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ABSTRACT

The construction industry has been challenged by the UK Construction Foresight Panel to
apply advanced information and communication technology to improve the performance, in

terms of sustainability, of the existing built environment and infrastructure.

Traditionally, built-environment maintenance is a capital-cost-driven activity that relies either
upon the subjective assessment of a built environment and infrastructure condition (i.e. a
stock condition survey) to identify maintenance needs, or upon a reactive response to a
component failure. The effectiveness and efficiency of the stock condition survey process to
support planned maintenance has previously been questioned and a more sustainable
approach, based on an objective assessment of a built environment and infrastructure
performance, has been suggested. Previous attempts to develop objective-based (though not
performance—based) maintenance models have largely failed, due to the limitations of
technology, the daunting task of managing large amounts of data, and the inability of

mathematically based models to cope with the complexity of real-life situations.

This thesis addresses this challenge by exploring the feasibility of a performance-based
assessment methodology to determine the maintenance needs of a buried oil steel-pipeline
system and the impact that any changes in condition may have on the performance and
integrity of related components in the pipeline system. The thesis also contains an evaluation
of the ability and effectiveness of piezoelectric elements in pipeline defect (crack) signature
detection to predict changes in component performance with data sets derived experimentally
using laboratory bench testing. Vibration sound-emission detection techniques performed on
various oil steel-pipeline defects, using non-destructive testing methods, were validated using

attenuation and waveform analysis.

Defect size and progression (i.e. the pattern characteristics of the defect) were monitored,
measured and identified through spectrum analysis of multiple emission signals in
combination with a number of frequency bands. Two series of tests were undertaken to

evaluate the ability of vibration sound emission characteristics to identify steel pipeline

vii



defects, including leakage. Test Series 1 established the frequency (waveforms) of the
generation of the acoustic emission signal caused by normal fluid dynamics (water flow)
through the experimental steel pipe and the resulting signal propagation characteristics. Test
Series 2 detected and monitored changes in the signal characteristics for incipient defects: (a)
small-nail damage, (b) medium-sized nail damage, (c) large-nail damage and (d) crack to
leakage source [sealed holes as a simulated corrosion to total failure]; oil was the fluid

medium.

The defect sources and leakage signals were also studied, and compared with theoretical
models. The results of the theoretical analysis and the laboratory experiments confirmed the
ability of non-destructive testing, based on vibration sound emission techniques, to detect and

distinguish between different failure modes.

The ability to carry out a basic inspection, analysis and report of a pipeline using an
integrated-sensor device offers many potential benefits. The use of an integrated-sensor
device is expected to provide valuable pipeline management information. Specifically the
ability to detect and locate mechanical damage at the incipient stage and provide an
assessment of the overall pipeline operating condition, including changes in performance
profile and prediction of an estimated time to failure, has been shown to be feasible as part of

a pipeline maintenance and rehabilitation programme.
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NOMENCLATURE

The following mathematical notation has been used throughout this thesis:

v < b =13

Po

Tf
TOF
Tw
Te

—

Attenuation

Contact area
Compression wave velocity

Speed at which the leak noise propagates through the pipe
Transducer diameter

Young's modulus

Apparent modulus

Force

Specific stiffness

Spring stiffness

Wavelength

Mass

Fluid density

Extent of near field

Poisson's ratio

Peak amplitude

Contact pressure

Maximum contact pressure
Reflection coefficient

Radius

Density

Quality factor & volumetric flow rate
Time between front-face reflections
Time of flight

Maximum window length

Time for response of transducer to die away
Layer thickness

Half width of sound field beam

Sl units are those generally used throughout the work.

Xi



The following Glossary has been produced to avoid any ambiguity, and to assist the reader
with a number of key phrases, words and abbreviation used in this thesis:

BRE Building Research Establishment

C&D Construction and demolition

CBM condition-based maintenance

DETR Department of the Environment, Transport and the Regions
DTI Department of Trade and Industry

FEMA Federal Emergency Management Agency

IBM International Business Machines

JIT just in time

NDT non-destructive testing (evaluation method)

POSTI Policies for Sustainable Technological Innovation in the 21 Century
RIBA Royal Institute of British Architects

SAE Society of Automotive Engineers
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CHAPTER 1: INTRODUCTION

This chapter describes the development of the research programme detailed within this thesis.
It was identified that deficiencies exist in the current built-environment maintenance process.
In particular, the oil and gas pipeline system ‘process’ of maintenance needs to be more
clearly identified and understood, and supported by efficient practices that integrate advanced
technology into the fault detection process. The general aim of this research was to address
these deficiencies by investigating whether the latest developments in sensor technology can
provide the basis for an objective assessment of changes in performance of an oil steel

pipeline system’s maintenance needs.

Section 1.1 details the background to the research programme; whilst in section 1.5 the

research aims and objectives are considered.

1.1 Maintenance of Built Assets

This research is concerned with the development of the underlying theory and technology to

support a new sustainable approach to built asset maintenance.

Achieving the goal of sustainable development continues to be one of the major global
challenges of our era. The UK government has embarked on a strategy for sustainable
development that has identified four aims: (1) social progress which recognises the needs of
everyone; (2) effective protection of the environment; (3) prudent use of natural resources;
and (4) maintenance of high and stable levels of economic growth (DETR, 1999, 2005).
Taken together, this is known as the ‘triple bottom line’. The UK Construction Foresight
Panel (DTI, 2001) has challenged the construction industry to apply advanced information
and communication technology to improve the performance, in terms of sustainability, of the

existing built assets.

With about 50% of the UK’s construction output consisting of repairs and maintenance to
existing built facilities, new ways need to be found to exploit their potential and value through
lateral thinking about alternative uses and the application of innovative technology to prolong
asset life. The ‘process’ of maintenance needs to be more clearly identified and understood,

and supported by efficient practices. Data concerning building operation, maintenance costs



and better asset management will play an important part in ensuring the sustainability of
existing facilities over their lifecycles. The challenge to the construction industry is to
embrace sustainable thinking at every level and seek to reduce waste over the building
lifecycle (DTI, 2001). This research will address this challenge by developing a new approach
to maintenance planning that seeks to reduce the consumption of natural resources over the
built environment and infrastructure lifecycle by designing out wasteful and unnecessary

scheduled maintenance practice.

The built-asset industry, embracing construction, housing, property, infrastructure and
facilities management, is a vibrant part of the UK economy and contributes almost 20% to
annual GDP (Constructing Excellence, 2005). However, buildings and structures change the
nature, function and appearance of both the urban and rural environment. In addition, the
construction, use, repair, maintenance and demolition of built assets consume energy and
resources and generate waste on a scale that dwarfs most other industrial sectors (DTI, 2001).
In acknowledgment of this, the UK government identified the construction industry as a major
contributor in achieving its aims to improve the collective quality of life of citizens in a
sustainable manner. The report on sustainable construction (DETR, 1999) identified 10 action
areas (Table 1.1) and drew attention to the need for greater research and innovation in order to

develop more sustainable practices in the construction industry.

Table 1.1: Sustainable Construction Challenges (Source: DETR, 1999)

Re-use existing built assets.

Design for minimum waste.

Aim for lean construction.
Minimise energy in construction.
Minimise energy in use.

Do not pollute.

Preserve and enhance bio-diversity.
Conserve water resources.

© 00 N oo U B~ W N

Have respect for people and their local
environment.

=
o

Set targets and monitor performance to
better manage/reduce the impact of
buildings on the environment.




Although the UK construction industry has begun to address the need for more sustainable
practices (Egan, 1998), the vast majority of the work to date has focused on the design and
construction phases of the building lifecycle. A number of initiatives (see the Egan Report
Rethinking Construction (1998); DTI, 2000; Waste Strategy, 2000; Construction Foresight
Report, 2002; POST], 1998; and the combined research project by IBM UK and BRE (1989))
have sought to contain and reduce waste in the built environment through improved processes
that streamline effort and improve efficiency. Whilst the outputs from this work — for
example, Building the Future (2005-6) and the construction and demolition (C&D) waste
report GEWAO308BNRR-B-P/E (2006-7) — are beginning to have an effect on the
sustainability of newly built assets, because of the legacy of the existing infrastructure or
building stock it is unlikely that a sustainable urban environment will be produced in the
short-to-medium term. Improving the sustainability of an existing building takes place
through the process of asset management (maintenance or refurbishment). However, the
effectiveness and efficiency of the stock-condition survey process that forms the basis of asset
planning has been questioned (Jones, 2002; Machta and Moore, 1999; Papadimitriou, 1994,
McCall, 1965). Specifically, it has been argued that existing maintenance/refurbishment
models are difficult to understand and interpret, and are based on mathematical analysis and
techniques (i.e. simulations) rather than solutions to real-world problems, such that the

models are rarely used in practice.

Mathematically based solutions have, however, provided solutions in part for other service-
based maintenance problems. For this reason, there is the continuing existence of
mathematically based solutions today. Improved means of maintenance are being developed
to better monitor built assets and other infrastructures, such as steel pipeline systems, through
varying combinations of hardware and software. For example, McCall (1965), Pierskalla and
Voelker (1976), Sherif and Smith (1981), Baker and Christer (1994), Dekker (1996), and
Dekker and Scarf (1998) have all highlighted the pressing need for identifying and developing
appropriate techniques, based on an objective assessment of a built asset’s performance, that
would find greater acceptability and a more sustainable approach. Previous attempts to
develop objective-based (though not performance-based) maintenance models (Brown and
Burton, 1978; Shenai and Mukhopadhya 2003; Carlisle, 2003) have largely failed due to the
limitations of technology, the daunting task of managing large amounts of data, and the

inability of mathematically based models to cope with the complexity of real-life situations.



This thesis will suggest a new approach to built-asset maintenance that addresses these issues.

1.2  Built-Environment Key Issues

In reality only a small percentage of the UK’s built environment is replaced each year. Indeed,
over the next 20 years much of the built environment will comprise that which already exists
or is in the planning stage (DTI, 2001). If the UK built environment is to address the changing
needs of society in a more sustainable manner, then the built environment industry will have
to work largely with buildings and infrastructures that already exist. One of the major
recommendations for action contained in the Foresight Panel report (DTI, 2001) was to
improve existing built facilities through developing innovative processes, technologies and
components for the maintenance, repair and refurbishment of the built asset. The report
particularly identified the potential for new technologies and ‘intelligent’ products to improve
living and working environments and to enable information feedback to improve construction

quality.

The high-profile explosion at the Buncefield oil storage complex in North London — where a
depot fire raged for several days and a cloud of toxic gases covered 4,000 square kilometres
of Southeast England — resulted from an undetected leak in the pipeline and storage system.
This failure in service had severe social and economic consequences, and must raise doubts
about the quality and reliability of the detection techniques that were being used. One
potential solution would be to adopt a more robust and reliable monitoring approach to
pipeline performance — one that utilises new technologies and ‘intelligent’ non-destructive
testing of a pipeline system’s in-service performance. Such new technologies and ‘intelligent’
non-destructive testing (NDT) methods could potentially be used to locate defects before they

are sufficiently severe to cause catastrophic failure.

1.3 Current Built-Environment Maintenance Process

Traditionally built environment maintenance (Dann, et al., 1999; Umeadi and Jones, 2003) is
a capital-cost-driven activity that relies upon the subjective assessment of an asset’s condition

(via a stock condition survey) to identify maintenance need. This thesis will investigate the



appropriateness of an objective approach to infrastructure monitoring, and steel pipelines in

particular, to provide a new basis for maintenance planning.

Steel is used in most of the world’s infrastructure development and there are thousands of
kilometres of pipeline network systems at risk of corrosion attack. Further, the inspection of a
pipeline system’s condition is often problematic. They are often located in harsh, inaccessible
environments which make consistent and accurate data collection and processing difficult to
achieve. Thus any new inspection procedures must be capable of operating across a range of

environments and without the need for third-party interventions.

1.4  Traditional Pipeline Maintenance

Oil steel-pipeline system maintenance is traditionally performed in either time-based or
distance-based fixed intervals, so-called ‘preventive maintenance’, or by corrective
maintenance. When fissures or failures are discovered, they are either dealt with immediately
or maintenance actions are deferred in time whilst the pipeline continues to function.
Occasionally pipeline systems deteriorate prematurely, causing abrupt failure and generating
severe financial, environmental and safety implications. Worldwide, repairs and maintenance
of steel pipeline infrastructure generally run into many billions of pounds each year
(Solarstorms.org, 2003), with the cost of repairs needing to cover not only the materials and
labour costs but also the cost of disruption to users and social costs. To try to prevent this
disruption, many companies carry out unnecessary repairs and replacements, which are
inherently unsustainable. Inspection and monitoring of infrastructures, and of pipeline

systems in particular, is a major requirement of preventive maintenance activities.

In their conclusions to a report on a major study undertaken in the early 1990s, Damon and
Quah (1998) suggested that an objective, performance-based assessment approach to built-
environment maintenance could be achieved by using advanced sensor technology and
intelligence decision support. Although complex, it should be possible with today’s
technological and communication advances, to develop and embed miniaturised sensors that
incorporate wireless technology into a range of built-asset and infrastructure components
(Daman and Quah, 1998; DTI, 2001). Furthermore, the study suggested that if intelligent

decision-support capabilities are also included in the miniaturised sensors, then it should not



only be possible to monitor and report changes in state in a component’s performance, but
should also be possible to evaluate the impact that these changes have on its remaining
lifespan and on the performance/integrity of related components in the subsystem (Davis et.
al., 1998; Buychx.com, 2002). The development of such a system and the theory necessary to

integrate the system into a built-asset maintenance process formed the basis of this PhD study.

1.5 Aims and Objectives of this Study

The primary aim of this research was to investigate whether the latest developments in sensor
technology could provide the basis for an objective-based assessment for changes in
performance of an oil steel-pipeline system’s maintenance needs. In addressing this aim, the
project has:

1 explored the feasibility of a performance-based assessment methodology to
determine the maintenance needs of components;

2 evaluated the ability and effectiveness of piezoelectric elements in defect (crack)
signatures detection (via their pattern characteristics) to predict changes in
component performance using data sets derived experimentally using laboratory
bench testing that modelled oil pipeline and flow characteristics;

3 validated the non-destructive (vibration sound emission) detection techniques across
a range of oil steel-pipeline defect and leakage conditions; and

4 validated the natural frequency and mode shape/size (i.e. amplitude predictions)

across a range of oil steel-pipeline defect and leakage conditions.

This thesis addressed these challenges by developing and testing a prototype non-destructive
testing system that sought to:

° predict the location of a damaged portion of pipeline;

° monitor and report any changes in the performance of the pipeline system; and

e  evaluate the impact of damage on the pipeline’s integrity.

The results and data from the laboratory tests have provided the basis for the development of
a new approach to real-time performance monitoring that is predominantly applied to service-

based issues. The need to consider the characteristics and performance of an in-service oil



steel-pipeline system is also discussed. The thesis also considers current oil steel-pipeline
systems maintenance best practice and the problems that can occur.

1.6 The Research Assumptions

This research was motivated in part by the desire to improve the sustainability of existing
built environment and infrastructures through the proactive use of maintenance and
refurbishment. It was concerned with the development of a performance-based approach to
built-environment maintenance planning that utilises real-time performance monitoring and
advanced artificial intelligence techniques to predict remaining component lifespan and thus

provide relevant information for a just-in-time maintenance strategy.

Implicit within the research project are a number of assumptions, which were validated at the
outset of the project. These assumptions included the following:
e that it was possible to define performance measures and set performance thresholds
for a steel pipeline system (measuring physical performance); and
e that, once defined, the performance profile of a pipeline system was consistent (and

repeatable) over its lifespan (or part thereof).

In order to evaluate these assumptions, a research vehicle was needed that satisfied the

following criteria:

it was simple enough to allow a performance profile to be established;

it would accommodate evaluation of the tools using live data sets;

e it was manageable within the confines of a PhD programme (i.e. performance
thresholds had to be met within three years or historic data sets had to be available);
and

e it was meaningful enough to allow generic conclusions to be drawn as to the

appropriateness of using performance-based measures of built fabric as part of a

more sustainable maintenance planning process.

The condition and performance assessment of a steel pipeline system was selected as the
research vehicle. This decision was taken in light of the author’s direct experience with the

current maintenance process, and as a result of discussions with potential industrial partners,



which identified the need for an improved maintenance process. The considerations related to
the application of advanced sensor technology incorporating intelligent wireless technology to
support steel pipeline maintenance and to develop new corrosion sensing, monitoring and
reporting technologies for oil pipeline maintenance. The proposed maintenance system must
be:
o reliable;
e self-contained (it should be able to monitor, analyse and report performance data
from remotes sites to a central maintenance facility);
e able to perform its function without manual intervention (many pipelines are located
in remote and inaccessible locations); and

e economical.

Prior to the development and establishment of the performance profiles, it was essential to
identify some of the primary issues and considerations pertinent to the investigation. Issues
such as the identification and definition of the measures (in other words, what is steel pipeline
performance profile?), although not resolving all of the key issues, may provide guidance to
facilitate maintenance decision-making when implementing the measures required to prolong
the life of a buried oil steel-pipeline system. The research vehicle was developed during the

first six months of the research project.

1.7 Chapter Summary

This thesis presents the outcome of an investigation into the effectiveness of advanced sensor
technology to monitor the performance characteristics of a transmitting pipeline system.
Frequency and amplitude predictions have been validated experimentally in the laboratory
using a model oil-pipeline distribution system. The accuracy of the damage (pattern) location
routine and the ability of the sensors to monitor, analyse and report on changes in the
performance of the pipeline system across a range of simulated pipeline situations were
evaluated. The model also allowed the impact that these changes had on the pipeline systems
performance to be evaluated, and this knowledge can potentially help pipeline integrity to be
predicted.



The study concludes that it is possible to assess the changes in performance of a steel pipeline
under induced-corrosion conditions with sufficient reliability for the process to potentially

form the basis of a new objective approach to oil pipeline physical performance assessment.



CHAPTER 2: LITERATURE REVIEW

This chapter reviews approaches to general maintenance, built-asset maintenance and steel
pipeline performance assessment. Section 2.1 defines ‘maintenance’ and describes the current
approaches to built-asset maintenance and maintenance theory. In section 2.2, two
components of the role of any monitoring method on existing oil steel-pipeline systems are
compared. Section 2.3 reviews assessment and testing techniques, focusing on those that are
non-destructive in nature. section 2.4 considers types of pipeline failure, particularly corrosion
beneath detached coatings; section 2.5 considers detailed oil steel-pipeline performance
assessment techniques; and section 2.6 looks at possible leveraging from cardiovascular

monitoring techniques.

2.1 General Review of the Approaches to Maintenance

‘Maintenance’ in the context of this thesis is concerned with service-based maintenance issues
related to the built environment and infrastructures, and it is used as a generic term to describe
all work undertaken to ensure the ongoing operation of the built asset. Such work includes
repairs or any addition, both planned and unplanned, that is necessary to retain a built asset at
an acceptable standard in order to prevent and delay its progressive deterioration due to age
and usage. Although in 1964 the British Standards Institution defined (via BS3811-1993)
maintenance as "work undertaken in order to keep or restore every facility, i.e. every part of a
site, building and contents, to an acceptable standard”, this could further be defined as a
combination of any actions required for the preservation of the existing building stock and its

fabric to an acceptable condition.

In principle, maintenance is recognised as the best way to look after a built asset. However, in
practice little maintenance is done, simply because many built-asset owners wait for things to
go wrong before acting. This results in a waste of resources and is not sustainable. As defined
in the Brundtland Report (World Commission on Environment and Development, 1987):
"Sustainable development is a process of change in which the exploitation of resources, the
orientation of technological development and institutional change are all in harmony and

enhance both current and future potential to meet human needs and aspirations.”
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It is crucial to distinguish maintenance from repairs. Maintenance can be clearly understood
to mean the continual and protective care of asset fabric or of a place. Repairs, on the other
hand, involve restoration or reconstruction. Nevertheless, the BS7913 (1998) definition of
maintenance as routine works necessary to keep the fabric of a building in good order made it
harder to see a consensus on exactly where maintenance ceases and repair starts — and this is
even though BS7913 defines repair as distinct from maintenance, in that any work that goes
beyond the scope of regular maintenance and is meant to remedy defects (such as decay or
damage caused deliberately or by accident, neglect, normal weathering or wear and tear)
could be deemed as repair. The object is often to return the built asset or artefact to good
order, without alteration or restoration. However, there are considerable similarities between
maintenance and repairs: both seek to extend the life of the built component or asset, and
therefore include a modest degree of interrelated activities. lronically, this ambiguous
interpretation of the relationship between maintenance and repair shows there is no clear and

accepted definition or demarcation.

