times, Rotating machinery can be moni-
tored by means of vibration measurements
or by continucus analysis of wear par-
ticles in the lubrication oil., Research
into automation of these methods is
going on (Folkeson, 1988).

The following keywords summarize
the research areas related to reliabi-
lity and maintenance at the component
level: . -

Materials

Tribology

Accelerated testing

Failure data information

Statistics of component reliability
Condition monitoring.

cC000CO

References: 3, 6, 9, 15, 29,130._

7. CALCULATION BASED METHODS APPLICABLE
AT SYSTEMS LEVEL

A number of calculation based me-
thods have been developed for the con-
trol, administration, and maintenance of
large complex systems. These methods
have mainly been developed within the
aerospace, nuclear and defence indu-
stries, but several of them are applic-
able to ships and offshore structures.
Until now very limited use has been made
of the more advanced methods in marine
maintenance management,

00000000000

The following keywords give a 1list

.0of - relevant calculation based systems

level methods:

Operations research

Simulation

Stochastic modelling

Reliability analysis

Fajlure identification

Failure tree analysis (FTA)
Failure mode analysis (FMA)
Failure mode effect analysis (FMCA)
Spare parts exchange strategies
‘Inspection and repair optimization
Sensitivity and trend analysis,

References: 1, 3, 6, 9, 10, 19, 22, 23,
25, 26, 28, 30, 31, 32, 33,
34, 35, 36, 38, 41, 42.

8. COMPUTERS APPLIED IN MAINTENANCE
AND OPERATION

Several systems for computerized
maintenance and operation are now com-
merclally available, These systems in
general perform adminilstrative functions
like job planning, handling of spare
parts, budgetting, accounting of wages
and material expenses, registration of
equipment and its history, data search-
ing and report writing. More sophisti-
cated methods for optimizing the main-
tenance activities have not yet been
utilized in commercially available com-
puter programs.

The role of the computer in system-
atic maintenance of ships and offshore
platforms must be viewed in the context
of all the other tasks that are or will
be carried out by the on board computer.
The computer has already taken over a
long list of important jobs on board. A
central computer will therefore also
collect most of the data necessary for
the systematic maintenance, which must
be seen as an integrated part of the
overall ship or platform operation.

The following keywords give an
impression of the multitude of tasks
which the on board computers already are
or will be carrying out in the future,
Each of these computer systems will also
have a link to the maintenance manage-
ment system.

Administration

Job planning

Scheduling

Communication systems
Navigation systems
Integrated ship manoceuvring control
Machinery control systems
Propulsion control systems
Engine control from bridge
Process control

Safety shutdown systems
Gas and fire detection
Alarm systems

Condition monitoring
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Fig. 3.

A traditional CAD vis-
ualization of a complex
industrial plant: very
realistic, but also very
data demanding, and not
well suited to create a
geood overview.

!
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Diagnostic support systems
Subsea control systems
‘Wellhead safety systems
ROV tracking systems

Spare parts control

Plant history

Data base management
Report writing.

00000000

References: 1, 3, 4, 7, 9, 17, 18,- 21,

25, 27, 28, 31, 35, 38.

9. SYSTEMS DESCRIPTION ARD MODELLING

An effective computerized mainten-
ancde management system must be able to
meet the demands mentioned in the pre-
ceding sections. A more detailed de-
scription of the principles for such a
system is given in Fog and Aage (1990, a
and b). The following main features
will describe the general ideas, es-
pecially regarding the man-machine in-
terface.

A maintenance and operation
should £irst of all provide the
sary overview for many different opera-
tors over long spans of time. It should -
contain all the necessary technical
information, the maintenance strategies
in a concrete form, and the accumulated
experience gathered during construction
and operation of the plant. This expe-
rience will be observations made by the
operators, as well as automatically
registered measurements, ;

system
neces-

The system should be based on a
type of computer imaging which gives
simple yet physically realistic pictures

II-B-6

of the ship or: platform. Traditional
CAD models usually give very realistic
plctures of the object, but they require
very large amounts of input data, and
the overview produced is not necessarily
optimal (Fig. 3). A visual system dedi-
cated - to maintenance and operation
should render sufficiently realistic but
still simple 2D/3D images, it should be -
simple - to use, and regquire a minimum
amount of input data (Fig. 4).

Such a visual system should be
interactive, so -that the operator can
zoom and pan within the model (Fig. 5).
A hierarchical system with absolute and
relative definition modes of the system
figures makes system modelling flexible
and facilitates continuous modification
and opdating of the system.

Also computer messages to the oper-
ator should be made: in a visual language
that promotes fail-safe operation: pic-
tures and diagrams instead of text and

tables.

Reywords for systems description
and modelling are: '
o Technical documentation
o Drawings
o CAD models
o Functional 2D/3D visual models
0 Manuals
o Files, card indexes, data bases
o Accumulated experience
o Plant register
o -Man-machine interaction.
References: 7, 8, 16, 20, 38, 39 40,

41, 42,



Fig. 4.

Visualization to be used
for operation and main-
tenance of marine struc-
tures: adequately real-
istie, not very data
demanding, well suited
to create an overview,

Fig. 5.

Modelling of an offshore
platform in a wvisual
system where the oper-
ator can zoom and pan
within the model.
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CONCLUSIONS

Some of the important research
areas and principles related to marine
maintenance have been discussed, and the
needs for further research or implemen-
tation of existing results have been
pointed out.

The capacity of modern computers to
store, process and display large amounts
of complex information makes an inte-
grated maintenance management system
possible. Such a system can utilize
visual modelling by modern computer
graphics techniques, whereby some of the
human factors problems can be solved.

Prioritizing the different research
needs is difficult. The needs will bhe
different for each company, and indeed
for each ship or offshore installation.
It is important to ensure that the main-
tenance systems are balanced technically
and economically, so that the resources
are spent in accordance with the needs.
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DISCUSSION

Harold Ramsden

Quite a few years back I was manager of maintenance for
Global Marine and we had some problems with some of
the managers and some of the rig crews cutting boards and
cutting openings in watertight bulkheads. We didn’t
know quite how to cure the problem. I wrote a memo to
all the managers saying that if they did that we were going
to lose our insurance coverage. Well, that got a letter from
the president saying that all managers would confer with
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the maintenance department before they did anything to
the ships. The point is that I read recently about the Qil
Pollution Act which is pretty devastating if you look at it
in the responsibility of the oil carriers and people that own
the oil, people that own the ships and people that charter
the vessels. I think if you haven’treally read into that, yon
need to look at it carefully and pay attention to your
maintenance to assure safe operation and product hand-
ling.