2.1.1 Maintenance Approaches

Oil steel-pipeline systems play a very important role in everyday life: they support mobility
and are the primary mode of transportation of oil from A to B. For this reason it is important
that every pipeline system maintains its functionality with as little disruption as possible. To
achieve this goal, regular maintenance, repair and/or rehabilitation operations must be
carefully planned and executed at the proper time. However, maintenance itself can result in
excessive downtime and costs to the oil industry. This is because of the requirement to take
the oil pipeline system offline to carry out (possibly unnecessary and invasive) maintenance.
In maintenance, a number of prefacing adjectives — such as ‘preventive’, ‘planned proactive’,
‘reactive’, ‘corrective’, ‘systematic’ and ‘regular — are often used. Furthermore, as can been
seen in Figure 2.1, preventive maintenance is itself divided into two categories: predetermined
maintenance and condition-based maintenance (CBM). CBM can be dynamic or done at

requested intervals; predetermined maintenance is scheduled for specific points in time.
The main role of preventive maintenance is to extend the life of the steel pipeline system —

that is, to take action that will reduce or obviate the need for repairs and will prevent the loss
of original steel-pipeline fabric. However, there are risks that an existing pipeline system in
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which a damaged section of pipe has been cut out and replaced with a new section of pipe
may corrode faster as a result of galvanic corrosion. This often occurs when two dissimilar
metals come into contact with each other as a flow of electrons are created between the metals
that eventually causes them to disintegrate. One way to prevent this corrosion is to replace
one metal piece with another that is compatible with the affected piece. However, this is not
often possible as oil and gas industries seek to reduce cost, and therefore tend to use the best
available metal piece instead of investing extra time and cost to look for another identical
metal piece (corrosionsource.com, 2003). This approach could indeed suggest that the oil
companies tend to take a short-term view in which reducing costs is more important than
extending lifespan, the prevention of major faults, or the adoption of a maintenance strategy

that integrates and considers the long-term implication of changes in performance.

Maintenance

Preventive

Maintenance

Corrective
Maintenance

Condition
Maintenance

Predetermined Deferred Immediate
Maintenance
Scheduled

Figure 2.1: The Usual Maintenance Terms (Source: Lightfoot et al., 2000)

Scheduled,
continuous
or on demand

Although proactive maintenance consists of routine calibrations and programmed replacement
of specific pipeline system or subsystem parts, the method and activities all consume a large
amount of cost and organisational energy. Thus, the main focus of maintenance has primarily
been on dealing with the known defects efficiently, more than preventing new and unknown
defects from arising. Lightfoot et al. (2000) state in their paper that the term ‘predictive
maintenance’ is actually somewhat misleading, and that many would prefer the term
’conditional maintenance’. Lightfoot and colleagues further state that predictive maintenance
does not truly predict machine failure but detects the existence of a condition — for instance,

marginally lower machine performance or a certain heat level from a bearing — that can then
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be used to predict when that condition will cause an unplanned failure of the machine.
Therefore it is unfortunate that the use of the word ‘predictive’ has been so uniformly applied
to monitoring programmes that it has since become trite and commonplace to label all

maintenance programmes as predictive.

Nevertheless some detection techniques can very successfully achieve early detection of
failures and indeed provide the necessary information for correct professional judgement to
limit damage and plan repairs (Reliability Chat-Room, 1999). The differences between
prediction and detection are clarified as follows: (1) to predict means to state in advance,
forecast, foretell, portend, and prognosticate; and (2) to detect means to find out or discover
the nature, existence or fact of. Given the above definitions, it is hoped that when an analysis
protocol for an oil steel-pipeline condition and data acquisition monitor determine corrosion,
scaling, loss of operating metal mass or other pre-existing phenomenon, analytical tools will
be able to detect and predict the problem. The question when designing such a system would
therefore be; do the results obtained and predicted actually foretell the pipeline’s actual
condition? Are the data acquired able to indicate that the steel pipeline system will (for
instance) abruptly fail shortly, and has the condition of the steel pipe really been

compromised?

Where this research is so far in agreement with other authors such as Lightfoot et al. (2000) is
that the key to a successful predictive maintenance programme depends on the ability to
predict a future event after the detection of a condition. However, it could be argued that the
continual identification and detection of a component’s condition is difficult and, as such,
some conditions that could cause problems are often allowed to exist. Consequently,
predictive maintenance may be perceived at times as ‘run to failure’ in order to learn for
future predictions. The difference, therefore, is that predictive maintenance attempts to fix all
problems (by carefully and routinely monitoring the condition of the built asset and its fabric)
before they have serious economic consequences — e.g., unplanned failures (Lightfoot et al.,
2000). The main benefit of this research is that it sought an effective means to extend the life
of a built component and thus minimise expense associated with unanticipated downtime. It
should also help to maximise productivity of the steel pipeline system in transporting oil, and
should provide information that can be used for assessing whether the reliability and

performance expectations are being met just in time.
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Oil steel-pipeline systems fulfil various commercial needs; as an infrastructure, they are made
of components and subcomponents that have a life expectancy. They require maintenance,
refurbishment, renovation and repair in order to retain or extend their life expectancy.
Maintenance helps to prevent and slow progressive deterioration of the horizontal
infrastructure. In fact, steel pipeline systems, like other built assets and infrastructure, could
deteriorate from a combination of three separate components: physical decay (i.e. rot, mould,
corrosion and leak), increased functional demands and technological improvements (Jones,
2002). It could be argued that continual maintenance of an existing oil steel-pipeline system is
necessary and that a comprehensive maintenance programme must be devised at each hand-
over in order to combat obsolescence. Jones’s (2002) view purveys the notion that a built
environment and its fabric maintenance is a dynamic process in that infrastructure in general
is complex in its nature and composition. It is also debatable as to whether maintenance or
replacement of a failed oil steel-pipeline system is necessary at all, and also whether replacing
a failed section of pipe actually constitutes refurbishment or simply maintenance aimed at
extending the asset’s useful life — by so doing, further neglecting the oil pipeline system’s

condition till it becomes critical.

Similar issues were considered by Harper (1978), who wrote that there has not been a defined
maintenance programme specifically dedicated to an asset’s fabric; instead, there is a
continuation of “don’t mend what ain’t broke” attitude similar to the “run it till it fails”
mentality. However, it could further be argued that pipeline systems differ in structure,
composition, size and application from mechanical systems. Hence there is an insufficient
understanding of their true dynamic maintenance process, and no maintenance programme
has been specifically developed to continually monitor and report pipeline systems’ in-service
performance under varying environmental conditions. Despite recognition of such limitations,
there is still no technology that is directly embedded in non-service-based components to
continuously monitor, detect and report the system condition or performance, or if any do

exist, they are not reported in academic literature.

In environmental and economic terms, well planned and implemented oil steel-pipeline
maintenance utilising new technology and innovation that continuously monitors and reports
the state of the built asset could result in a less resource-intensive measurement programme.
There would be no need for unnecessary inspection and repairs; consequently, there would be

a reduction of waste and energy use in the maintenance process. However, the development of
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such an integrated system will require a shift in philosophy; for example from cure to

prevention, that truly covers planned maintenance strategies.

It is crucial that this study does not underestimate the tasks involved in the development of an
effective system that can continuously monitor condition and evaluate changes in
performance. This requires the development of new maintenance approaches and will
undoubtedly lead to gains, not only for the built-environment industry but also the materials

community and society as a whole.

2.1.2 Current Approaches to Built-Asset Maintenance

According to Jones (2002), the traditional process model for built-asset maintenance (see
Figure 2.2) places a stock condition survey at the centre of the maintenance decision-making
process. The stock condition survey is effectively a snapshot of the physical condition of an
asset (or portfolio of assets) at any given point in time. From this information, a stock
condition profile model is developed that predicts demand over a given time period (typically
5-10 years for commercial assets; 25-30 years for social assets). Demand prediction is often
based on an assessment of time remaining until a given component reaches the point at which
a maintenance action is required. Jones further wrote that once the demand profile has been
established, budgetary constraints and minimum specification standards (e.g. legislation) are
applied to the demand model, and maintenance options (along with risk assessments) are
identified to ensure that the asset remains viable over the refurbishment period. Finally,
prioritising algorithms are applied to the demand model to smooth cash flow and to
programme interventions against alternative maintenance strategies (responsive, planned etc.).

Whilst this model is widely used in practice, it does have some well documented problems.

Y \ 4
Policy || Information |- Modelling » Planning |{ Action [ Completion

Stock Life Prioritising
Condition Cycle Options
Survey Modelling
Maintenance
Budget Options Strategies
Specification Risk Contingency

Figure 2.2: Stock Condition Survey (Source: Adapted from Wordsworth, 2001)
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Whilst the model assumes that the maintenance planning process is driven by organisational
policies, all too often policy objectives are not clear and no direct links exist between an
organisation’s strategic objectives and their built-asset maintenance programmes.
Maintenance is viewed by many organisations as a necessary evil and cost burden (Moua and
Russell, 2001), whereby in times of economic hardship budgets get cut back, and under better
economic conditions the owners are reluctant to spend money to preserve the condition of
buildings. Such an approach manifests itself in maintenance standards being met by the barest
minimum interventions (Chew et al., 2004) and is indicative of a lack of a link between asset

maintenance and organisational performance.

Indeed, Arditi and Nawakorawit (1999) argued that there is a growing recognition amongst
building owners of the need to plan and manage their maintenance alongside other corporate
assets, which requires building managers to effectively communicate with building users and
consider their concerns (alongside physical condition) when developing maintenance
programmes. Such an approach would not only improve the performance of the built asset

but, through inference, also add value to the organisation.

2.1.3 Built-Asset Obsolescence and Maintenance Lifecycle

The existence of obsolescence was also recognised by the Chartered Institute of Building
(1990), which proposed an alternative definition of ‘maintenance and refurbishment’ as “work
undertaken in order to keep, restore, or improve every facility, its services and surrounds to a
currently acceptable standard and to sustain the utility and value of the facility”. In this
definition, maintenance and refurbishment are explicitly linked to improving the value of the

built asset.

According to Finch (1996), the role of maintenance is to render the property back to its prior
condition, where it can fulfil basic function and is within legislative compliance. Finch further
argued that the role of facilities management is to address the constantly increasing gap in
existing property condition and future demands, which are directly related to:

e constant technological advancement;

e user demands; and

e market forces.
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These listed factors are on a constant-increment path from the point of inception of a given
built asset. This is explained further below, with the help of Jones’s (2002) reinterpreted

model shown in Figure 2.3.

Jones (2002) reinterpreted Finch’s model to one that probably more accurately reflects what
happens in practice. In Jones’s model (see Figure 2.3), repeated maintenance cycles (a to d)
occur until the point at which a building fails to satisfy the occupier’s demands and a major
refurbishment is required. Even after refurbishment, some residual obsolescence remains and
this grows over repeated refurbishment cycles until the obsolescence gap is too great for an
organisation to bear. At this point the organisation either relocates, the building is demolished
and rebuilt, or the building is refurbished beyond its original purpose and a change of use

occurs (Jones, 2002).

Obsolescence

Changing Demands

- N Maintenance &
(a): 9 ) Repair
\| I Maintenance & Repair
| )

(b) (d

F
v

Refurbishment Cycle

Building Capacity (value)

Inception Hand-over Operation -

Figure 2.3: Model of the Maintenance Refurbishment Lifecycle (Source: Jones, 2002)

In considering these options, Jones examined the dynamics of the model and suggested that
value (in the context of built-asset maintenance decision-making) went beyond merely the

consideration of building technology issues, to one that acknowledged the impact of the built
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asset on the long-term viability of the organisation. In essence, Jones argued that ‘value’
should be explicitly linked to the ability of the built asset to support organisational
performance and built-asset maintenance should be viewed as a strategic issue managed

within the broader context of an organisation’s strategic planning framework.

The positioning of built-asset maintenance and refurbishment within an organisation’s
management framework was considered by Quah (1998), who pointed to the changing
perception of built-asset maintenance and refurbishment — from one of liability and nuisance,
to one of supporting the core income-generation activities of the organisation — as the key
reason for elevating its status (as a key component in operational management) alongside
financial, space and user management as the top-level factors in a facilities management
strategic plan. However, although Quah recognised the importance of strategic maintenance
management to organisations, she didn’t explicitly consider how maintenance decisions could
be linked to the wider issues surrounding organisational performance (Jones, 2002). Jones’s
argument is more relevant today, considering that most of the UK’s built assets that support
essential services such as energy, water, waste, transport, gas and oil pipeline infrastructure
were constructed more than 50 years ago and have been ageing ever since. It is a challenge
that infrastructure renewal should be relevant to current circumstances, whilst at the same

time being economical to perform.

The modification to Finch and Quah’s models by Jones (2002), when implemented, will make
the model more relevant to be applied in the monitoring process of the continual challenges in
relation to changing infrastructure demands; the model should therefore help to improve the
performance of the existing infrastructure. Most importantly, if successful, it would reduce
obsolescence and increase the infrastructure’s actual and desired performance in the long run,
since obsolescence has often been associated with the use of rapidly evolving technology,
dangerous materials or polluting processes, especially in the oil and gas industries. It is
important that any tool used in long-term maintenance planning for increasing the life of the
infrastructure must also consider possible short-term changes that might affect its
performance. Thus the model design should be adaptable and able to be managed in such a

way that it interfaces with other tools or systems in a variety of circumstances.
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2.1.4 Built-Environment Maintenance Theories

“The built environment’, according to Sharkey (1997), is a generic term covering four main
strands: architecture, surveying, building and civil engineering. It is a systematic, cyclical and
holistic process.

Like most other industries the general understanding has been that there are many different
ways in which various materials (especially metals) are used in the built environment today.

However, corrosion problems in assets persist and cover an extensive range.

There is a notion that steel is the most common metal used in built environments (because of
its low cost and many other desirable properties), and it can often be protected adequately by
the application of suitable coatings. For the purposes of discussing corrosion, Sereda (1961)
grouped the metal components used in the built environment into four general categories: (1)
those used on the exterior as cladding, roofing and flashings; (2) those incorporated into the
construction as structural and reinforcing steel, masonry ties and damp courses; (3) those used
in the services/infrastructure, such as piping and storage tanks for hot water, drains and

heating ducts; and (4) those buried in the ground.

According to BDM (1998), FEMA (1996) and Sereda (1961), metals in use on the exterior of
built environment assets are subjected primarily to atmospheric conditions comparable with
the aerospace, maritime, automobile and oil (buried utilities) industries, but the effects of
these may be modified by the particular elements of design and technology. As a result, the
principal atmospheric factors affecting the corrosion of metals are temperature, extent of
pollution by sulphur dioxide, chlorides and the length of time during which the metal remains

wet by water.

Another major factor leading to the corrosion of iron and steel in built environments is faulty
design (Sereda, 1961). Accordingly, different metals are affected in different ways by changes
in environmental factors, but they can be monitored and remedied through improved
maintenance management processes. McCoy (2001) defined a ‘blending management
process’ that applies integrated technologies to support and enrich human interaction. It could
be right to infer, therefore, that the maintenance process is a means of improving maintenance

efficiency and it can be divided between two different concepts, with the main focus being:
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1. sustainability-related objectives and measures incorporated into innovative processes
or outputs (best practice); or

2. innovation processes or outputs that aim directly at improving the present and/or
future quality of the built environment. In a broader sense, such processes encompass

new ideas underpinned by new technology and innovation.

These issues are not just applicable to the built environment but cut across industries. The
aerospace, automobile, rail and marine industries have traditionally invested a large amount of
money into research and development. Each has developed its industry best practice (DTI,
1998; RIBA.org, 2002; CONNET.org, 2003) that could be studied and adopted by the built-
environment industry. Best practice is nevertheless not prescriptive (ITEBD.org, 2003;
CBPP.org, 2002), especially for the built-environment industry that is so large and
fragmented; principally, what may work for one built-environment organisation may not work

for another.

2.1.5 The Mathematical or Statistical Approach

Kurt Godel’s theorem (ISCID.org, 2003) suggested that within a certain mathematical system
one could not construct a formal proof of certain facts. Gédel explained that this was the case
since no matter what complex calculus is developed to this effect, it would still be very
difficult to reduce all the complexity of certain facts to simple mathematical rules. Hilbert
(1927), on the other hand, argued that it is possible to reduce all problems into simple

mathematical rules.

Although this argument shows precisely how difficult the application of mathematics to built-
environment maintenance could be, it is possible to argue that it has been easier to state that
something is possible or impossible because in mathematics certainty is easier to achieve. One
problem is that in the practical world of oil steel-pipeline maintenance there are many
unknown factors. For example, volatile crude and refined fluid hosting and transportation, a
corrosive environment and vandalism all pose difficulties to the operating of an in-service
pipeline system; thus, the use of mathematical systems to represent regular occurrences may
prove difficult. Along this line, Gédel seems to argue that one could not apply the incomplete
logic in a certain situation to solve an uncertain problem like the rapid detection and

interpretation of real-time changes in a steel pipeline system.
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In support of these arguments Tsurui and Ishikawa (1986) recommended that the Japanese
approach, namely the application of engineering uncertainty, should be used. They argued that
the engineering uncertainty method provides the required data that is crucial to maintenance
decisions and that the engineering uncertainties approach also integrates well with reliability
theory, a philosophy that was adopted in the 1920s by Bell Laboratories (Shewhart, 1931) and
is based on Statistical Quality Control. According to Comillas (2001), Statistical Quality
Control involved charts that combined means and ranges that are still in use (or, rather,

misuse) today.

In contrast, Lewis (1999) exploited the knowledge that all equipment components are subject
to wear and tear in order to seek statistical solutions that eliminated unnecessary or unplanned
downtime due to failure, which is in turn unsustainable both in the short and long run.
Although the reliability of the approach itself has previously been questioned, it has

developed and continues to evolve in many industries.

Statistical solutions have also played a crucial role in the probabilistic evaluation of structural
safety and reliability theory. Take the Ishikawa (1982) study, comprising a survey of the
‘reliability-based design of structures’, and that of Furuta (1988) on ’fuzzy diagnosis
structures’, both of which see the ability to process data from various technologies into
information about the item’s current condition as adding value to continual improvement of

service delivery.

Figure 2.4, a statistical timeline, shows that in the 1950s and 1960s, the use of statistical
process control (SPC) and statistical sampling was widely used in Western European
industries. Nonetheless, in the 1980s the process was reversed and US companies looked
towards the Japanese, who were searching for their approach to be adopted. Statistics were
identified as one of the reasons for the Japanese success, and the Taguchi methods were

exported to the US and Europe.

1920s-30s  Statistical Quality Control
1940s Chart of means and ranges
1950s-60s SPC and statistical sampling

1980s SPC process (Taguchi methods) were exported to US and Europe

Figure 2.4: Timeline of Statistical Solutions in Failure Analysis
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Accordingly, Scanlan et al. (2003) argued that if rapid detection of process and equipment
faults is the key to maintaining high product benefits, then identifying the root cause of such
faults is the key to maintaining high productivity levels. The traditional approach to root-
cause analysis is to apply statistics to this data, either as univariate statistical process control
or, more recently, as multivariate statistical process control whereby possible faults are
detected by monitoring deviations in performance that are outside normal limits from the
statistical mean. One limitation of this approach is that the underlying sensor data does not
usually have a normal distribution. Furthermore, it often results in a trade-off between low
control limits (for example 3-sigma), resulting in a repetition of ‘false positive’ alarms, and
high limits (for example, 6-sigma or greater), with too many missed faults. This is represented
graphically in Figure 2.5. The dashed vertical line represents the control limit, chosen with
respect to sensor variance. Missed faults appear in the upper-left quadrant, false positives
appear in the lower-right quadrant. See statistics-based fault detection model below.

Statistcs - based fault detection
Process Control Limit

>

Defective Pipeline Defective Pipeline
Insignificant Variation Significant Variation

Satistic based
Fault detection

Failure Impact

Normal Pipeline
Insignificant Variation Significant Variation

Sensor Variation

Figure 2.5: Real-Time Fault Detection (Source: adapted from SCM, October 2003)

Because of the aforementioned complexities in service-based issues such as steel pipeline
systems, it could be argued that the interpretation process for any changing event in the steel
pipeline system or subsystem would also be complex. Monitoring and detection of deviations
outside the normal limits in service-based issues may require the development of a new
approach to maintenance planning technology. Graham (1999) presented a more practical
argument against the use of mathematically based models, in that if mathematically based

solutions are to work and not place an undue burden on organisations, the technology must be
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standardised and be interoperable across platforms — and even, if possible, across building
fabrics. In this instance, an advance sensor technology developed for a coated oil-and-gas

steel pipeline system may be deployed on other subsystems.

2.1.6 Maintenance Theories in Other Industries

According to Mitchell (1998), maintenance actions based on objective evidence of need (i.e.
actual condition) obtained from in-situ, non-invasive tests performed under operating
conditions, are defined as comprising Condition Based Maintenance (CBM). The emphasis in
this approach to maintenance is that the asset condition is assessed under operation with the
intention of making a decision as to whether or not it requires maintenance, and, if that be the
case, at what time the maintenance action needs to be carried out to avoid a failure. The
automobile and aerospace industries could be said to have exploited a degree of automation in
assessing an item’s condition, which varies from human visual inspection to fully automated
systems. The approach (known as ‘reliability-centred maintenance’) requires the deployment
of intelligent and smart sensors for condition monitoring, diagnosis, prognosis and data
manipulation. The Society of Automotive Engineers (SAE, 1978) defines ‘reliability-centred
maintenance’ as “a logical technical process to achieve design reliability, which requires the
input of everyone associated with the item and its fabric to make the resulting maintenance

program work".

For example, automobile manufacturers recommend scheduled oil changes to achieve optimal
engine reliability and vehicle performance. For most new vehicles the recommended
frequency of oil change is 3,000 miles (Vacante, 2001); although it can be argued that
reliability-centred maintenance and the evolution of microchip technology have come
together in a manner that is enhancing the reliability of automobile systems. According to
Campbell (1999), the automobile industry has moved to built-in obsolescence; where there
was a progression in the 1990s from preventive and planned maintenance to condition
monitoring, computerisation and lifecycle management. There is no doubt that the evolving
characteristics of systems and subsystems are dictating maintenance practices -
predominantly, the automobile and the aerospace industries are each moving away from

prevention towards prediction.
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To remain competitive, Vacante (2001) argued, the automobile manufacturer has found it
necessary to take a step beyond preventive maintenance, whereby the monitoring of oil status
is just one of many innovative ways that reliability-centred maintenance is being used.
Reliability-centred maintenance techniques have been implemented to enable a vehicle’s
owner to observe the vehicle performance during product use. The use of built-in test devices
that provide system status on the vehicle dashboards empowers the customer with accurate
information that can lead to substantial cost avoidance and savings, thereby making it possible
to divert monies set aside for unnecessary maintenance activities to other things. This is
unlike the built-environment industry, which is often slow in adopting new approaches and
technologies.

In the aerospace industry it was not until World War 1l that the subject of built component
reliability became a serious concern. For example: 60 per cent of US aircraft destined for the
Far East proved unserviceable; 50 per cent of electronic devices failed while still in storage;
the service life of electronic devices used in bombers was only 20 hours; and 70 per cent of
naval electronics devices failed (Pacaiova and Raschman, 2001). According to Wylie et al.
(1997), the condition survey process on aircraft was often carried out after each aircraft had
landed and the aircraft was then taken out of service for a period of time in order to ‘find-and-
fix’ the fault. The condition survey process usually put line maintenance at a time
disadvantage because, firstly, the maintenance team had to identify the cause of the problem
and then the time and resources required to fix it. Secondly, decisions had to be made as to
whether corrective action could be taken, given other factors — for example, accessibility
(‘gate time”) and availability of required resources — or whether the repair should be deferred
in order to save money. Most often, the flight team had to check whether regulations would
allow the aircraft to fly with the problem. According to Lewis (1999), this practice and the
tendency to save money often promoted a “fix it at the last minute” philosophy.

The main challenge of this research is to shift the focus from the current maintenance
approach (‘interval condition survey’) towards continuous condition and in-service
performance assessment with real-time reporting. Therefore, the driving force has been
quality and reliability; and although the concepts of quality and reliability are related, they are
not the same. Pacaiova and Raschman (2001) defined the ‘quality’ of a product or service as
its ability to ensure complete customer satisfaction, while the technical standard SAE JA1011

defined ‘reliability’ as the ability of a system or component to perform its required functions

24



under stated conditions for a specified period of time. When the concepts of quality and
reliability are brought together under reliability-centered maintenance, they will help to meet
the industrial improvement approach that is focused on identifying and establishing the
operational, maintenance and capital improvement policies that will manage the risks of

equipment failure most effectively.

2.1.7 Summary of Challenges

The built-environment maintenance process is generally linear (i.e. queue-based), and the
subjective assessment of an asset’s condition via a stock condition survey so as to identify
maintenance need has been shown (through literature reviews) to be unreliable. Other
problems highlighted with current approaches are that maintenance models have largely failed
due to: the limitations of technology; the daunting task of managing large amounts of data;
and the inability of traditional mathematically based models to cope with the complexity of
real-life situations (Brown and Burton, 1978; Shenai and Mukhopadhyay et al., 2003;
Carlisle, (2003).

In order to redress the problems in the maintenance planning process; new ways have to be
developed that will eliminate problems with downtime to ensure that a pipeline system
maintains functionality with as little disruption as possible. To achieve this goal, regular
maintenance, repair and/or rehabilitation operations must be carefully planned and executed at
the proper time. This is because of the requirement to take the oil pipeline system out of
service in order to carry out possibly unnecessary and invasive maintenance that is costly to
the oil and gas industry. Nevertheless, it could be very expensive when spills occur as a result
of deferring maintenance and safety precautions.

Despite the many maintenance initiatives since the late 1950s, there are still issues that need
to be improved in the monitoring and maintenance process. For example:
e Demand prediction is still based on an assessment of time remaining until a given
component reaches the point at which a maintenance action is required.
e The performance measurement system is still based mainly on financial information,
and ignores a built asset’s vital in-service performance information.
e Scheduled site visits are used both for monitoring and for inspection, which often

misses incipient faults that may develop in the interval between scheduled visits.
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To address these shortcomings in the existing maintenance process, a new and more reliable
maintenance method needs to be developed. The emphasis of the new process should be on
the continuous monitoring of the asset’s performance under operation, with the intention of
making a decision as to whether or not it requires maintenance. The new performance
monitoring solution should take into account problems that normally develop between
scheduled maintenance intervals and provide a basis for reliable maintenance planning that,
through continuously monitoring of an asset’s performance, would help to detect and avoid

catastrophic failure.

Additionally, it is important that any new maintenance approach tackles both the planned and
unplanned maintenance challenges faced by the industry. In essence, the performance of a
built asset can therefore no longer be defined and expressed merely in terms of meeting its

operational need. It must also meet maintenance planning process needs.

The final area examined in the study was performance measurement as a subjective evaluation
method and its inability to provide continuous in-service performance information instead of
just current raw data. The focus has been the possible move to an objective maintenance
approach (with the provision of continuous in-service changes in performance being detected
and reported) rather than the current subjective approach. On this basis, reliability-centred
maintenance is suggested, supported by an integrated solution that takes advantage of the

latest development in sensor technology.

In order to develop such an approach to built-asset maintenance, a system that can convert
raw performance data into in-service performance information must be developed. This will
require not only the identification of robust and consistent performance-based metrics and the
associated analysis tools, capable of delivering reliable performance information, but also a

change in maintenance philosophy from cure to prevention.
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2.2  Monitoring Approaches for an Existing Pipeline System

The role of any monitoring method for an existing oil steel-pipeline system must comprise

fwo components.

Firstly, emphasis must be placed on establishing the rate of any active corrosion process at its
initiation stage and secondly mitigating the corrosive process. This test consists of target
investigations that determine the causes of deterioration in order to ensure that the right
maintenance decisions are made at the right time. Traditionally this involves periodic, hand
held, ‘pigging’ or fly-over readings being taken and logged. However, it could be argued that
the periodic monitoring approach might not achieve the objectives of monitoring an oil
pipeline system’s expected performance, because it neglects those defects that develop in the
intervals between inspections. Therefore to monitor corroded and corroding oil steel-pipeline
systems in real time for reliability, ageing status and the presence of incipient faults requires

an integrated and distributed processing system involving vast amounts of data.

2.2.1 Differences between Monitoring and Diagnostics

There are differences between monitoring and diagnostics — for example, monitoring does not
have the objective of detecting defects at their incipient stage. The basic function of
monitoring the condition of components is to detect defects in them on time, and to classify
their severity. This is assuming (1) that, at some point in time before failure, all defects are
only units in a chain of defects, and (2) that at least one defect in this chain will significantly
influence the oil steel-pipeline system’s integrity.

2.2.2 Fault Detection and Diagnhosis Methods

What is evident so far from the literature review outlined in section 2.1 is that there are
numerous studies relating to fault detection and the diagnosis of critical processes. Whilst the
literature mainly relates to aircraft engines and rotating-machine fault detection, many authors
— Willsky (1976), Isermann (1984), Frank (1987) and (1990), Basseville (1988) and Gertler
(1988) — have argued that such fault detection and diagnostic methods could be applied to all
engineering fields.
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Isermann (1984) presents the application of fault detection and diagnoses techniques as a
series of four steps, termed ‘process supervision’, which is a good reference model for
describing many of the fault detection and diagnosis methods that have been developed for
cooling equipment. Figure 2.6 shows the four-step process. It starts with fault detection, in
which a fault is indicated when the performance of a monitored system has deviated from
expectation. Diagnosis, the second step, determines which malfunctioning component is
causing the fault. Following diagnosis, fault evaluation assesses the impact of the fault on the
system performance. Finally, a decision is made on how to react to the fault. That decision
usually includes a choice between tolerating the fault, repairing it as soon as possible,
adapting the control, or stopping operation until the repair is complete (Comstock et al.,
1999).

Fault Evaluation

- Determine effect on system
(comfort, economics
N Fault Detection safety, environment)
- Is something wrong? i l
Reaction
1. Tolerate
¥ 2. Repair ASAP
| Fault Diagnosis 3. Adapt Control
- What's wrong? 4. Stop, Repair
repairs

f'e
measurements control

L 4

HVAC Equipment

Figure 2.6: Supervision of Equipment (Source: Comstock et al., 1999)

In order to operationalise the model just described, it is necessary to define criteria or
thresholds, in the form of appropriate outputs, for each of these steps. According to Comstock
and colleagues, the outputs would be: fault or no fault for fault detection; the type of fault for
diagnosis; and repair or don't repair for the fault evaluation step. In some solutions, fault

detection and diagnostics are combined into one step.

2.2.3 Sequential Steps in Fault Detection

As regards fault detection, Comstock et al. (1999) wrote that this is accomplished by

comparing actual performance, as determined from measurements, with some expectation of
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ideal performance. Hence, if the deviation exceeds a given threshold, a fault is indicated. The
authors went on to explain that often this process is divided into two steps as depicted in
Figure 2.7 below: pre-processing, and classification and reporting protocols. The pre-
processor takes measurements from sensors and manipulates them to generate features for
classification. Classifiers then operate on the features to determine whether the system
contains a fault. The reporting protocol as proposed in this research relays the findings to the

base station in the form of information and not raw data.

decisions

Preprocessor [——=> Classifier .

features

measurements

REPORT

Figure 2.7: Sequential Steps in Fault Detection and Diagnosis

Furthermore, Comstock and colleagues (1999) employed three types of pre-processors:
transformations, characteristic quantities, and models. ‘Characteristic quantities’ are features
that are computed directly from measurements and are indicative of component performance.
Examples include overall system efficiencies and heat exchanger effectiveness. Model-based
pre-processors utilise mathematical models of the monitored system to generate feature model
parameters that could be learned from measurements when the system is operating normally,
or determined using physical models. Models can be categorised in terms of the types of
performance indices; the classification can, for example, be categorised in terms of the

structure, the model, and the types of dynamics.

2.2.4 Model-based Pre-processor

It has been a common practice that performance indices are often generated through model-
based transformation techniques, physical parameters, innovations and characteristic
guantities. A model-based pre-processor includes physical models and dynamic
characteristics of an infrastructure such as the pipeline system under study. In contrast, a
dynamic model includes steady-state models, linear dynamic models and non-linear dynamic
models. The methods applied in order to resolve a specific processing problem would depend,
firstly, upon how complex the problem is and, secondly, on the environment in which the
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problem exists. Comstock et al. (1999) proposed that the characteristics used by the fault
detection classifier from a model-based pre-processor could differentiate between measured
and modelled performance. For example, this study will apply physical parameters by
modelling defect characteristics of an oil pipeline and any changes in its in-service

performance as a result of simulated damage (a fissure).

Models that combine empirical parameters with some physics are often regarded as ‘grey box’
models. Comstock and colleagues (1999) also pointed out that transients are often neglected
in models used for fault detection and diagnosis. However, the use of steady-state models
requires that the fault detection and diagnosis method has a steady-state detector to determine

when the fault detection and diagnosis method is applicable.

Nonetheless, there could be other challenges, such as the stability of the model used, which
could affect detection sensitivities, especially when the detection threshold is fixed. This has
been empirically documented to result in greater sensitivities (detection of smaller faults),
which will lead to more false alarms (an indication of a fault that doesn't exist). Heuristics are
often used to determine thresholds even though more accurate predictions (a lower ratio of
false alarms to correct diagnoses) have always been achieved when statistical thresholds are

employed (Comstock et al., 1999).

2.2.5 Diagnosis and Classification Requirement

For many of the fault diagnosis approaches, measurements are processed in order to simplify
the classification required to identify the particular component or system at fault. The overall
classification problem is different for buried coated-but-corroding oil steel-pipeline fault
diagnosis than general fault detection — in essence the decision is not simply binary (i.e., fault
or no fault). The classifier must choose the specific defect type and size from a list of
possibilities or logic. That said, the diagnostics problem could be reduced to a series of fault
detection problems through fault isolation.

Fault isolation detection methods can be applied to individual components for which
diagnoses are desired. For instance, the vibration signal profile from a pipeline rupture will be
detected and the performance of the oil steel pipeline will be measured using its frequency

spectrum. Thus the fault could be diagnosed as soon as it is detected, with no additional
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classification required by third-party analyses. The disadvantage of fault isolation is the large
number of measurements required and the current fragmented and bulky equipment to make
the measurement. Also, the diagnosis of oil steel-pipeline performance would require
measurements of all relevant functions (flow/velocity/sound/vibration) related to fluid

entering and leaving the pipeline section.

The general trend is that fault evaluation follows fault detection and diagnosis and requires an
evaluation of the impact of a fault on the pipeline system’s performance. It has long been
argued that, without this step, the fault must become obvious enough to justify the expense of
servicing the unit. The argument is always centred on the bottom line, i.e. profitability, and

not on the causes of failures such as corrosion of the oil steel pipeline.

2.2.6 Summary

Undertaking monitoring, detection and diagnosis in order to predict a steel pipeline system’s
changes in performance requires assessment against specified operating conditions and failure
modes. Usually, prior to construction new pipeline systems involve an analysis of the
exposure environment, in order to assess potentially important deterioration mechanisms and
to test the steel pipe for corrosion deterioration characteristics. For most existing oil pipeline
systems it is likely to involve both automated inspection and some form of on-site non-

destructive testing such as spectral vibration analysis.

The need to develop effective systems to monitor and evaluate the progression of steel
pipeline deterioration characteristics can be considered crucial to addressing the built-
environment industry’s maintenance challenges. This, however, requires the development of
new approaches that are able to deal with the limitations of the current fragmented systems in
use. The new technology needs to be able to identify ‘thresholds’ and then interpret these
thresholds as part of performance. This has not been done before for pipes, although initial
testing has been carried out, and such an approach will form part of this thesis in order to

develop an applicable model.
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2.3  Failures and the Philosophy of Oil Pipelines

Crow (2002) writes that failure modes and effects analysis is the methodology for analysing
potential reliability problems early in the failure development cycle, where it is easier to take
actions to overcome these issues, thereby enhancing reliability by reducing downtime.
However, failure modes and effects analysis is generally defined as a tool used to identify the
potential failure modes within a process and to prioritise them based on their severity,

occurrence and detection provisions.

This philosophy deals with ‘fitness for service’ analysis of the affected pipeline section,
which is performed so as to evaluate the influence of defects on the pipeline system in order
that performance degradation and structural safety are constantly evaluated, problems isolated
and the cause(s) of the failure mitigated. The major causes of pipeline failures around the
world are external interference and corrosion (Cosham and Hopkins, 2002), combined with
the different age of the existing network and the climatic conditions in which the pipes are
laid.

Defects induced by external interference and corrosion result in occasional failure and
disruption of the fluid flow through the pipeline system. Cosham and Hopkins (2002) argued
that there is no definitive guidance that draws together all of the assessment techniques, or
assesses each method against the published test data, or recommends best practice in their
application. However, the behaviour of defects in pipelines has been the subject of
considerable study over the years. These studies have so far failed to establish the behaviour
of corrosion defects that still remain the most common causes of damage and failure in both
onshore and offshore pipelines systems. Generally, there exists a notion that pipeline failures
are usually related to breakdown in the ‘piping fabric’ — for instance when the corrosion
protection system has become faulty, as a result of a combination of ageing or failed coatings

and an aggressive environment, and rapid corrosion leads to a pipeline system failure.

The main function of a steel pipeline is to host and transport oil from one location to another,
and the only probable cause that is likely to stop the steel pipeline system from performing
this function will therefore be some form of failure. Nowlan and Heap (1978) and Aladon
(1999a) wrote that failed states are known as functional failures because they occur when an

asset is unable to fulfil a function to a standard of performance that is acceptable to the user.
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This definition does not, however, take into account the effect that partial failures may have
on the asset, especially when the asset is performing at an unacceptable condition or level.

Based on the above understanding, failure could be said to be the inability of the steel pipeline
system to meet a set of predetermined performance standards. This means that there are a set

of expectations, which could be expressed both quantitatively and qualitatively.

Take a situation where a discharge pressure of a centrifugal oil pump is expected to operate
within the threshold of 10 bars at 1000 litres per minute. In that instance the threshold has
become the set standard as an acceptable performance for the centrifugal oil pump. In those
circumstances, the discharge flow of that pump can be defined as between 999 and 1001 litres
per minute at 10 bars. The expected performance threshold that the centrifugal oil pump needs
to meet in order to be classed as capable is 999-1001 litres per minute at 10-bar gauge in
order to transport the oil. This assumes that the condition of the oil steel-pipeline system is

totally reliable in transporting the oil without loss of function and content.
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Figure 2.8: Schematic View of the Relative Importance of Corrosive Environment, Stress and Material to Determining

the Life of Components over Time (Source: adapted and modified from Staehleconsulting.com, 2000)

In the broadest sense, a pipe has failed if it can no longer carry its intended flow from one end

to the other without losses in pressure, volume or quality (Makar and Rajani, 1999). Further,
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Makar and Rajani argued that pipeline systems exhibit a high failure rate during their initial
period of operation, that the most problematic and expensive pipe failures tend to be those
associated with pipe fractures, and that most failures due to corrosion usually occur after the

warranty period. See an example in Figure 2.8 above.

2.3.1 Potential Failure and Cost Arguments

There are some economic arguments against oil pipeline systems’ fitness to perform that
are often based on potential failure. In practice, most in the industry agree that the cost of
maintenance and rehabilitating a pipeline system should be proportionate to the problems
that are being addressed. Although the cost of rehabilitating a pipe may be greater than the
cost of an individual repair, because repair often includes direct, indirect (insurance) and
social (compensation) costs, rehabilitation or pipe replacement may often be a better long-
term solution to a problematic oil pipeline than simply continuing to repair it in accordance
with the maker’s failure analyses. Nonetheless, the high costs of rehabilitation and
replacement mean that oil industry managers need to be able to prioritise specific areas of

their oil pipeline systems for renewal.

Priority setting has often been based on the past failure history of the local pipe section, with
sections that reach a certain number of failures per kilometre per year being considered for
replacement. However, oil pipeline failure analysis can in certain cases provide an alternative
method of condition assessment that can assist in making renewal decisions more objective.
Moubray (1997) used potential failure (P-F) interval to highlight two prerequisites of
condition-based maintenance, namely (1) a clear indicator of decreased failure resistance, and
(2) a reasonably consistent warning period prior to functional failure. Both requirements are
captured in the well-known empirical graph of failure resistance versus working age (see
Figure 2.9).
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Figure 2.9: Moubray—RCM P-F Curve (Source: Nowlan and Heap, 1978)

However, the P-F interval technique has been widely criticised by some authors (Wiseman
and RCKnowledge.com, 2002; Nowlan and Heap, 1978) as a deceptively simple idea for the
fact that it takes for granted that the potential failure (P) has previously been defined.
Wiseman of RCKnowledge.com argued that it is the value of P that poses the greater
challenge — emphasising, therefore, that before the P-F interval is addressed, there is a need to

determine when and how to declare a potential failure.

The above argument implies that Figure 2.9 could be adopted in essence to monitor a
condition indicator that tracks resistance to failure, and makes the potential failure level
manageable. However, that in itself gives rise to two unfortunate obstacles to implementation
of the P-F interval technique; firstly, a single condition indicator that faithfully tracks the
resistance-to-failure curve is rare; secondly, the resistance-to-failure curve itself is rarely
available to support condition monitoring data, which are often in abundance as raw data but
which in terms of performance information are valueless. However, these obstacles could be

overcome if a good knowledge of the pipeline system in-service performance can be obtained.

35



This knowledge is very important to this thesis in that what is required is the development of
a new approach to maintenance planning that provides in-service performance information
instead of volumes of useless data. The fact that continuous monitoring could establish the
‘in-service performance characteristic’ from which P and F could be derived is pivotal to this
research; in that an objective performance-based maintenance methodology could be used to
predict the severity of faults on buried infrastructure and utilities such as the oil, gas and water

pipeline subsystems.

2.3.2 Understanding Why Failures Occur

According to Staehleconsulting.com (2001), the range of environments over which materials
are reliable is relatively narrow; good corrosion resistance in one domain is not a good
indicator for another. Therefore, following well-established specifications, codes and
standards do not prevent failures, nor does creating corrosion thresholds act as a guide to
estimating fault severity. For example, it is widely documented that high-performance alloys
such as stainless steel, high-strength steel, and titanium are among the most failure prone of
materials. While such materials can perform well, they often fail catastrophically (Corus.com,
2001; Staehleconsulting.com, 2001). The conclusions reached are that in hazardous
operations, failure modes and effects analysis does not prevent failures; moreover, unless the
necessary inputs and analysis parameters are integrated into one device that could report any
changes in performance continuously without third-party assistance, maintenance monitoring

and assessment method will still remain static.

2.3.3 Causes and Modes of Failure

‘Causes’, according to Staehleconsulting.com (2001), are what is fixed and are usually
institutional. Examples in this context include design bases, lack of failure definition,
inadequate inspection, inadequate monitoring, lack of systematic approach or location for
analysing prevailing conditions, ‘penny wise and pound foolish’ design choices, non-critical
dependence on prior field experience, designing with only warranty objectives in mind, and

basing a ‘40-year lifespan’ on fatigue analysis alone.
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‘Mode’ is defined as the process by which failure occurs — for instance, chloride enters a

system and the stainless steel fails. In this case, chloride is not the cause but part of the mode

(Staehleconsulting.com, 2001).

It is necessary at this stage to characterise steel pipeline failure into four areas:

Primary Failure — when corrosion attacks the steel pipe first and then causes
secondary failures such as a leak. Primary failures can usually be detected and
monitored before they fail catastrophically; however if they are neglected, eventually
secondary failure may result, destroying the metallurgy components and the pipeline

network.

Failure Investigation is the analysis of why the condition of the steel pipe deteriorates.
It is as deep into the causes of failure as root-cause failure analysis. As a result, the

probability of an inaccurate diagnosis may increase and result in failure.

Fracture Face is a splinter on the exposed surface of a pipeline where failure actually
emanates. Most information about a failure is contained in the fractured surface, which
is the area of metal exposed when the fracture takes place (Makar and Rajani, 1999).
This requires thorough analysis to find out why a steel pipeline failure occurred, and
the analysis may be extended to the human and management systems that allowed the

failure to happen.

Stress Concentrations applies to the corroded steel pipeline’s physical features that
cause the apparent local stress in a part to be greater than the average across the
pipeline section. They can result from changes in shape, from defects, and from
changes in metallurgy, and each can increase the local stress tenfold (Sachs, 1993).
Each of these defects has similar effects on a pipe, reducing the overall thickness of the

pipe wall and lowering the pipe’s strength. Thus changes in performance may occur.

2.3.4 Types of Failure

Based on the above, it would be reasonable to say that the failure characteristics of a buried

oil steel pipeline, or any component for that matter, could be described in several ways. One

way (Alfredsson and Waak, 2000) is to use a continuous random variable and the time to
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failure of the component. The time to failure for the pipeline system can be approximated by
exponential distribution with parameters set out according to the deterioration stages (e.g.
incipient/small, medium, large and total failure/leak). The time to failure relates to the theory
of interval probabilities (Weichselberger, 2001), which can be applied as it allows the upper
and lower limits to be modelled in a very wide variety of rules (such as uncertainty, partial
information, and ignorance). The rules used in the theory are based on a general procedure
called ‘natural extension’ (or optimisation) and can be applied to various measures. The
arguments relating to a continuous random variable and the time to failure of the component
are only valid if identical failure characteristics are assumed for all individuals of a given
component type; however, this may not always be the case. Therefore, the properties of the

random variable could be described in several equivalent ways.

Alfredsson and Waak (2000) went on to state that it is unrealistic to assume that the
component failure process is known. At best, the intrinsic failure properties of oil pipelines, or
any component within them, could be evaluated under certain operating conditions. As
indicated above, the true failure process depends mainly on other factors — for example,
preventive maintenance. It is generally accepted that preventive maintenance affects the
failure properties of components, although it is debatable whether this is in a positive or

negative direction.

In this vein, therefore, different analysts have always used different systems. However, the
most practical way for maintenance operations to categorise buried oil steel-pipeline failures
has always been by overload, fatigue, corrosion-influenced fatigue, and wear. Take, for
instance, the argument by Sachs (1993) that the application of a single load will cause the
affected section of buried steel pipeline to deform or fracture as that load is applied. Sachs
argued that the deformed section of a buried steel pipeline may abruptly fail over time,
resulting in expensive maintenance/refurbishment action being taken (see Photo 2.1). The
facts are that simply knowing that deformations exist along a pipeline section is not enough to
justify a maintenance intervention. Load fluctuation in essence is under-performance, which

in itself is a symptom and not the cause of an abrupt failure.

As with other failure contexts, it has always been assumed that a pipeline system has a
constant instantaneous failure rate (as it is commonly referred to) on the underlying

assumption that the distribution for time to failure is an exponential distribution. However,
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this is not always the case; Alfredsson and Waak (2000) argued that such an assumption is
rather unfortunate because it might lead to confusion. They further explained that by ‘a rate’
is meant the number of occurrences per time unit, which has a straightforward physical
meaning, while the function is defined as a conditional probability per time set and this is
clearly a more theoretical quantity. Therefore, although a constant failure rate could mean that
the number of occurrences per time unit does not vary over time, it normally means that the
conditional probability of failure per time unit is constant. This is not surprising as the
technique is a mathematically based model that does not often agree with reality. It should be
mentioned that corrosion and wear mechanisms and processes are complicated subjects and
beyond the scope of this research, where the performance assessment of corroded or

corroding oil steel-pipeline sections is the main focus.

Photo 2.1: Repair and Rehabilitation of Pipeline Facilities (Source: ACT-COSMI)

2.3.5 Failure Modes and Effects Analysis

Failure modes and effects analysis has been a requirement in aerospace and military projects
for many years. Its aims are to predict the consequences of failures in complex systems by
identifying the failure characteristic of an individual item in a system, and determining failure

effects on the rest of the system.

Generally, in a given pipeline, failure may occur due to several apparent causes and may be
initiated only in a very small section of the piping system. As a consequence it has not been
practical to determine an actual probability of a failure event at a specific location in real time
with currently available technologies. Indeed, the literature review has shown that the
currently available technologies are not capable, and are third-party dependent, which also has

limitations in itself.

39



Sachs (1993) wrote that fatigue is the primary failure mode for more than 90 per cent of
mechanical failures. The term ‘fatigue’ originated during the 1800s when it was thought that
metal parts failed because, like our muscles, they grew tired after long use. Sachs intimates
that fatigue failures are caused by repeated stress cycles, further asserting that there are four
stress fluctuation points (or wear mechanisms) that need to be understood:

e Without stress fluctuations fatigue cannot happen.

e Fatigue happens at stress levels well below the tensile strength of the material.

e Where corrosion is present, the fatigue strength of metals continuously decreases.

e A fatigue-induced crack takes measurable time to progress across the fracture face.

Based on these understandings, Sachs (1993) argues that interpretation of the failure face can
disclose the forces that caused the defect and crack, and also the amount of time it takes from
defect initiation to final failure, making it possible to evaluate the relative size and the
severity of stress concentrations. If this argument is true, then one could say the defect

evaluation on coated buried oil steel-pipe failures is particularly complicated.

The precise ratio of the failure modes in a given buried oil steel-pipeline system is dependent
on the local soil conditions, external loading and pipe diameter. Circumferential breaks are the
most common failure modes in small-diameter pipes, with longitudinal splitting and corrosion
‘through holes’ the most common in larger diameter pipes (Makar and Rajani, 1999). In view
of the facts that pipe systems comprise sub-components that can also wear out during use, it
will be vital to define pipeline failure within specific bounds and within specific tolerance
limits, as early failures may come from poor design, improper manufacturing, or inadequate

protection and use.

The forces that produce oil steel-pipeline failures include; corrosion, internal pressure, frost
loading in northern climates, clogged pipes, truck loading, thermal stresses due to differences
in ground and water temperature, the compositions of the crude oil, bending due to poor
bedding, and the forces produced by expansive clays (ASTPM, 2001). The connection
between these forces and the failure modes is well established in the oil facility maintenance
industry, notwithstanding that they are still of research interest. In order to apply this
knowledge, it is useful to understand the nature of failure mode by first examining the

following:
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e the failure in relation to the required performance standards, i.e. critical, degraded and
incipient failures;

e the significance of the operating context;

e the use of failures as a method of control of the pipeline system process;

e the role of maintenance in restoration of desired performance;

e incipiency and its use in condition-based maintenance; and

e pipeline system-level failures.

Evidence shows that failure modes and effects analysis could provide the maintenance
engineer with a tool that can assist in providing safe and reliable maintenance processes.
Crow (2002) suggests that failure modes and effects analysis helps to identify potential

component/built-asset fabric or process failures and it could also be used to:

e develop product or process requirements that minimise the likelihood of those failures;
e evaluate the requirements obtained from the customer or other participants in the
design process to ensure that those requirements do not introduce potential failures;
e identify design characteristics that contribute to failures and design them out of the
system or at least minimise the resulting effects;

e develop methods and procedures and test the product/process to ensure that the
failures have been successfully eliminated;

e track and manage potential risks in design, as new build contributes to the
development of corporate memory and the success of future products; and

e ensure that any failures that could occur will not injure or seriously impact the

customer or the product/process.

A failure mode in one component can serve as the cause of a failure mode in another
component (Crow, 2002). Crow further argues that each failure should be listed in technical
terms and for functions of each component or process step, in that the failure mode should be
identified whether or not the failure is likely to occur. Crow notes also that lessons should be
learned from similar components, subsystems or processes and the failures that have been

documented about them is an excellent starting point.

In this thesis it is argued that these steps may describe the effects in terms of physical

condition but do not in any way describe the effects of those failure modes in terms of current
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performance — nor does the simple notion that each failure mode identified should be used to
determine what the ultimate effect on in-service performance will be on the built asset or its

fabric.

Drawing from the definition of failure effect and failure mode, the issues highlighted below
could be described as a tool to develop performance standards or practice:

e break and leakage (causing environmental disaster and injury to wider life);
e inoperability of the pipeline system;

e improper appearance of the pipe or valve (corroding/scale formation);

e fumes and odours;

e degraded performance of the pipeline system; and

e noise.

2.3.6 Potential Failure Modes

An initial step in this process would require the creation and development of a model, and
devices for monitoring the corrosion process. The model should describe a buried oil steel
pipeline’s physical condition as blocks connected together by lines that indicate how the
pipeline system’s performance is related. Any deviation could be deemed as a change in
performance. Sections 2.3.3 to 2.3.5 above have highlighted the required logical relationships
of a pipe system’s process of corrosion and the need to establish a structure around which the
failure modes and effects analysis could be developed. These relationships will be used to
further establish a coding system to identify system failures. The model also usually gives
scope for listing the different ways a pipeline system might fail to meet the transportation

requirements or design intent in light of the assessment of its physical condition.

The potential effect(s) of failure then documents how the failure could be perceived. Each of
the failure modes and effects is assigned a Severity Value (SEV), and Classification (CLASS)

which is a non-mathematical value comparable with elements in neural-fuzzy logic.

According to Crow (2002), how the failure could occur should be described in terms of

something that can be corrected or controlled and listed under potential causes and
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mechanisms of failures. In that way the probability that a given failure model might occur can
easily be assigned a numeric value. However, statistical techniques for state and parameter
estimation often face convergence and accuracy problems when dealing with models that
have strong non-linearities (Rosenberg and Karnopp, 1983; Narasimhan et al., 2000). So it
would be preferable to apply an artificial-intelligence-based non-mathematical model

comparable with self-learning and execution.

2.3.7 Summary of Challenges

A literature review suggests that steel pipeline corrosion is a normal and natural process that
can seldom be totally prevented. The review has indicated that various types of techniques are
regularly used to monitor, control and protect a steel pipeline from corrosion. However, there
are inherent obstacles to be overcome in applying the existing condition-based maintenance
approach — not least, the accessibility to information and physical site as a result of
fragmented technology. Thus the key challenges are the development of signal processing
techniques (incorporating artificial intelligence with communication protocols) to monitor,
analyse and report on a steel pipeline’s condition and its associated changes in performance.
This is a complex task combining many challenges, some of which are still subject to further
research (e.g. hardware- and software-related issues). However, many such complex tasks can
be resolved by integration of the P-F interval and curves with Jones’s (2002) re-interpretation

of Finch’s modified obsolescence model in an intelligent device capable of self-learning.

The P-F interval technique has been criticised in that it is a deceptively simple idea and for the
fact that it takes for granted that the potential failure point (P) has to be defined before
application, hence posing the greatest challenge. It is important to realise, therefore, that
before addressing the P-F interval, there is a need to determine when and how to declare a
potential failure. In declaring a failure, account must be taken to predict the consequences of
failures in complex systems by identifying the failure characteristic of an individual item in a

system, and determining the failure effects on the rest of the system.
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2.4  Types of Pipeline Failure

Pipeline systems can fail as a result of many causes. Some of the most common failure modes
are corrosion, pitting, stress corrosion cracks, seam weld cracks, dents, and other flaws
induced by external impact from earth-moving equipment. Ideally, it would be desirable to
detect all the defect types with a single inspection method; in essence there are currently no
such inspection methods capable of doing this. Therefore there is a great need for a way to
identify cracks, corrosion and other defects that can potentially cause problems for pipeline

systems.

2.4.1 Steel Corrosion Can Occur Beneath Detached Coatings

Generally there well-established knowledge about what ‘condition assessment’ of a steel pipe
and its coating involves — from simple observations of flakes, scaling or cracks, to ultimate
failure. In this view, condition assessment of an in-service buried coated oil steel-pipeline
system must take into account problems such as corrosion that can occur beneath detached
coatings; which can impose a serious threat to the pipeline even with the application of

cathodic protection.

What is not apparent is what performance measures of the steel pipe could be attributed to
poor condition. One key question is how the maintenance process is trying to stop the
deposition of corrosive products on the steel pipeline from getting through the protective
layers (see Photo 2.2). Crack growth that is covered by a thick layer of corrosion deposit

could result in the crack reaching the critical depth for unstable propagation.

Again, one might ask how many of the techniques in use today can detect damage at the
incipient stage, since most industrial applications are only retrospective and where the
detection work is often carried out after surface fracturing has occurred. However, because
preventing failures is vital, it requires that an objective maintenance process be developed,
(Fuhr et al., 1995) because most cracks often have depths that consist of more than six cycles
of growth events that can be seen, and well-defined visible surface markings that produce
acoustic emissions during growth that makes them easy to detect with technology.
Nevertheless, it is acknowledged that the presence of corrosion products is one of the
symptoms of the deterioration process.
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Photo 2.2: Corrosion is Shown Beneath Detached Steel Pipe Coatings

Corrosion of steel pipes results in cracks and leakages, and therefore a reduction in the pipe’s
ability to transport oil during the useful lifetime of the pipeline system. It has also been
established (Fuhr et al., 1995; Hudachek and Dodd, 2002) that, in general, corrosion is time-
related whereas fatigue and crack growth are cycle-related. However, both produce the same
result, namely a loss of physical strength of the oil steel-pipeline system and consequently a

change in performance.

Chajes et al. (2002) contend in their studies that the current methods for steel corrosion
detection suffer from several significant drawbacks of fragmented efforts and that incessant
detection, sensing and reporting of corroding steel status is required to identify a corrosion
attack in its early stages. Hudachek and Dodd (2002) wrote that steel corrosion performance-
related studies must be classified into three main categories: performance concepts; setting
performance requirements; and performance specifications and criteria. Consequently, an
appropriate maintenance strategy (e.g. responsive or preventive) can be identified and
developed that considers the consequences of steel pipe failure (measured against

performance criteria) in real time.

In summary, detection of a buried oil steel-pipeline deterioration process relies heavily upon
techniques that can accurately and reliably sense, analyse and report these effects without
third-party intervention. It is crucial that non-destructive examination techniques should have
sufficient sensitivity to distinguish defects resulting from steel corrosion at an early stage.
Performing a broad range of pipeline integrity analysis and testing generally requires the
application of different techniques, such as modelling and analysis software, inspection tools,

and a wide array of full-scale and laboratory testing facilities. Developing a new and
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comprehensive approach to maintenance planning that can continuously monitor, analyse and

report any changes in performance of buried steel pipelines is necessary.

2.4.2 Monitoring of Oil Pipelines

It is evident today that crude oil extraction is increasingly located in remote areas, and
transmission pipeline installations are getting longer and often pass through extremely
inhospitable terrain. However, the economic viability of such an operation requires
considerable reductions to be achieved in the capital and operational costs of these long-
distance pipelines. Therefore an integrated-device-on-microchip solution that detects,
analyses and reports on pipeline performance without third-party assistance is suggested to

assist in meeting these cost reduction needs.

Sherwin (2000) and Tsang (2002) have written that built-asset maintenance is viewed by most
organisations as a cost burden in which demand for action, identified via an assessment of the
condition of the asset, invariably exceeds the funds available (see also Pitt (1997) and Shen
(1997)). It was argued that in order to track and monitor defects within a system even in good
times, organisations demonstrate a reluctance to spend money in order to preserve the
condition of their assets (Chew et al., 2004). Hence, assets fail to be kept to their optimum
operating capacity and functional performance, which ultimately leads to a spiral of decline
and disrepair (Arditi and Nawakorawit, 1999). As such, an obsolescence gap develops in
which the asset is unable to meet all the demands placed upon it.

Since the late 1800s, steel has been the material of choice for virtually all pipelines and tanks.
However, pipelines are also inherently vulnerable because of their number, inaccessible
operational environment and dispersion. Generally, pipeline operations have long been
concerned with maintenance access and administrative barriers; often, landowners deny rights
of access for pipeline restoration to locations where an oil leak is suspected, yet a lack of
access for an integrity survey could result is crucial risks to the pipeline, environment and
humans. Indeed, the fact is that higher operating pressures associated with oil steel-pipeline
systems ensure that once a leak occurs, it will continue to leak until it is detected and repaired.
These problems have both operational readiness and environmental implications, so
technology that would allow for continuous evaluation of a pipeline’s condition is urgently

needed.
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The oil industry, like other pipeline operating companies, faces increasing public pressure and
scrutiny to proactively maintain assets so as to ensure safe and environmentally responsible
operations. Usually, the oil industry response has been to assign more resources and conduct
costly direct assessment (such as inline inspection, corrosion surveys and investigative digs)

across their asset base.

Apart from physical access to pipe location, there are other complications. Predictive
maintenance models require current, accurate data that are not often readily available.
However, as stated above, pipelines are operated across vast geographic areas and this often
complicates work processes and delays the transfer of information between workers and the
central database and vice versa. Moreover, the information required for maintenance decisions
is often kept in several separate locations (or systems), and this could undermine and impede
timely access to maintenance information and the ability to make effective decisions (Moss,
1985). Pipeline deterioration and repair actions could be performed more effectively and
efficiently if maintenance technicians were provided with a system that could monitor
changes of performance continuously and relay this information prior to failure. Such a
system would provide information to cross-reference and review if possible how previous
failures were diagnosed and repaired. The maintenance industry has been under pressure to
reduce downtime. Pipeline downtime affects oil industry productivity by reducing output and
increasing operating costs. However, no techniques or philosophies are capable of preventing
all failures, and unexpected failures do occur, which leads to corrective maintenance and in

some cases to high levels of downtime (Moss, 1985).

Given the diversity of environmental conditions and locations that cover millions of square
kilometres, often with restricted access to the infrastructure to carry out repairs and
maintenance; the application of an integrated-device-on-microchip solution on a buried
pipeline system can help to continuously monitor any changes in performance — reduced
downtime most importantly preventing pipeline system failures. Also, through the provision
of in-service information, it should be possible to identify when changes in performance
occur. It is crucial, therefore, that access to pipeline system information, operating conditions,
and defect characteristics (if possible geographical location and serial numbers) should be

available for repair reference, which is not always the case.
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2.5  Assessment and Testing Techniques

2.5.1 Vibration and Acoustic Emission Monitoring

Vibration and acoustic emission monitoring is a real-time non-destructive testing (NDT)
technique able to identify, control and characterise the changes in vibration and acoustic
emissions activity as a defect increases from its initiation stage to its critical stage (ASTM,
1998). The methodologies have been successfully utilised for testing both composite and
metal structures (ASNT, 1987); Pollock, 1989; Vahaviolos, 1996). The vibration and acoustic
emission monitoring technique is versatile; hence it allows for the inspection of large and
complicated infrastructures using only a few sensors and without the need for
pigging/scanning or requiring access to the interior of the structure. However, there is a great
need for technology that can identify cracks, corrosion, and other defects that can potentially

cause changes in performance (Umeadi and Jones, 2003).

Some types of pipeline defects pose serious threats to human safety. Stress corrosion
cracking, for example, can occur at any time in the life of the pipeline, and it occurs under a
broad range of field conditions. This type of defect is usually oriented along the axial
(lengthwise) direction of the pipe. If not detected early, the cracks may grow and/or coalesce,
eventually resulting in a leak or rupture of the pipe. Although the literature has established
that not all defects that develop in pipelines threaten the integrity of the pipeline system (e.g.,
internal inclusions such as linings are common and do not pose a serious threat to the integrity
of the pipeline if they fail), NDT systems are urgently needed that can (1) provide early
detection of the more serious defects; (2) differentiate between serious defects and benign
inclusions; and (3) characterise the type and size of the defects for repair or replacement

management.

Acoustic sound is general accepted across the different industries to mean pressure
fluctuations through an elastic medium. The acoustic signal generated by a leak will travel
together through both the pipe wall and the water column in the pipeline (Howley-Chastian,
2005). According to Kinsler et al. (2000), the speed of sound in seawater is roughly 1,500
metres per second, although the speed can vary with changes in temperature, salinity and
pressure (unlike speeds in a pipe). It has generally been established in physics that moving

objects and waves transfer energy from one location to another. They also transfer energy to
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objects during interactions, e.g., sunlight transfers energy from the Sun to the Earth when it
warms the ground. The basic measurement of most sonar systems is the time it takes a sound
pressure wave, emitted from some source, to reach a reflector and return. In essence, sound is
a form of energy that is transmitted by the interaction of air molecules (on land or sea) one
against another. When it propagates from a source, it sets up pressure variations in the
surrounding air. These are very small variations when compared with atmospheric pressure,
which is approximately 100-105kPa (kilopascals). The audible range of sound pressure
variations is wide; it ranges from 20 micropascals at the threshold of hearing to 100 pascals at
the threshold of pain. It can be seen that the max/min ratios involved are large. For example,
from the threshold of hearing to the threshold of pain the pressure ratio is about five million to
one (Bellhouse, 2004).

The NDT methods described in this chapter concern waves — both mechanical and electrical
in form — propagating through a corroded buried oil steel-pipeline system. In order to ‘sense
and detect’ defects to failure in the oil steel pipe, the length of the vibrating sound wave is
expected to be of the same order as the dimensions of the defects (Agarwal and Bull, 1989).
This means that the wavelengths used in the investigations of corroded buried oil steel
pipeline must be around a few millimetres (similar to the size of corrosion defects or cracks).
The types of defects can be categorised in different ways: local defects are concentrated in
space within a volume of a few cubic centimetres, which may occur inside-outwards or
outside-inwards; ‘global’ defects are those distributed through the corroded buried oil steel

pipeline occupying larger volumes.

The literature on the propagation of mechanical waves and their application to steel
infrastructures is vast, and to some authors such as Aki and Richards (1980) they are also
mathematically demanding. A series of studies was conducted (Graff, 1975) on waves in steel
in various forms: rods, plates, beams, shells and other engineering elements. According to
Yan and Jones (2000), there are no measurement standards for estimating the absolute
strength of an acoustic emission source, and the literature review conducted for this thesis did
not come across any similar works that have used propagation techniques to detect changes in
performance of a steel pipeline system. Moreover, the lack of standardisation for estimating
the absolute strength of acoustic emission sources makes it very difficult to compare the
results obtained in different laboratories or on different infrastructures, thus limiting the

chances of meaningful repeatability of measurements.
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Some of the typical known applications in the literature of acoustic emissions are to:
e detect and examine material and structural defects (Yan and Jones, 2000);
e monitor defect growth or micro-damage progression (Hamstad, 1986);
e detect leaks (Wadley et al., 1981);
e assess differences caused by manufacturing variations (Sypeck, 1996);
e study fundamental deformation behaviour and failure of materials; and

e monitor in real time certain manufacturing processes, including proof tests.

It has been documented (Wadley et al., 1981; Hamstad, 1986; Madhuka and Awerbuch, 1986;
Sypeck, 1996) that many failure processes are accompanied by detectable acoustic emission.
Early investigations of this technique include those of Baerg and Schertz (1967), Wadley, et
al, (1982), Scruby, et. al., (1978); more recently, a number of investigations have reported on
acoustic emission waves in pipes: Agarwal and Bull, 1989; Sypeck, 1996; and Liu et al.,
2000. A number of these endeavoured to locate and/or differentiate one source type from
another (Madhuka and Awerbuch, 1986; Bakuckus Jr et al., 1993). Recorded acoustic
emission signals parameters, such as source rise-time, threshold counts, signal amplitude,
energy, duration, frequency spectra and others, were used to ‘characterise’ the acoustic
emission events by Hamstad (1986) and Sypeck (1996). These studies drew attention to the
fact that many of them have relied upon ad-hoc empirical methods using instrumentation that
could not faithfully reproduce important characteristics of the acoustic emission signal. The
conclusions of these studies are also questionable since they did not use models. It is therefore
very difficult to establish the relationship between damage micro-mechanisms and acoustic
emission signals. On the other hand Sypeck (1996) also drew attention to the fact that “if such
problems could be overcome, an acoustic emission approach based upon fundamental

principles promises to reveal much new insight into damage processes.”

In order to use vibration sound functions to obtain natural frequencies of damaged or corroded
oil steel-pipeline systems with an inbuilt processor and reporting protocol, the device has to
integrate the different components and relevant theories outlined here.

2.5.2 Vibration Diagnostics Methods

Vibration noise is a natural process in pipelines and equipment. It is interesting to note that

the same dynamic forces that excite different materials and components (including steel
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pipeline systems) are also responsible for their wear and tear. It is these dynamic forces that
transform from one state into another at the point where gas and solid states converge (Barkov
and Barkova, 1986).

The theories for using vibration analysis across different industries are classified under two

important notions in relation to pipeline condition assessment:

1 The fundamental principles of vibration monitoring is characterised as observing the
changes in the pipeline system vibration condition and making an analysis of the
reasons for these changes.

2 Vibration diagnostics pinpoints when defects in the controlled objects are detected and

identified; including the defect type and severity.

Like acoustic emission, it is the oscillation velocity that is responsible for the transformation
of vibration into noise. When the inflationary pressure in the air is proportional to the velocity
of the oscillation surface, it results in a rule that limits the oscillation velocity (of any
machines or equipment, in fact) (Barkov and Barkova, 1986). The theory differentiates
practical problems of vibration control and vibration diagnostics, in that with diagnostics the
oscillation force that is applied to the defective zone defines the defect’s signal in relation to
the oscillation measured. (Models of different data shapes exist for damage cycles: absence of
defect, increasing defect and severe defect.) Decisions are taken from a measured block
vibration signal; hence the diagnostic method is based on pattern recognition. With
diagnostics, more often the vibration acceleration is measured, while the vibration velocity is

measured additionally for machine vibration control within restricted low-frequency ranges.

As an NDT technique, piezoelectric sensors are widely used for most vibration acceleration
measurements, since output of the electric charge is proportional to the force that is applied to
the sensor. Microphones have different methods of converting the sound pressure into an
electric signal. For example in some diagnostic environments, directional microphones are
used to detect noise emission sources and directions. According to Barkov and Barkova
(1986), it is possible to conduct remote vibration measurement of any object using a

microphone (e.g. the value of a vibration velocity).

It is generally agreed that electrochemical noise is an essentially random phenomenon of

spontaneous fluctuations of freely corroding electrodes that manifests itself as current or
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potential noise (or sometimes referred to as ‘background noise’). This is expected to occur
even under normal laminar conditions. What is not certain at this stage is whether or not the
noise produced by the spontaneous fluctuations (i.e. the corroding process) can be measured
and analysed in order to establish a relationship between the noises and buried steel pipeline’s
underlying performance process. According to Fuhr and Huston (1998), corrosion is, after all,
an electrochemical process that occurs as ions are introduced to, or removed from, an area of
material — the potential and current characteristics at that location change most often at low
frequency (of the order of 1Hz is widely published). This electrochemical noise can be
classified into three categories (John et al., 1992): noise originating from thermal agitation of
charge carriers; noise caused by the charge being transferred in discrete amounts; and noise

arising from other phenomena.

It is also noted that the charge carrier effects contribute to noise whose spectral density is the
amount of noise present in a given bandwidth. This argument contends that the noise spectral

density is often at a low amplitude and essentially constant over a wide range of frequencies.

It has recently become possible to measure corrosion, and the noise field associated with its
formation, by two related but distinctly different approaches. These approaches provide
information as to the location, rate and degree of corrosion on a substrate. The results from
electrochemical noise analysis could be in good agreement with established potential mapping
techniques (Fasullo, 1992). For most corrosion measurement approaches, the potential noise
of a defect signal can be monitored relative to a low-noise reference electrode, thereby

enabling the defect signals between a pair of identical electrodes to be measured.

Probabilistic approaches are used for estimating pipeline integrity. According to Khaleel et al.
(2000), probabilistic methods attempt to predict safety using crack rate-of-growth data,
inspection data and the operating parameters of the pipe. It nevertheless requires valid
statistical data on defect rate occurrences and distributions to be of any real use. Therefore to
a non-statistical method for collecting accurate data on the actual condition and performance

of an oil steel-pipeline system in service is needed.

The two predominant methods of testing the integrity of pipelines found in the literature are
destructive inspection and non-destructive testing (the latter sometimes being known as non-

destructive inspection (NDI) or non-destructive evaluation (NDE)). The non-destructive
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testing technologies are methods for the detection and measurement of corrosion and
characterisation of mechanical damage and include:

e magnetic flux leakage;

e eddy currents;

e non-linear harmonics;

e ultrasonic technology;

e magnetostrictive sensing;

e real-time digital radiography;
e data analysis and display;

e shearography.

The two most common NDT methods for testing pipelines are the magnetic flux leakage
method and the ultrasonic guided-wave method. Magnetic flux leakage such as ‘pigging’ is a
commonly used method for inline detection (i.e. using an area on the inside of the pipe wall)
and characterisation of pipeline corrosion. ‘Smart pigging’ (using NDT technology), used for
the assessment of the strength of corroded pipes, is often based on estimates of corrosion

depth (based on leakage data).

Using an onboard power supply and data-acquisition system, the pig records defect data while
moving with the oil flow through an operating pipeline. These traditional assessment methods
consider pipeline hoop stress (from internal pressure of the flowing medium) but do not
account for local pipe-wall stress components due to bending or axial loading. Like most
technologies, pigging may be said to have some limitations — mainly because it requires a
well-founded knowledge of how pigs perform under varying conditions, of pipeline fittings
and equipment, of the time interval between inspections and of physics to successfully
identify the true problem. Most importantly, pigging assessment involves non-continuous

monitoring and therefore faults can be missed in the intervals between inspections.

2.5.3 Destructive Inspection

Generally, an oil steel-pipe destructive inspection procedure uses a hydrostatic technique to

verify that the pipeline integrity is within the safety margin for operation. The procedure does
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not, however, locate defects that are just below the threshold of safety. Unfortunately, a
destructive testing methodology of this kind disrupts the oil pipeline system’s normal daily
operation, and consequently it is probably right to say that destructive testing is not the
preferred approach in the industry at large. Usually, such techniques are only used for the

initial inspection of pipelines before they are commissioned.

2.5.4 Summary

In contrast with destructive testing, non-destructive testing methods can detect developing
defects that could lead to steel pipeline system failures, and so such methods can provide a
guantitative measure of the integrity of a steel pipeline system as well as a measure of its

current condition.

The technologies used in steel pipe condition monitoring are, for the most part, equipment-
centric. Tools such as vibration analysis, weight loss coupons, ultrasonic testing etc. are
primarily concerned with the physical condition of the built assets and facilities being tested.
Inspections also focus on the physical condition of the steel pipe, but they can be equally
concerned with environmental, quality and performance issues. Detecting the entire range of
defect types with a single NDT inspection technique would ideally be desirable — but

regrettably there is no single technique being developed so far.
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2.6  Steel Pipeline Performance Assessment

There are differences between monitoring and detection techniques in that there are
compromises between absolute accuracy and degree of control over the system used. Take,
for example, weight-loss coupon condition assessments; these are very accurate indicators of
steel pipeline corrosion loss (IntegritySolution, 2003) but cannot provide control over the
dynamics of a steel pipeline system. The main objective of performance assessment of a steel
pipeline system would be to help identify corrosion at the incipient stage and to take the steps
needed to stop further degradation of the infrastructure and from total failure. Simply
knowing that the steel pipeline is flaking or changing colour is not enough without being able
to assess the impact of the change on the performance of the pipeline system. This research’s
main questions are how to start measuring performance or condition in order to ascertain the
actual status of the steel pipeline. Thus, the prevailing challenges are the development of a
device that can detect and report the presence of corrosive constituents that might undermine

the integrity and performance of a pipeline system.

The first step in this process is the classification of steel pipeline performance characteristics.
Why is the identification of changes in performance so important? It is imperative that the
material composition and physical condition of corroding steel are understood, as well as its
characteristics and the functions that it serves. There is also a need to understand the

possibilities for tracking its progression.

Atkinson et al. (1997) identified three roles in performance measurement, namely
coordinating, monitoring, and diagnostics. Poirier and Tokarz (1996) and Neely et al. (1997)
have offered suggestions on the design of good performance measures. Cameron (1986),
Keegan et al. (1989), Maskell (1991), Bevan and Thompson (1991), Lockamy and Cox
(1995) and Kaplan and Norton (1996) have all indicated criteria to be considered in the design

of performance processes and evaluations, which can be summarised in three ways:

e Define performance measures.
e Determine the quantitative values of performance measures and analyse the system’s

performance with respect to pipeline condition and pipeline system workload.

55



e Assign qualitative values to different levels of performance measures and assess

pipeline system changes in performance.

The performance measures and evaluation process used for the steel pipeline systems in these
cases were well defined, as can be seen above. It is suggested here that the most accurate
performance for an oil pipeline system will only be obtained when the pipeline system is
measured under its real transmission conditions. Therefore the question to be asked is: What

is ‘steel pipeline performance’? Is it:

e ameasure of the performance of the steel?
e ameasure of the performance of the pipeline?

e Or both?

An assessment has universally been accepted to mean any systematic procedure for obtaining
information from tests and other sources that can be used to draw inferences about
characteristics of people, objects or programmes. Consequently, there must be minimum
performance-based requirements that must be specified in any given performance-based
assessment (Preiser et al., 1988). Although there is a large body of literature on fault detection
and diagnostics for applications in critical processes — see Comstock et al. (1999), Willsky
(1976), Isermann (1984), Frank (1987) and (1990), Basseville (1988), Gertler (1988), Bailey
(1998) and Braun (1999) — relatively little exists for applications for a built infrastructure
such as a steel pipeline system. Worse still, none exists that integrates monitoring, diagnostic

and reporting protocols for steel pipeline performance failure modes.

2.6.1 Changes in Oil Steel-Pipeline Performance

For the purpose of these studies, changes in oil steel-pipeline performance will mean any
deviation in the normal transmission cycle process in relation to failure of a pipeline system’s

objectives of hosting/transporting oil.

As mentioned earlier, first the normal (steady-state) behaviours and performance
characteristics of a transmitting oil steel pipeline need to be established, and then current
operating behaviour of the pipeline can be compared against the natural behaviours in order to

identify any deviations. However, currently there are no protocols to continuously monitor
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changes in the behaviour and performance of an oil pipeline system. It is against this
backdrop that a new performance-based approach to oil pipeline maintenance needs to be
developed — a tool such as one based on reliability-centred maintenance would be valuable to

identify the potential failure modes.

2.6.2 Changes in Performance Parameters for Oil Pipelines

Changes in performance of an oil steel-pipeline system are measured in terms of a deviation
in the ability to transport oil from one location to another, against an ability to deliver crude
oil under normal operating conditions. At the same time the oil pipeline system’s ability to

transport oil can be characterised in this research by six basic performance measures:

o 0il pipeline system availability (low downtime);

e error performance (typified by an unknown blockage due to cumulative
corrosion/defect);

e Jost oil transmission (due to oil pipeline system cracks or leaks);

e repairs set-up time;

e speed of detection, analysis, reporting and repair for defects, cracks or leaks; and

e availability of the oil pipeline system’s current condition/performance information
(not data).

In general, the common approaches to measuring an oil steel-pipeline system’s performance
has always been value-based performance measures; although the cost and availability of
technologies have always determined pipeline system maintenance options and hence
maintenance management decisions. In the light of the complexities associated with
maintenance, Dwight (1995) identified shortcomings in performance measures as currently
used in most industries:

e The concept of accumulation of risk is not captured.

e The focus is on the immediate rather than the overall requirement.

e The measurements made are not related to business requirements.
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2.6.3 Problems and Lessons from the Medical Profession

While the assessment approach may be new to oil pipelines, similar approaches have been
used in other industries and professions. For example, it has been common practice in the
medical field to apply different monitoring techniques to patients’ diagnoses, and the medical
profession has used such methods to investigate the pulsatile flow in an artery (Tijsseling,
1996). These characteristics are relevant to the current study, and some inferences for the

requirements of oil pipeline systems can be drawn from this experience.

Like the oil pipeline flow-based assessments, various ultrasound modalities have been used to
measure intravascular pressures changes. There is a direct comparison between fluid oil and
its pipeline system and that of human blood and the arterial structure, because both constitute
an intrinsically coupled system and their dynamics have been adequately described by a set of
differential equations which could be solved by a fully coupled method such as Tijsseling’s
(1996) fluid-structure interaction in liquid-filled pipe systems. Because of many physiological
and clinical implications, several differential models of fluid-structure interaction have been
developed and analysed (Nobile, 2001). However, similar techniques have been used in the
past for the analysis of fluid-structure interaction problems. Consequently, such a technique
has been used to describe flow pattern alteration because of the compliant structure of the
liquid flow in an elastic tube. This flow characteristic is driven by a pulsatile forcing function.
As a result, this study’s main objective is to learn from cardiovascular monitoring techniques,
where the aim is to get an insight into the complex relationship between arterial pressures,
wall deformation and flow field in a large artery and relate these to heart defects. Apart from
the above, other areas of interest are fluid viscosity, leakage or blockages in the arterial
structure, and consideration of the harmonic response of the fluid—wall interacting system

where there is defective pulsatile inflow in order to predict imminent failure.

Furthermore, Hinds and Watson (1996) wrote that patients with a low cardiac output can
sometimes maintain a reasonable blood pressure by vasoconstriction, while vasodilated
patients may be hypotensive despite a high cardiac output. Blood pressure must always be
assessed in relation to the patient's normal value. Therefore recommending that percutaneous
placement of an intra-arterial cannula allows continuous monitoring of blood pressure and
repeated sampling of blood for gas and acid-base analysis. This is essential when rapid

haemodynamic changes are anticipated.
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Many constitutive laws for the arterial wall are available in literature (Zhou and Fung, 1997;
Schulze-Bauer and Holzapfel, 2003). Though these are outside the scope of this thesis, the
methods used to examine the relevant mechanics remain relevant. The main areas of interest
have been the response of the fluid—wall system to a pressure pulse, using Laplace transforms
and including how the solution was examined in the frequency domain. Although blood flow
in arteries is pulsatile, the fundamental frequency induced by the heartbeat could be assumed
to be similar to that produced by compression pumps (even though they are not exactly

pulsatile).

It is evident from the foregoing that the primary task of an oil steel pipeline is to host and
transport oil in a similar means to how the human artery transports blood. When, the pipeline
deteriorates, the questions that should be asked are:

e What happens to oil flow?

e Does the flow pattern change?

e Does the pressure change?

e Does the pipeline vibrate (more or less)? And, more importantly,

e How can any changes be detected?

The main objective of this study is to address these questions by studying techniques that can
locate defects at different stages of their lifecycle, based on attenuation and waveform
analysis and to evaluate and test the potential of these techniques to predict failure mode
without distracting oil flow. The knowledge gained could therefore be used to develop a new

approach to pipeline system integrity capable of dealing with the complexities outlined above.
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2.7 Chapter Summary

The general technique of oil pipeline inspection used industry-wide is characterised by the
detailed recording and assessment of individual occurrences of corrosive damage and faults.
In practice, identical occurrences of (induced corrosion) defects to an oil pipeline system are
evaluated differently. Furthermore, the available evidence shows that there is no unique
relationship between the evaluation of defects and condition evaluation. On the contrary,
condition evaluation applies in the oil industry only to overall pipeline systems and takes
months to complete, by which time new defects may have developed at other locations.
Although the evaluation is derived from individual oil-pipeline system inspection results, it is

based in the final analysis on a subjective opinion of an assessor.

The main challenge for this study has been to develop a new and objective-based approach to
maintenance that would not only improve the performance of the pipeline system but
accommodate:

e continuous monitoring;

e analysis and evaluation of performance in real time; and

e the reporting of any changes in performance of the pipeline system in use.
With the key tasks for the proposed system to be developed in the methodology section
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CHAPTER 3: THEORETICAL ANALYSIS OF PERFORMANCE
CONSIDERATIONS FOR OIL STEEL-PIPELINE SYSTEMS

3.1  Chapter Introduction

This chapter describes the methodology and experimental design theory used to calculate the
natural frequency of the oil pipeline model used in the experimental programme. It also

explains how the methodology addresses the issues articulated in Chapter 2.

After an assessment of the implications of the various possible methods for data collection
and data analysis, particularly for oil pipeline natural frequencies, a laboratory-simulated oil
flow pipeline-testing method was used. The oil pipeline damage detection and analysis was
undertaken using Fast Fourier Transform (FFT), where the defect signal was converted
between the time and frequency domains using FFT to describe the magnitude and phase of
the defect signals (see section 3.3). By discarding the phase information, it was possible to
simplify the information in the frequency domain representation in order to generate the
frequency spectrum, which was used to assess the changes on the transmitting pipeline
system’s performance. The frequency spectrum of vibration and acoustic emission were then
utilised to quantify the normal and defective states of the pipeline system. In section 3.3.1 the
background to the data collection (cross-correlation method of defect and leak location) is

outlined. The analytical procedures are determined by equations 3.9-3.12.

The primary objective of using the FFT system for these experiments was because of
its ability to detect fault signals and to convert those signals between the time and
frequency domains, thus allowing abnormal condition-signals to be identified and

information presented in graphical format.
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3.2 The Methodology and Experimental Design Theory

The principles assumed herein are that the minimum size or shape of defects that can be
detected is directly determined by the degree to which the defect frequencies (time-varying
low-frequency modulation) were reproduced within the band 0-60ms (see Figure 3.1).
Several of the lower natural frequencies of the oil pipeline system under consideration were
cross-correlated to detect defect and leak location (Figure 3.4). For hard-walled pipes it was
possible to resolve the frequencies (Liu et al., 2000; Agarwal, 1985; and Agarwal and Bull,
1989) to about +0.01%, while for composite components the resolution was of the order of
+0.05%. The steel pipeline has its lower natural frequencies in the range of 50-2,000Hz,
whilst most of the key failure-modes were expected at frequencies of about 1,000Hz to
5,000Hz. The order of resolution required for experimental design to distinguish between the
natural frequency signal and incipient defects was +0.2Hz, repeatable with an accuracy of
+0.05% at 400Hz.

A principal requirement in such transmission systems is that the ratio of the agitating
frequency and natural frequency should be at least 2:1 and preferably 5:1. The natural
frequency for the transmitting oil pipeline system is directly related to the content rigidity. For
heavy crude oil, for instance, it is inversely proportional to the fluid static deflection, meaning
that the larger the static deflection the lower the resistance and the lower the natural
frequency. In order to ‘sense and detect’ defects to failure in an oil steel pipeline, the lengths
of the vibrating noise waves are expected to be of the same order as the dimensions of the
defects (Agarwal and Bull, 1989). This means that the wavelengths used in investigations of
corroded oil steel pipelines must be of the order of a few millimetres to detect a defect or

crack.

The time interval was measured using the spectrum analysis method, and, for signal
processing, Fourier transforms and wavelet analysis were used. A periodic or non-periodic
signal oscilloscope without memory capability was used to observe how the signal varied
with time; however, such an approach doesn’t give a full representation. In order to fully
characterise the performance of a device or system, it is necessary to analyse the components
of the signal(s) in the frequency domain. This produces a graphical representation of the

signal’s amplitude as a function of frequency. As such, a spectrum analyser was used in these
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tests. In the time domain, all frequency components of the signal were summed together and
displayed as one signal. In the frequency domain, complex signals (that is, signals composed
of more than one frequency) were separated into their frequency components, and the
resolution that matches its scale at each frequency was displayed. From this viewpoint of the
spectrum, measurements of frequency, power, harmonic content, modulation, spurs and noise

could easily be made.

According to Owens (1997), the Fourier transform is a method used to express a function
(which is a point in some infinite-dimensional vector space of functions) in terms of the sum
of its projections onto a set of basic functions — although there are many ways of transforming
image data into alternative representations that are more appropriate for certain types of
analysis. Given that an image is only defined on a closed and bounded domain (the image
window), it is assumed that the image is defined as being zero outside this window. It is
further assumed that the image function is capable of being integrated over a real line (i.e., a

line with a fixed scale).

The most common image transform takes spatial data and transforms it into frequency data,
and this is done using the Fourier transform. While a step function (or a square wave form)
can, according to Owens (1997), be represented as a sum of sine waves of frequency w, 3w,
5w, ... where w is the frequency of the square wave, and frequency = 1/wavelength.
Normally, frequency refers to the rate of repetitions per unit of time — that is, the number of

cycles per second (measured these days in hertz).

Although there are numerous types of defect associated with oil pipeline failure, only two
(namely local defects and global defects) were considered in the experimental programme.
Local defects were categorised as those that occurred within a volume of a few cubic
centimetres (e.g. cracking); global defects were categorised as those distributed along the oil
pipeline and occupying larger volumes (e.g. corrosion or pitting). Two methods that may be
used to measure pipeline system natural frequencies are discussed next, namely conventional
parameter-based (also sometimes referred to as steady-state) methods, and a transient test

from the Fourier transform of the response of the structure to an impulse.
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3.2.1 Parameter-Based, or Steady-State, Technique

The steady-state method (see Mungur and Plumblee, 1969; Doak and Vaidya, 1970;
Eversman, 1972; Ko, 1972) was used for condition assessment of the natural frequencies of
the experimental test equipment with regard to its fluid flow, pump and joints. Experimental
evaluation of the frequency vibration excitation is usually applied to pipeline systems. It often
requires data manipulation (configuration) until the necessary resonance features are achieved
for the particular experimental set-up. It is possible to automate the frequency-vibration
excitation process and to use a steady sweep in high resolution, even when the transmitting oil
steel-pipeline system’s damping was low, by simply setting the steady sweep in higher-
resolution mode, which helps to adjust the sweep rate and stabilise the measurement process.

3.2.2 The Transient Method

Although there are numerous techniques associated with oil pipeline damage detection and
analysis, only the most common (namely the Fast Fourier Transform (FFT)/Fourier
transform) was used in the experimental programme to detect the flow-induced vibration
sound. Indeed, there are still only a handful of FFT tools that are deployed in the field to
continuously monitor, analyse and report any changes in the performance of oil pipeline

systems.

There are two basic approaches that are of interest to this research, namely time and
frequency domain, sometimes referred to as ‘2-D fast Fourier transform’ (Alleyne and
Cawley, 1991). The fast Fourier transform is also known as a form of signal processing, and

this technique involves two Fourier-transformed stages.

The method takes a real-world, time-varying signal and splits it into components, each with
amplitude, phase and frequency. By associating the frequencies with the oil pipeline flow
characteristics, and looking at the amplitudes, it was possible to pinpoint damage very
accurately. This method is attractive, because the test time is very short and because it
provides measurements that are fast and reliable. White (1971) first recommended this
technique.
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The time domain was converted using the frequency domain — that is, by converting the
frequency domain into an FFT. The FFT was then used to analyse the experiments (White,
1971). The fast Fourier method transformed the oil steel-pipeline system’s natural frequency
(signal) into recognisable characteristics. (It should be said that the variance of the signal
relates to the power in the data, and it is more usual to use the standard deviation of the
signal.) Using the depth of mean value of the envelope signal made the calculation easier. By
simply multiplying the fluid dynamics and defect functions, the variance in signal value can
be calculated in terms of mean percentage. The calculation was carried out by a frequency
domain representation (using the excitation time history known as the spectral method — see
Tijsseling (1996)).

In determining the orientation of signals associated with the defect zone and fluid flow
through the pipeline system, each state in the pipeline variable coefficients was represented by
planar travelling-wave solutions. For example, the fluid (water or oil) pressure may be

represented by:

N 1ikz 2 -ikz, |
PED=[ZPle “pje o
1

(3.1)

where N is the maximum number of wave numbers, P(z,t) is the fluid (water or oil) pressure

and e is the pipe-wall thickness. Through the differential equations, all states in the pipeline

1 2 1
variable coefficients; (e.g. V &V i) can be represented by one set of coefficients (e.g. P : and

2
P i) (Steens, 2004).

The equations are solved through boundary conditions or excitation conditions. The spacing
between the frequency points produced by the Fourier transform was I/T, where T is the time
record length. If the resonant frequency is taken to be that of the frequency point at which the
response magnitude was at a maximum, the uncertainty in the value of the natural frequency
obtained was 1I/2T. In the event that the frequency resolution generated is required to be

improved, that will also require that the response recording must be extended or increased.

The spectral method does, however, suffer from one drawback (Hatfield and Wiggert, 1983).

Representation of Dirac delta-like time histories in the frequency domain can result in
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problems due to the discrete nature of the fast Fourier transform, meaning that the time
domain approach is better suited to one-off events (transients). Higher frequencies are cut off
due to the practicalities of sampling rates; this means that correct representation of such
transients is unattainable. Even with low-damping pipeline systems, the amplitude of the fluid
motion could be considerably reduced after a few hundred cycles, so there is a limit to the
time for which the response can be recorded with an acceptable degree of accuracy. These
factors effectively limit the frequency resolution that can be obtained when extracting
acoustic emission leakage (cracking) signals from various transmitting pipe situations, as
were evaluated and tested by Liu and colleagues (2000), Zhang (1997) and Agarwal and Bull
(1989). Several techniques have been used to investigate the mediums flowing in the pipeline,

i.e. air, water and industrial gases.

The acoustic emission technique has been widely used as a standard for leak detection and
inspection of pipeline defects. As with other methodologies, acoustic emission involves the
assembly of fragmented software and hardware capabilities to enable direct monitoring,

detection, diagnosis and reporting without the help of a third party.

The parameter-based and FFT techniques require that the number of data points, n, used in the
computation of the Fourier transform are increased each time. The times taken for the
transform were proportional to nlog;on and the store required was also proportional to n, so it
can be seen that the computation requirements increase rapidly with n. In practice, however,
high frequency resolution is usually only required in the region of the resonant peaks, whereas
the standard transform gives the same resolution throughout the spectrum. Shannon’s theorem
states (Shannon, 1948) that it is possible to take advantage of this fact by recording the
response for a sufficiently long time as to give the required resolution at a sample rate, which

is high enough to prevent aliasing.

This data was then fed through the PICO-digitised system bandpass filter centred on the
region of interest, which outputs a smaller number of points on which the transform was
performed. In return, FFT techniques produced the spectrum over the bandwidth of the filter
with the desired frequency resolution automatically in situ. The filtering process was then
repeated for other parts of the spectrum, again in situ. It saved time, given that performing the
Fourier transform on the whole of the raw data would have required considerable

computational capacity.
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Theory indicates that when the range 0-5kHz is to be investigated, a rate of at least 6kHz
would have to be used in order to prevent aliasing. The response could therefore be recorded
for about one second, giving spacing between the frequency points produced by the Fourier
transform of 1Hz and a resolution of £0.5Hz if the natural frequency were to be taken as the

point of maximum response.

3.3 Theoretical Background to Research Project

The basic premise of the research project was that a piezoelectric sensor mounted on the
surface of an oil distribution pipeline could detect differences in the waveform (mechanical or
electrical) generated by the changed flow characteristics of a fluid medium as it passed
through pipes having different levels of internal damage. The sources of excitation are shown
schematically in Figure 3.4. It was assumed that as the fluid flows, the pipeline system’s mass
and elasticity, combined with the propagation speeds of the pressure and stress waves, are all
created to the same order of magnitude (Tijsseling and Lavooij, 1989). Fluid—structure

interaction is unimportant, provided that the transient excitation is sufficiently rapid.

The existence of vibrations associated with liquids flowing through pipeline systems has been
known for many years. The mathematical models developed by Lamb (1898) and Frizell
(1898) distinguished three classes of vibrations:
e the pressure waves in the fluid, as modified by the yielding of the tube;
e the axial vibrations of the tube wall, as modified (very slightly) by the presence of the
fluid; and

e the radial vibrations of the system.

The same mathematical models also derived a dispersion equation, which related pressure
changes, AP, to velocity changes, AV, by the constant factor p¢cs,, with pr the mass density of
the fluid and c; the velocity of sound in the fluid. According to Tijsseling and Lavooij (1989),
wavelengths and pressure waves have long been used predominantly to determine propagation

speeds through pipe walls.

However, as stated previously, such approaches are unable to predict the wave patterns

associated with internal cracking of oil pipeline distribution systems, which are predominantly
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associated with a radial vibration (acoustic emission) wave pattern. The wavelengths
associated with vibrating acoustic emissions are expected to be of the same order as the
dimensions of the defect (Agarwal and Bull, 1989); thus, for oil pipelines this would be in the
order of a few millimetres. Furthermore, whilst there is a considerable amount of literature
describing the propagation of mechanical waves and their application to steel infrastructures
(Graff, 1975; Aki and Richards, 1980; Yan and Jones, 2000), there is very little published
work that provides estimates of the absolute strength of the acoustic emission source. Thus,
even if acoustic waveforms exist, there is no guarantee that they will be detectable by the

range of piezoelectric sensors currently available.

The model for the axial motion of a fluid flowing through a steel pipeline under pressure
excitation H(z,t) is given by equations (3.2) to (3.5) below. The (diesel oil) fluid and its
pipeline system are regulated by each pair of equations respectively with some variables in

the equations as subscripts. We have:
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where u;, is the axial velocity of the fluid at the pipe wall; t is the arrival time and z is the
distance along the pipe, and R is the inner radius of the pipe; o, is axial stresses in the pipe
wall; and P is the internal fluid pressure. Friction and gravity terms are neglected in these
equations as they were proposed to describe the coupled axial motion of pipe and liquid
(Burmann et. al., (1979); Thielen and Burmann (1980)). The (low-frequency) pressure waves
for the fluid flow are assumed here as one-dimensional, so the flow activity in the radial
direction is deemed as quasi-static. The model accounts for Poisson coupling through
equations (3.3) and (3.5).
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Using these equations, it was possible to compute the pressure signals at any frequency due to
a system of damping ratio ¢ and undamped natural frequency of the pipeline system. The
relative values of the response magnitude at given points around the resonant peak are
dependent on the position of the peak in relation to these points. As previously stated in
section 3.2, the Fourier transform algorithm was used to compute the value of the transform in
hertz, whilst the single-frequency excitations were expected to be linear at the interface where

the fluid interacts, or is in contact, with a damaged area of the pipe.

According to Agarwal and Bull (1989), oscillations (i.e. excitations) are expected to occur in
the transmitting pipeline system because the system is perturbed from its dynamic
equilibrium; and the system, using a restorative force, tries to return to that equilibrium state.
The asymmetric mode (m = 0) may be as significant as axisymmetric modes (1, 0) (2, 0) and
should be expected to occur at low frequency rather than the lowest-frequency axisymmetric
(0, 1) mode.

The enveloping method has been used to solve the above problems. The premise of the
methodology is that:
e the friction forces that excite the random frequency vibrations are stationary only
when there are no defects; and
¢ in non-defective friction pipes, the random high-frequency vibration is stationary also

and its power is constant in time.

However, the excitations were expected to be built around the defect zone, which, although
stationary in time, may also vary periodically in time in the flow around a defect/leak as the
appearance of a defect may excite high-frequency vibrations. Therefore it was assumed that
partial discontinuity of flow occurred at defect zones, resulting in high peaks being observed
within the low frequency bound. It was further assumed that the value of the friction forces
and the power of vibration might peak, and changes in the signal were observed. Therefore
the defects were detected by measuring peaks generated within the frequency band (see
Figure 3.1) that was to measure the envelope spectrum of the high/low-frequency vibration in

the oil steel-pipeline system (see Barkov and Barkova, 1986, 1995 and 1996).
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Figure 3.1: Peak Frequency Random Amplitude-Modulated Signals (Source: Barkov and Barkova, 1986)

The intensity of the vibration, as can be seen in Figure 3.1, varies in the time domain. The

depth of modulation m of a random amplitude-modulated vibration signal X(t) can be

determined in percentage terms, using the mean value of the envelope ().

m=— - Y 100% (36)

where Xmax (I) Xmm (I) are the maximum and minimum values of the enveloped signal,
respectively. In contrast, Figure 3.2 indicates that when the pipeline defect type changes, the
modulation frequency also changes. It can be assumed that the more the defect develops, the
greater the depth of the modulation is influenced. For example, let a restoring force F = —kx
arise when the system is displaced through some distance x from the equilibrium position, and
let the parameter k change with time because of some periodic influence: k =k(t). Therefore,

for such a system the differential equation of motion

mi =—k{t)x, ¥+o'x=0
@ =—|
7t

is such that the coefficient w? of x is not constant but explicitly depends on time. Similarly,

the coefficients in the differential equation are not constant if the inertial parameter m depends

70



on time. Oscillations in such systems are essentially different from both free oscillations
(which occur when the coefficients in the homogeneous differential equation of motion are
constant) and forced oscillations. It is also assumed, that the frequency of modulation defines

the type of defect and the depth of modulation, i.e. its development.

Figure 3.2 presents, on the left-hand side in (1), an example of the time domain vibration
signals of a pipeline system: (a) without faults; (b) with surface defects; and (c) with surface
defects and leakage on the friction surface. The envelope spectra of the defective oil steel
pipeline's vibration under conditions (a)—(c) are shown below in (2) on the right-hand side of
Figure 3.2.

Time domain signal of high frequency Envelope spectra of high frequency

vibration vibration

sooes w

1) (2)

Figure 3.2: Time Domain Signals of High-Frequency Defective Qil Steel-Pipeline Vibration
(Source: Barkov and Barkova, 1986 (modified))

It was expected that if an oil steel-pipeline system had no defects, the envelope spectra of its
random vibration would not contain any harmonic components, whereas the envelope
spectrum of vibration of a defective oil steel-pipeline system would contain a strong harmonic
component that is indicative of a smooth and periodic variation of vibration signal power
(Figure 3.2). In an oil-carrying steel-pipeline system with shock pulses, the power of low-to-
high frequency vibration is expected to change abruptly, whereby a number of multiple

harmonic (wavelike) components would appear in its envelope spectrum. This made it
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possible to simultaneously observe the development of all defects by considering the values in
excess of harmonic components on certain frequencies against the background value of the
random components. Consequently, it would be possible to define the partial depth of

modulation, i.e. the depth of modulation for each defect mode.

According to Barkov and Barkova (1986), depth of modulation makes it possible to define the
development of each defect and to identify its type. For that reason it enhances the prognosis
of a diagnosed pipeline system condition, as each type of defect has its own rate of

development.

In contrast to the above, a random signal (see Figure 3.3) can have any value in a certain
range, so it is characterised by a particular amplitude, frequency and phase (i.e. by its peak

value, root mean square value and mean value of the detected signal and peak-to-peak value).
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Figure 3.3: Random Vibration Signal (Source: Barkov and Barkova, 1986)

Smutty (1999) wrote that most real acoustic emission signals have characteristics that change

over time and, further, that the individual domains of time and frequency do not often provide
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the means for extracting this information. Therefore an alternative method is required that can
process the temporal localised signal’s spectral characteristics into useable information. This
alternative method can be achieved by combining time domain and frequency domain

analyses, in the way recommended by Pazdera and Smutny (2000).

As mentioned in section 3.2, time-frequency representation can be divided into two groups by
the nature of the transformation: linear methods (including the short-time Fourier transform
and the wavelet transform), and quadratic methods (of which the Wigner-Ville transform or
distribution is fundamental). In essence the differences observed in the graphical
representations were generated automatically using the PICO Scope software. The frequencies
(resonant peaks) were generated through Fourier transform and spectral methods as the fluid
interacted with the pipeline system and the defects in real time. This has required that the
hydrodynamics of the separator’s aqueous part have generally been modelled using complex
mathematical and numerical models, which often described the settling and coalescence of oil
droplets in oil/water dispersions. In essence, such models take into account separator
dimensions, flow rates, fluid physical properties, fluid quality and drop size distribution.
However, these complex mathematical and numerical models are not required for this study;
the main interest is the characteristics of any changes in performance of the transmitting

pipeline systems.
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3.4  Experimental Method of Research Project

Prior to testing, different functions were used to resolve the differences and similarities
between the acoustic emission signals — for example, Fourier transforms (i.e. the spectrum
analysis method) and coherence functions were applied. The logic assumed that the frequency
response function of the pipeline system being tested could be expressed as the sum of a
number of independent damage signals, each of which behaved like a ‘single degree of

freedom’ system with viscous damping.

This was considered to be a reasonable approximation for a lightly damped transmission oil
pipeline system whose natural damage signals may typically have damping ratings of less
than 0.05. However, the assumption had to be verified in that, apart from the influence of the
transmitting defective steel pipe under test, a similar pipe-defect source with a particular fluid
flow rate but different transducer characteristics could result in similar acoustic emission
signals. This is typically the case when a two-degrees-of-freedom system has two closely
spaced natural frequencies, wn1 and @z, as vibrational Kinetic energy will transfer from one
degree of freedom to the other in a periodic fashion. The frequency of the transfer is known as

the beat frequency, given by (wn1 - @n2).

Should the above assumption be proven to be reasonable, that would mean that the accuracy
of the technique may depend on a given failure mode and the damping ratio, c, as well as the
accuracy of the analogue-to-digital conversion and the level of any other noise sources at the

time when the signal is recorded, At, such as from:

e digital-to-analogue converter (DAC);
e datalines: DO, D1, D2, ...;
e analogue: continuous electrical signals;

¢ digital: method of representing information using solely 1s and Os (usually 5V
and 0V);

e LSB: least significant bit;
e MSB: most significant bit; and

e charge-coupled device (CCD): ‘dark’ noise (vibration) and ‘read’ noise.

For example, acoustic sound emission or photon noise is known to result from the inherent

statistical variation in the arrival rate of photons on a CCD, whilst dark noise can arise from
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statistical variation in the number of electrons thermally generated within the silicon structure
of the CCD, which according to Thomas and Davidson (2005) is independent of photon-
induced signals but highly dependent on device temperature. On the other hand, read noise
can result from a combination of system noise components inherent to the process of
converting CCD charge carriers into a voltage signal, and the subsequent processing and

analogue-to-digital conversion.

Although the proximity of other variables, such as joints and the level of the resonance in the
damaged area of interest, may be masked by the other signals, the concern is that there may be
an inconsistency in the readings. However, it was hoped that the inconsistencies would be
sufficiently small to be ignored by comparison. Here, the distance between the two sensor
locations were computed differently, since they were mounted at different time intervals, as

follows:

d—cj
d1——2L=X (3.7)
2

where d is the distance between the two sensors’ positions, cj was the speed at which the leak
noise propagates through the pipe, j is a subscript below and in the formula, and At was the
difference in arrival times of the noise at the two sensors. These three variables need to be
known in order to determine the location of the leak accurately. The distance between the
sensors, d, was measured reasonably accurately using a tape measure but the wave speed cj
was difficult to measure in this instance, although there is a reasonable understanding of the
factors that can affect it (Agarwal and Bull, 1989).

The accuracy of any of the techniques used to improve the frequency resolution was also
dependent on the degree to which the spectrum of the input force (i.e. the defect) was high
over the range of resonance as applying to joints and noise. That made it possible to compute
the force spectrum and to find the frequency response function by dividing the response by
the force spectrum; but this procedure adds considerably to the computation and
instrumentation required. In seeking to predict acoustic frequencies, according to Rocha
(1989) it was assumed that about the order of 10Hz acoustic emission can propagate in a gas-
contained pipe (in this case, diesel oil) for distances up to 160km and gives the following

approximation, in that the amplitude of the wave is expected to be related to the properties of
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the diesel oil in question. Therefore equation (3.8) was used to work out the distance, given
the pressure at which the pipeline system was operated in the laboratory. The pipeline system
was operated at 3bar with the size of the leaks measured at about 0.01mm before the nail

insertions. The local pressure drop due to the leakage is given by:

Ap = O'BPS(D]_/ D p)2 (3.8)

where Ap is the vibration sound pressure; Ps is the static pressure in the pipe at the leak site;
D1 is the diameter of the leak hole; and Dp is the local diameter of the pipe. Again according
to Rocha (1989), the detectable vibration sound pressure from the steel pipeline leakage has
been measured to be as small as 5millibars (0.073psi), even with a static pressure sometimes
of up to 69bar (1000psi). However, the pressure level often requires sophisticated noise

cancellation techniques to increase the signal-to-noise ratio.

The aim of these experimental tests was to detect and determine the position of a defect, and
subsequent leak signals expected from the defect zone (160-161cm; X between A and B; see
Figure 3.4 below). The defect zone was located at the midsection of the test pipe, simulated to
monitor the changes in performance of the pipeline system in service. This distance was also
related to other test variables (sensor mount positions I-V in Fig 3.4 and in order to estimate
AT the cross-correlations of the signals from the sensors were used; hence the superscripts

‘I’ and ¢/2” take the form mean:

T1=x1/V (3.9)
T2=x2/V (3.10)
AT=(x =X IV (3.11)
Therefore;

X ,=D=X ;AT =(D=x ;=X )|V > X ;=(D-VAT) /2 (3.12)

The determination of the accuracy of the failure patterns from these equations depended upon
the sensor position and the signal processing. From Figure 3.4 it can be seen that the sensors
located at defect points marked between A and B (in fact at 160cm, 160.5cm, and 161cm) are

approximately five millimetres apart. However, the method assumes that, within the defect
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region, the response may accurately be modelled as that of a single-degree-of-freedom
system. This means that severe errors would be introduced if another peak was in close

proximity, with the magnitude of the error depending on the damping in each mode.

The inaccuracies caused by this event were less serious with low-damping systems as, in this
case, the response decreased more quickly away from the defect zones. The choice of error
function was assumed to be unaffected by the defect growth, helping to minimise the peak
amplitude differences originating at the defect source. The absolute value of the response
function was significant, in contrast with the rate of frequency change, which was small. It
was possible from equations (3.10), giving the position of the leak relative to sensors 1 and 2,
and (3.11), giving the difference in arrival times, to determine which of the failure
characteristics (i.e. frequencies) would occur, given sensor positions A—C (I-I11) positions in

Figure 3.4.] and the defect location.

D
A =43cm, B=165cm, C=168cm, D=204cm & E=300cm Sensors

- |—

|

X=[D-(V*AY]/2

Figure 3.4: Cross-Correlation Method of Defect and Leak Location

e X =distance of the point [of defect and or leaks] from the reference sensing device;
e D =distance between the two sensing devices (for the 5 sensors was required);

e V = propagation wave speed;
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e At =time delay obtained from the peak position of the cross-correlation function.

The defect source was determined using cross-correlation methods; the acoustic emission for
the steady state and the defect was determined with five sensors, each mounted along the pipe
and separated from each other along the length of the pipeline system at locations A to E (see
Figure 3.4). The envelope of cross-correlation function for each sensor signal was calculated
to determine its peak, which provided the time differential between each signal received at

sensor locations A to E.

A sweep filter was used as part of PICO-Scope software that transformed the interaction
between the fluid flow and the damage information into vibration and acoustic signals. This is
referred to as constant Q (or constant percentage bandwidth) filtering, where a low/high pass
filter combination of say 2.5 % bandwidth is swept, in real time, through a signal to produce a
plot of amplitude versus frequency. The processed frequency and amplitude signals from
different channels were applied to the inputs of the multiplier in order to produce the desired
defect signal. The fluid passing through the defect zone excited a sound in the oil/steel

pipeline system in the 120-200Hz range.

3.5 Chapter Summary

It has been shown in sections 3.3 and 3.4 that if it is assumed that the attenuation and
waveform analysis were used to identify theoretical changes in the flow characteristics of a
liquid medium as it passed along a damaged section of pipe, the sensors and analysers would

be effective in detecting the flow characteristics around a damaged section of the pipeline.
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CHAPTER 4: EXPERIMENTAL METHODOLOGY
4.1  Outline of Testing Procedures

This chapter details the design of the laboratory experimental set-up, test programme and test
results (data collection and analyses). The test programme was divided into two parts: a pilot-
test series (S1) of investigations to establish the natural behaviour of the pipeline system
under consideration without defects and to validate the fluid and equipment used; and then a
second test series (S2) to measure the effect of damage to the pipeline system. Test Series 2
was further divided into four sub-series: for a small defect (fissure), a medium-sized defect, a

sealed hole and ‘failure/burst’.

The testing method is described in detail in section 4.2, and section 4.3 describes the
experimental procedures and measurement made. Section 4.4 presents a summary of the

results, whilst Tables C to G in Appendix A give a detailed breakdown of the results.

4.2 Experimental Set-Up

A test programme was developed in which (see Figure 4.1 below) two flow mediums, namely
water and diesel oil, were pumped through a model oil distribution pipeline in which the
central section of pipe (60cm) was replaceable by alternative sections having different failure

characteristics.

The failure characteristics were modelled by drilling holes (0.5mm, 1.0mm and 2.0mm in
diameter) through the pipe wall and inserting nails (19mm x 1.2mm (small) and 30mm x
1.15mm (medium)) into the holes from the outside into the pipe wall to simulate corrosion
and cracking. The location of the nails/holes was taken as the reference point for each test.
The nails were removed from the holes for the last test series (a fatigue test), although the

holes remained sealed by weld solder until they failed sufficiently to produce leakage.
The acoustic emission signals associated with each test were recorded at five sensor locations

A to E along the pipe (43cm, 165cm, 168cm, 204cm and 300cm respectively from the

reference point). The sensor locations and characteristics were calculated by considering
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Tijsseling’s (1996) equations and the specific parameters associated with the test set-up. The
sensors had an effective frequency range of 0.5Hz to 15,000Hz at +3dB.

Once steady-state flow conditions were achieved (e.g. constant fluid temperature; flow
pressure etc), the acoustic signals were recorded (with a sampling rate of 2KHz) over the
interval: 1ms with 300 maximum number of samples for a 45-minute time period.
Approximately 1,000 readings were recorded for each test; hence only summaries of the
results are presented in this section (although a more detailed breakdown of the results is

given in Appendix A).

The results were then converted to mean values and their standard deviations calculated using
the enveloping method. The main test considerations (and thus test parameters) were; defect
location, defect evolution characteristics, leakage location, results of fatigue tests using sealed
holes without nails; failures analysis, changes in performance, and the effectiveness of

piezoelectric sensors.

These results were obtained from a series of tests conducted using low-frequency vibration
and acoustic emission sensor and fluid flow in order to measure the impact of the engineered
defects (as simulated corrosion) on the performance of the steel pipeline in service. The defect
size and progression characteristics were monitored, measured and identified at each stage of
experiments. Spectrum and frequency analysis were used simultaneously in combination with
the acoustic emission detection method to study the integrity of the oil steel pipeline’s

performance against the different defects and leakages models.

Tests Series 1 (S1) established the natural frequency (i.e. waveforms) of the acoustic emission
signal resulting from normal fluid flow through the steel pipe without defects. Water and oil
were the flow medium (see Table 5.4 in Chapter 5). The data from the water test was used for
comparison (normal fluid flow) in this research since the results are very similar. Fourier

transform and wavelet techniques were used to study the signals and background noise.
Test Series 2 (S2) monitored the corrosion signal sources and characteristics of the induced

defects, from incipient defects (drilled holes with small nails, drilled holes with medium-sized

nails, and sealed large holes) to failure (ranging from cracking to actual leakage). The signal

80



sources from the oil steel pipeline were studied; results were obtained and were compared

with S1, which comprised 20 controlled tests with oil, in order to validate the test set-up.

4.2.1 Testing Methods Used

The experimental method required that non-intrusive sensing devices (accelerometers) were
connected to data acquisition and signal analysis instrumentation placed along the pipeline
system, in order to detect and locate defects and leaks. The pressure signals generated from
the defect and subsequent leakage location were measured. The distance between the five
sensor locations that spanned the pipeline system were also accurately correlated and recorded
along with the ‘controlled burst’ event that generated a low-pressure pulse propagating along
the oil steel pipeline. See Figure 4.1 below for a diagrammatic layout of the rig and Photo 4.1
for a photo of what was actually constructed in the laboratory.

Finally, it was possible to measure the frequency and time interval using the spectrum
analysis method; and Fourier transform and wavelet analysis were used for signal processing.
In addition, the cross-correlation functions were used (see Figures 3.4 and 4.1) to establish the
time intervals that the defect and leak vibration sound emission took to reach the locations of
the sensors. Frequency- and time-domain measurement techniques were used (see Pazdera
and Smutny, 2000).

The test definition was determined as the ability of the pipeline system, under different
conditions, to transport the liquid medium. The tests sought to link changes in the condition of
the pipe wall to changes in its performance characteristics — in particular, to establish whether
changes in performance could be linked to known (induced) defects. Failure (corrosion)
characteristics were modelled by drilling holes and inserting nails, as described above, to
ascertain whether:

e adefect in the pipeline and resulting leakage had specific characteristics and influence

the pipe’s ability to transport fluid; and

e wear in the pipeline required greater input of energy to move the oil.
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4.2.2 Test Question

A significant question posed in this research was: Can changes in performance in a defective
oil-transporting pipeline, when carrying out its primary task, be monitored in such a way as to
predict failure? Can an imminent break in the pipeline (time to break, location of break) be
foretold?

Time constraints meant that the failure prediction aspect of the test was not done in this phase
of the experimental programme. However, it was possible to monitor the ability of the
experimental defective oil-transporting pipeline to carry out its tasks using the test

programmes set out on Table 4.1.

Table 4.1 Details of the Experimental Programme

Section & Test Numbers | Flow Medium Primary variable
S1 1-100 Water and Oil No defect with Water & 20 last tests with Oil
S2  1-25 Diesel Oil Nail small 0.05mm — Defect Location,
S3 2651 Diesel Qil Effectiveness of Piezoelectric sensors and Evaluations
S4 52-72 Diesel Oil Nail med 1.0 mm Defect Location
S5  73-98 Diesel Qil Defect Evolution and Changes in Performance
S6  99-119 Diesel Qil Sealed-Hole/large 2.0 mm Defect Characteristics
S7  120-145 Diesel Oil Failure and Defect Evolution
S8  146-171 Diesel Oil Leakage Location
S9 172—-200 Diesel Oil Failures Analysis, Changes in Performance &

Effectiveness of Piezoelectric sensors
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Figure 4.1: Details of the Lab Set-up (see original diagram print as attached in the Appendices)
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Photo 4.1: Dimensional Photos of the Test Oil/Water Rig and Flow Station

4.2.3 Instrumentation

The dynamic transducers used to detect the acoustic signal in the pipelines were rigidly

mounted on the pipe by a standard pipe-fitting connection fabricated in the lab (Photo 4.2).

Photo 4.2: Coupled Transducers

The pressure transducers were coupled to the pipe wall and were able to pick up vibration
sound signals transported by fluid flow through the pipe wall. A microphone-type sensor
consisting of magnetic transducers, with input and output facilities, was connected to data

acquisition equipment.
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The sensor arrays were chosen for their capacities to measure signals in the order of hundreds
of kilohertz. Data was collected every 15-20 seconds by both resonant and broadband sensors

that were used for different applications, and the frequency ranged from 30kHz to 2MHz,

For this experiment 0—45kHz was considered ideal because it has a better frequency range and
was more suitable for the entire test series. A frequency range of 0.5Hz to 15kHz at +3dB was
predicted (based on Test Series 1, S1) from the transducer’s positions. It was expected that the
amplitude of the vibration and acoustic signals would be affected significantly by variations in
the changing condition of the steel pipeline system. The attenuation of the lower-frequency
signals were less than those of the peak-frequency signals, resulting in a variation of signal

strength linearly with the different defect types.

4.2.4 Data Acquisition Considerations, Software and Hardware

Vibration and acoustic emission data was collected from:
e the recording of damaged sources;
e characteristic and flow frequency (in time domain and frequency domain); and

e leak characteristic and flow frequency (in time domain and frequency domain).

The data capture and analysis software used throughout these experiments was the PICO
ADC-212/3 integrated with data filter and Fourier transform. It has a 12-bit analogue-to-
digital converter that was also used for digital representation of signal and vibration
monitoring. The graphical representations (time record/frequency response) were created at
1,500 samples per second per channel and stored as 16 seconds of data at a preset command.
The test signal was generated at 5kHz with a maximum frequency at 7kHz, making it possible
to measure and record vibration signals from 0.1Hz to 250Hz. This setting represented a very

adequate measurement range for the vibration signal from a damaged 1-inch pipeline.

Vibration measurements were taken using two sets of front-end piezoelectric vibration sensors
(Wilcoxon Industrial Sensor, model Piezo-FET 793) and a hydrophone acoustic sensor used
as a test probe (Photo 4.3). In addition, Telequipment Oscilloscope type D1011 was used as a

confirmation system to the main oscilloscope CML 2105, an integrated system that comprised
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an liquid crystal display unit, a vibration analyser with inbuilt accelerometers, and charge
amplifiers. The power source was from standard wall plugs and sockets. The filters were set at
flexible high/low pass with automatically variable measurement gains. The oscilloscopes were
set to measure at 0.5Hz (low-frequency limit) and 1kHz (upper-frequency limit). The
measurement threshold setting was at x1,000 to x10,000 with 30-900,000cpm.

Photo 4.3: Sensor Probe Position Located at 204cm

4.2.5 Pipe Specimen

The choice of geometry for the 1-inch pipe specimen was based on practicality: ease of
cutting, drilling and handling. Lateral dimensions of 10ft by 10ft (9.7m?) were selected to
represent the test oilfield. The configuration does not have any specific sample reference. A
total of five mount point sensor positions were selected. Two coincided with the defect
position on the test sample used in this experiment. The corrosion was simulated by drilling
three sets of holes — measuring 0.5mm for test S2, 1mm for test S4, and 2mm for test S6 — and
the holes were inserted with nails of the same size. The points on the pipeline were chosen at

different distances, constituting the three defective states.

Leakage was generated by the nails being pulled out and the holes being sealed with a thin
layer of solder, such that when the (pressure) flow rate increased, more force was exacted on
the pipe wall and the solder join was caused to break, resulting in leaks (Photo 4.4). Diesel oil
was the fluid inside the pipeline for Test Series 2. The pressure of the pipeline was generated

and controlled by a pump.
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Photo 4.4: The 60.2cm (2ft) Experimental Pipe Test Section (in the Centre at 160cm Mark Showing Sealed Defect)

4.2.6 Method Used to Locate Defect, Leak and Sensor Source

Figure 4.1 and Photos 4.1-4.4 give an idea of the oil/steel pipeline, the rig and the pipe test-
specimen, as described above. The sensor numbers show the location of sensors, and the

source is below sensors 11 and I11. All dimensions are in centimetres, with sensors 3mm apart.

The sensor probe in position | was located at 43cm, on top of the pipe surface just before the
corrosion defect propagation zone. That was after pipe-joint | and before pipe-joint 11. Sensor
probes Il and 11l were positioned at 165cm and 168cm in the centre of the pipeline system.
Sensor probe 1V was at 204cm and sensor V at 300cm mark. Both were located past the pipe-

joints and corrosion defects zone.

The defect or leak points were located at 160cm, 160.5cm and 161cm (leak point at 161cm),
and the three drilled holes are within 5mm of each other. With X being the distance of the
point of defect or leak from the reference sensing device as modified by equation (3.12), and
given the schematic illustration Figure 3.4 that shows how the defect and leak point may be

obtained (see section 3.4), we have:
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X=D-X; ->AT=(D-X;-X;)/V-->X;=(D-VTA)/2 (4.1)
e.g. X; = (leak point) at 161cm - A (i.e. sensor A) at 43cm, so X; = 118cm (4.2)
Xo-=4cm, Xz-=7cm etc.

Related information is given in Tables 4.2 and 4.3 following.

Table 4.2 Defect and leak mount position (X) and Sensor locations (Small, Medium,
Sealed Holes without Nails, and Failure)

Sensor Mark | Sensor mount incm Distance to (X)
A-l -43cm =118cm

B-1I 165cm =4cm

C-1l 168cm =7cm

D-1V 204cm =43cm

E-V 300cm =139%cm

Table 4.3: Distance between the Two Sensing Devices

Distance between Two Sensors and Defect or Leak cm
43cm as the sensor probe position (1), to 165cm (sensor probe position 11), =125cm
165cm as sensor probe position (I1), to 168cm (sensor probe position 111), =3cm
168cm as the sensor probe position (111), to 204cm (sensor probe position 1V), =36cm
204cm as the sensor probe position (1V), to ‘ 300cm (sensor probe position V) ’ =96cm
43cm as the sensor probe position (1), to ‘ 300cm (sensor probe position V) ’ =257cm
165m as sensor probe position (I1), to 204cm (sensor probe position 1V), =39cm
165cm as sensor probe position (I1), to 300cm (sensor probe position V) =135
168cm as the sensor probe position (111), to 300cm (sensor probe position V) =132cm
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Figure 4.2: Cross-correlation Function; and Figure 4.3 Coherence Function Plot

The measurements of vibration and acoustic propagation were obtained from the steel
pipeline specimen by taking an imprint of damage and leakage using a vibration sensor.
Figure 4.2 shows the graphical illustration of vibration and acoustic sensor installations used
to derive the vibration and acoustic signals. The respective values were then obtained by an
average of the total direct measurements taken from the defect characteristic coupled to the
flow dynamics.

The defect source was calculated to be located on the same plane of the pipeline system but
the holes (small, medium, and sealed holes without nails) were not symmetrically located on
the sample pipe. Figure 4.2 shows how the position of the defective and subsequent leak

source may be obtained and further shows an example of the cross-correlation function.
The diagram in Figure 4.3 shows the position of the leak, in relation to the five sensing

devices, and was determined by detecting the maximum cross-correlation function in relation

to the signal’s time delay. It compared two sensors’ positions at a time.
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The coherence function, shown in Figure 4.3, allowed the reliability rating of the
measurement to be established. The dependence of the signals is defined, as those detected at
any two of the five-measurement points A-E from a common defect-and-leak vibration/noise
source. The coherence is normally represented between zero and unity; therefore, the nearer

the coherence is to unity the closer is the link between the two or five detected signals.

4.2.7 Determining the Sample Size

The probabilistic method was used to determine the required size of sample with the
following assumptions:

e % = proportion of the target test runs;

e (% = sample proportion;

e Z = corresponding value;

e €% = margin of error;

e n =the minimum sample.
Sample size was determined using the following formula for a single proportion (Saunders et
al., 2003):

Z 1.96.,
n=p%xq%x[—] =254%x74.6%x[—]" =291 4.3
poQo[e%] 0 0[5%] (4.3)
Here n is the minimum sample size required
% = 2800000 = 25.4% (The proportion of the target test runs) 4.4
11035367
% = 11035367 2800000: 74.6% (Sample proportion; target experiments) (4.5)
11035367

z is the value corresponding to the level of confidence required (it is 1.96 if considered 95%
certain)
€% is assumed as 5% (the margin of error required).

Then the adjusted minimum sample runs size,n = nn = 2221 =290 (4.6)
1+ —

14— =22
N 11035367

Three hundred test runs were carried out in total: 100 for Test Series 1 and 200 for Test
Series 2.

90



4.2.8 Measuring Flow Rate

The definition of volumetric flow rate [Q] is given by:

Q =V /twhere V =volumeand t =time (4.7)

‘Fluid’ in this context can be water or diesel oil since both are incompressible fluids that are
relatively incapable of losing volume in response to pressure (and with similar flow
characteristics, as noted in the lab experiments and supported by Jin et al (2003) and
Vigneaux et al. (1988)). ‘Volumetric flow rate’ is defined as the flow of a volume of fluid
through a pipeline system per unit of time, while ‘mass flow rate’ is related to volumetric
flow rate by substituting M for V in the above equation, where M = mass = pV, and p =
density. As stated above, fluid density is assumed to be constant for incompressible fluids —
but not for compressible fluids, where the volumetric flow rate must take account of
information relating to temperature and pressure in order to truly represent the volume and

mass flow rates.

Photo 4.5 shows the valves and out-reservoir tank, and the pump flow loop of the
experimental set-up used. It takes a form similar to that of the pump suction device that is
mathematically well described by the Bernoulli equation and modified by Munson (2002).

Although that equation was made for a venture device, it was used to calculate the flow rate.

The key working equation was generally taken to be:
Q=CAT[2.p/A(l-a4)L/2 (4.8)

where Q is the volumetric flow rate, p is the measured pressure difference, i is the fluid
density, AT the (pump suction) in-put cross-sectional area, & is a geometry factor, and C is the
‘output PGA 40/30t discharge coefficient’ related to discharge into the reservoir tank. This
was constant and close to unity; it also accounted for vortex friction as the fluid exited into the

tank. Cavitations were not a concern in this study.
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Photo 4.5: Rig (Pump Suction) Input and Out-Reservoir Tank

Equation (4.8) above was appropriate for this experiment because Bernoulli’s equation only
applies along a single streamline and ignores the effects of viscosity. The difference between
the ideal analysis and the real case was accounted for by the discharge coefficient C, which
was a required factor. Determining C was part of this lab exercise; therefore the actual diesel-
oil flow rate measurement was made using the same technique as used for Test Series 1 with

water.

The study adopted the very crude form of measuring flow rate, because a fully enclosed
channel comprising pipes and tubes does not require a sophisticated technique. Therefore a
manual method was used during which a transparent 2-litre PVC measurement jar was
calibrated by pasting white tape from top to bottom and graduating it with numbers 1 to 100.
This jar was used to collect the oil discharge, amounting to 11 litres in 1.65 seconds, which is
equivalent to Q being 6.6 litres per second. The flow rate was measured using a mass scale

and stopwatch as described above.

4.3 Experimental Procedure and Measurement

It was noted that the sound and vibration measurement frequency range were occurring
between 0.1Hz and 46.9kHz, and it occasionally extended to 100kHz. The temperature of the
tap water used was 25°C with a viscosity coefficient of 1.0 cP, a density of 1.0 g/cm®, and a
vapour pressure of -733 mm Hg; (based on Lee et al. (2005)). Equally, the diesel oil
temperature was between 15°C and 35°C, with a viscosity coefficient of 0.85, and a density of
1.0 g/cm?*.
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The data sets collected during these spot measurements were typically for one-minute
durations. The test equipment ran for 20 minutes each time after start-up and configuration
but before data was collected, to allow the system pump temperature to normalise. The
characteristics of the sound and vibration analysis signal’s energy level and frequency

spectrum were established.

The knowledge gained in Test Series 1 (with water and oil) of the pipeline system’s natural
frequencies helped to better understand the diesel oil (Test Series 2) runs. The accelerometer
sensors transformed the pressure (in pa) and the acceleration (in msec or units of g) into a
voltage (in volts) with a sensitivity of 10-100mV/g. The piezoelectric sensor was powered
from an oscilloscope. Other test variables that were deemed not so relevant to the test were
fluid temperature, viscosity and velocity. The least relevant of all was pipe-bend, which was

assumed to have negligible effect in this study so no test was done to determine its effect.

The piezoelectric sensors used were very responsive to dynamic signals; the limitations of the
dynamic response generally arise from the inertia of the pipeline system and the data
acquisition equipment. To this effect, efforts have been made to identify and utilise a more

effective source-identification technigue for the 60cm experimental test section of pipe used.

4.3.1 Test Series 1: Test Run Setting and Procedures

Photo 4.6: Connected to CML 2105 Fourier Transform & PICO-Tec Oscilloscope ADC 212
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In order to establish and compare the readings from the sensor (vibration and acoustic) and
two oscilloscopes, the sensor was connected to channel 1 and set to 2ms by 10mV x5,
adjusted to zero level. Photo 4.6 shows the pc/laptop data-logger attached to a serial port, with
the signal generator set at 5kHz on a time-based frequency of 7.5kHz as set out in Table 4.4.

Table 4.4: Oscilloscopes Settings for the Experimental Test

Variables Figures
Time Based = 7.50kHz
Options; X axis = Linear
Y axis +dB

Signal Generator |= 5kHz

Window Blackman

Settings test Recording Method:
Real time,
continuous.

The oscilloscopes were set to repeat scanning at the end of each signal scan-run immediately.

However, the restart had a fixed delay of 1 second utilising multiple converters.

The data-sampling rate and interval were set to collect data at 1ms intervals for a maximum of
300 scans. The readings per scan were adjusted automatically to ‘as many as possible’.
Setting scan time configurations at 100,000us helped to carry out tests with a high number of
scan cycles within each set time-cycle, and also to conduct a series of tests within different

frequency bands.

Figure 4.4 shows results for the pipe in the experiment when it was operating in its normal
state, as derived from the (averaged) details of the experimental test runs that are shown in
Appendix A2 Tables C-G and Figure A3.1 - Table AH. This information helps the choice of
the suitable frequency range for Test Series 2. The resulting amplitude and frequency profiles
were measured at 11.70kHz, 23.95kHz and 46.90kHz; each had similar sample rates and the

differences produced in each test were negligible. Figure 4.4 showed that 46.9kHz has a better
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frequency range and was more suitable for the entire test. Consequently, the rest of the test
programmes were carried out at 46.9kHz.

Selection of Test Frequency Ranag
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Figure 4.4: Amplitude and Frequency Selection to Determine Sample Rate for Tests Series 1
(Data taken from Table 4.4)
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CHAPTER 5: EXPERIMENTAL RESULTS

5.1 Introduction

For the test configuration used in this study, the theory suggested that the results would lie in
the range of 2Hz to 5kHz, or typically £5% variations on the average; this was confirmed by
Agarwal and Bull (1989). The results from this study agreed with those suggested results,
with the exception of the defect burst-and-leakage tests on the average values taken from
sensor location (at C in Figure 3.4). The modulated signal that was expected from the theory

was -0.139, but what was recorded was +5.89, and this requires further in-depth analysis.

The results obtained in these experimental tests were encouraging; in particular, it was
possible to determine the defect characteristics and location of the defect. There were
nevertheless certain limitations, and one of the most significant amongst these was that the
test was conducted with limited equipment. For example, five separate sensors would have
been ideal but only two were available, which meant that the test had to be repeated many

times. It is suggested that future tests should be conducted with more robust equipment.

The time interval measurement using the spectrum analysis method and Fourier transform and
wavelet analysis utilised low- and high-frequency intelligent decomposition filters that
automatically processed data without being stored first. That made it possible that when the
wavelet coefficients exceeded a threshold, the most recent data samples were automatically
processed in situ. The advantage of this approach compared with others is that the system
could be integrated as a miniaturised unit with sensing, processing (cross-correlation) and
reporting capabilities. Therefore it can be deployed as a continuous monitoring solution able
to carry out remote analysis and reporting without third-party input. It was assumed that the
characteristics of the acoustic emission propagate consistently in all directions away from the

defect or leak, generated by the leaking oil flowing through the fissure in the pipeline system.
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5.2 Test Series 1 Results; Determining the Natural Frequency of the
Experimental Pipeline System

A detailed description of the test and analysis approach was outlined in section 4.3.1. Test
Series 1 (S1, tests 1-100) was devised to determine the natural frequency of the experimental
pipeline system and the flow medium, and to identify the background noise from the test
apparatus. The pump, in particular, was expected to produce additional pressures and sound
waves in the pipe while transmitting fluid, in addition to those associated with the failure
modes being investigated.

The pipeline system consisted of three sections of pipe joined together in such a way as to
allow the middle section to be replaced in each test, in order to simulate the different failure
modes to be investigated. A theoretical analysis of the pipeline system suggested that sound-
inducing activities would be generated in the pipeline system. A total of 300 tests were carried
out at five sensor locations (labelled 1-V but shown as A-E in Figure 3.4), with associated
acoustic signals and pressure wave emissions recorded. The first 100 tests were performed to
establish the effect of the presence of the three joints and other characteristics present in the
model pipeline system, and the results are depicted in Figures.5.1a to 5.1e. Two hundred

subsequent tests were conducted to identify the effect of the induced failure modes.

5.2.1 Signal Source and Characteristic Identification

When the fluid inlet valve was turned to full pressure during a test, fluid rushed through the
steel pipeline. As a result of the flow, the sensors (Photo 5.1) recorded the acoustic and pressure
wave emissions signals (as opposed to when the system was at rest). These recordings were
effectively the natural frequency of the ‘undamaged’ pipeline system. It should be pointed out
here that the inlet pressure was not recorded and as such the natural frequency readings
obtained are only applicable to the two test series for the model test-rig. The impact of different
inlet pressures on the natural frequency of the pipeline system will be examined in the next

stage of the research.
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a Sensor number 11 b Sensor number 111

Photo 5.1 a & b: Sensor Numbers Il and 111 on the 60.2cm Experimental Test Pipe Section

To locate the different defects in the pipeline system, it was necessary to find a signal
characteristic at each sensor that belonged first to the natural frequency of the test apparatus,
and then for the defects and leakage locations. This was accomplished in the experimental Test
Series 1 and 2 by monitoring the damage location with five sensors and then searching for
similarities in the signals produced by the sensors. When such similarities were found, the time
difference of their arrival at each sensor was determined. Using this time difference and the
sensor spacing, it was possible to determine the location of the damage or leakage. A typical
plot of frequency (signal) for normal flow, small-major defects, and failure recorded at the five
sensor locations are shown at Figures 5.1a to 5.1e. Similar plots were observed for all tests in
Test Series 1 and 2 (including the sub-series in Test Series 2).
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Figure 5.1a: Signal Characteristic Belonging to Defects and Leaks (Normal Flow)
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Figure 5.1b: Signal Characteristic Belonging to Defects and Leaks (Small Damage)
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Figure 5.1c: Signal Characteristic Belonging to Defects and Leaks (Medium Damage)
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Figure 5.1d: Signal Characteristic Belonging to Defects and Leaks (Major Damage)
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Figure 5.1e: Signal Characteristic Belonging to Defects and Leaks (Failure)

5.2.2 Graphs Showing Readings at all Sensor Locations

In addition to the results presented in Figure 5.1 above and Table 5.1 below, five more sets
(one for each sensor location) displaying similar graphical representations of natural
frequency are available in Appendix A. A total of 10 test runs were carried out at sensor
location | (point A in Figure 3.4, 43cm from the reference point), for which Figure 5.2
(Graphs 1A and 1B) show typical natural frequencies and the corresponding spikes. The time
differences between signals arriving at sensor location | and its counterpart arriving at sensor

locations I, 111, IV and V at later times were recorded.

The readings from the experimental apparatus were noted for a range of permutations
involving six test scenarios and five sensors. Each test scenario corresponded to one of the six
items of the experimental apparatus, and there are five sets of readings each corresponding to

one of the five sensors (see Table 5.1).
This is how the table was populated with the data. The first test scenario corresponds to water

flow, and a water flow frequency (and the corresponding spike) was measured five times, one

for each of the five sensors, one by one. Thus, row 1 in each of the five sets of data in Table
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5.1 was filled. Similarly, for Test Scenario 2, readings of frequency (and corresponding spike)
were noted down for Joint 1, for each of the five sensors, one at a time. Thus, row 2 of each of
the five sets was completed. Similarly for the remaining rows, and this is how the whole table

was populated up to the sixth item (i.e. Test Scenario 6) for each sensor at a time.

For each set of test scenarios and sensors, there are two graphs. One corresponds to
frequencies of Water Flow, Joint 1, Joint 2 and Joint 3 (i.e. a, b, ¢ and d, respectively), while
the others represent the pump and oscillator (i.e. e and f, respectively). Thus, in total there are
10 graphs per test. For these 10 corresponding graphs, see Figure 5.2 for sensor location 1
(graphs A and B) to sensor location 5 (graphs A and B).
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Table 5.1:

Readings from the Experimental Apparatus

Test Item Item
Scenario | Sensor No. | description | detonation kHz dB
No.
1 Water flow a 0.1 kHz -112dB
2 Joint 1 b 1.5 kHz -114dB
3 Joint 2 c 2.69 kHz -110dB
4 1 Joint 3 d 4.7 kHz -108dB
5 Pump e 0.4 kHz -110dB
6 Oscillator f 0.5 kHz -95dB
[Fig 5.2a&b]

1 Water flow a 0.16 kHz -110dB
2 Joint 1 b 2. 81kHz -114dB
3 Joint 2 c 3.79 kHz -114dB
4 2 Joint 3 d 4.78kHz -108dB
5 Pump e 0.4 kHz -110dB
6 Oscillator f 0.5 kHz -95dB

1 Water flow a 0.12 kHz -112dB
2 Joint 1 b 2.79 kHz -114dB
3 Joint 2 c 3.78 kHz -114dB
4 3 Joint 3 d 4.90 kHz -108dB
5 Pump e 0.4 kHz -110dB
6 Oscillator f 0.5 kHz -95dB

1 Water flow a 0.17 kHz -115dB
2 Joint 1 b 2.75 kHz -113dB
3 Joint 2 c 3.78 kHz -114dB
4 4 Joint 3 d 4,98 kHz -108dB
5 Pump e 0.4 kHz -110dB
6 Oscillator f 0.5 kHz -95dB

1 Water flow a 0.14 kHz -111dB
2 Joint 1 b 2.89 kHz -114dB
3 Joint 2 Cc 3.78 kHz -112dB
4 5 Joint 3 d 4.77 kHz -108dB
5 Pump e 0.4 kHz -110dB
6 Oscillator f 0.5 kHz -95dB
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Figure 5.2: Natural Frequencies
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5.2.3 The Signals

Table 5.2 summarises the results for all the natural frequencies of the test equipment and flow
media used in Test Series 1. The data was derived from Figures 5.3a to 5.3b. The isolated
spikes indicate the natural frequency response of the pipe and the system, which show profile
similarities to those in Figures 5.2a and 5.2b for the oscilloscope and pump. However, it was
not very clear at first whether the signals originated from the joints, the pump, the flow
mechanism or other noise sources. After detailed analysis using the coherence and cross-
correlation function, (see Figures 4.2 and 4.3), it was possible to establish that the vibration
signals originated from (a) joint 1 nearest to the sensor at the 43cm mount before the defect
source, and (b) joint 1 nearest to the sensor mounted after the 168cm position mark on the

pipe surface.

Table 5.2: Measured Averaged Natural Frequencies of Test System
Mounted at (I1) in Test S1

System f (kHz) Natural Amplitude (dB)
Water flow 0.1 kHz (-34dB)

Pump 0.4 kHz (-110dB)

1% joints 1.5 kHz (-114dB)

2" joints 3.8 kHz (-114dB)

3 joints 4.7 kHz (-108dB)

Oscillocope 0.5 kHz (Figure 5.2a and b) (-95dB)

l———————— ——— —————————

Because the readings presented in Table 5.2 are the natural frequencies of the test equipment,
they can be eliminated from those recorded when the defect was introduced into the pipeline
system in Test Series 2. The natural frequencies of the test equipment shown on Table 5.2 can

also be seen graphically as spikes on Figures 5.3a and 5.3b.
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5.2.4 Discussion

In the pilot study, Figures 5.1a to 5.1e provided a series of graphic representations showing
the natural frequency readings at the sensor positions when the pump was turned on. In this
state there was a resultant pressure and acoustic signal, which was recorded at the five sensor
locations. Table 5.2 summarises the result of all the natural frequencies of the test equipment
and the media: the average frequency was 4.7dB and the standard deviation was 1.10. This
data was used to provide control values in Test Series 2 to differentiate between the damage
profile and the natural frequencies. The natural frequencies and the modulation of the
modelled oilrig specimens were among parameters measured in the pilot study. Thereafter the

impact of the modelled defects and leaks on the oilrig were measured in Test Series 2.

The signal sources for the first set of natural frequencies are shown on Table 5.1, and Figure
5.2 shows the natural frequency measured at sensors in positions I, Il and Ill. These results
indicate that the pipeline system behaviour approximates very closely to one in which the
frequencies of the pump and the water flow are indistinguishable by the vibration method due
to symmetry. The presence of the joints at + 0.3kHz reduced the degree of pipe vibration
regularity. The natural frequency of water transmission was measured as 0.4kHz (volumetric
flow at 6.6 litres per second — see equation (4.8) in section 4.2.8), and the frequency changes
were correspondingly small, as shown in Table 5.4 and Appendix A. Tests Series 1 was
conducted blind without reference data. However, small differences in the frequency changes
were expected owing to the small differences in material used, i.e. wide-band hosepipe clips

and vales joints.

Test procedures were repetitive and it took time to establish the natural frequencies of the
pipeline system. These tests demonstrated the need for caution in interpreting measured data
representing the pipe’s natural frequency and the pipeline system components and equipment.
The two cases where this effect caused erroneous results were the only tests in which the

oscilloscope was not correctly identified.

The frequency response shows the behaviour of the test pipeline system during a frequency
change. Usually the amplitude of the input signal and the output signal amplifiers are noted,
as the frequency is dynamic during measurement. In essence the frequency response contains

two substantial characteristics, amplitude and phase. Generally the amplitudes were noted
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against frequency, as was the phase frequency. The oscilloscope display of the natural
frequency is shown in Table 5.2. In this instance, the natural frequency was correctly
predicted to be in one of the band’s signal. In view of the approximations made in the
analysis, reasonable agreement is shown between the measurements given in Figure 5.2 and
Table 5.2.

To establish the respective resonances was difficult for Test Series 1 using water and oil, as
is evident in Table 5.3, which shows minimal differences in amplitude and frequency.
Therefore, the water’s normal-state envelope signal was used as the natural frequency in this
investigation. The water used had a viscosity of 1.0 at a velocity of 6.6 litres per second. It
was supposed that the large waveform generated was as a result of the defect signal coupling
to the liquid flow and was responsible for the vibration and acoustic resonance. This was in
contrast to Test Series 2, where an increment of energy above the set voltage threshold for this
test was consequently produced, resulting from the appearance of a burst and leak that

generated the acoustic signal.

Table 5.3: Comparison of Amplitude vs Frequency for Oil and Water
Normal-State Envelope Signals

Sensor Enveloped Signal (dB) for WATER Normal State Measured
Location Amplitude vs Frequency at 46.9kHz
j’max () fmm () Normal kHz
| 0=65.14dB X=89.51dB Normal 46.9kHz
1 0=67.70dB X=89.05dB Normal 46.9kHz
1" 0=66.914dB X=88.69dB Normal 46.9kHz
v 0=64.69dB X=88.21dB Normal 46.9kHz
\Y 0=64.67dB X=87.95dB Normal 46.9kHz
Sensor Enveloped Signal (dB) for OIL Normal State Measured
Location Amplitude vs Frequency at 46.9kHz
X __ () X, () Normal kHz
| 0=64.14dB X=89.50dB Normal 46.9kHz
T 0=67.71dB X=89.06dB Normal 46.9kHz
" 0=66.89dB X=88.70dB Normal 46.9kHz
v 0=64.68dB X=88.20dB Normal 46.9kHz
Vv 0=64 .68dB X=87.96dB Normal 46.9kHz
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5.3  Test Series 1: Result Summary in the Frequency Domain

The procedure followed for the classification of the pipeline system’s natural failure response
in the frequency domain is given here. The effort to assess the acoustic emission and vibration
activity in the frequency domain was to enrich the no-defect identification/characterisation
process. A fast Fourier transform (FFT) analysis of acoustic emission and vibration waveform
was also used for the identification of the pipeline failure modes. In order to find the mean
values, the difference between the mean of the maximum amplitude and the mean of the
frequency was then taken and divided by two to find the average amplitude of the strain for
each sample segment. The mean depth of modulation, m, of a random-amplitude modulated

vibration signal X(t), measured in decibels, was determined as a percentage using the mean

value of the envelope f(f), thus:

>

. max{t) - Xmin(t).lOO% (511)

max(t) + X min(t)

x|

where X max @) and fmm () are the maximum and minimum values of the enveloped signal
respectively. In this study the modulation m represents the mean percentage values in
decibels, as indicated in Table 5.3 (water and oil control tests) and Table 5.4 (theoretical
natural frequencies). The theoretical means indicated in the table show only the normal state
at different sensor locations along the pipe. Furthermore, they show that the theoretical mean
values for the enveloped signal of the normal state have a slight difference at each sensor

location.

Table 5.4: Assessment of Normal-State Envelope Signal
in Amplitude vs Frequency for Water

Sensor Enveloped Signal (dB) Normal State Theoretical
Location | Amplitude vs. Frequency Measured at
46.9kHz

j’max () j’mm () Normal | kHz
I 0=65.14dB | X=89.51dB Normal | 46.9kHz -0.135
T 0=67.70dB | X=89.05dB Normal | 46.9kHz -0.136
" 0=66.914dB | X=88.69dB Normal | 46.9kHz -0.139
v 0=64.69dB | X=88.21dB Normal | 46.9kHz -0.153
Vv 0=64.67dB | X=87.95dB Normal | 46.9kHz -0.152
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5.3.1 Influences of the No-defect Test

From the findings presented in this section, it would appear that the spectral method and the
analysis method have been successfully applied. It was possible to determine the natural
resonant frequencies and characteristics of the different joints and relevant components that
constituted the experimental pipeline system. It can be assumed that the predetermined natural
frequencies will not have a significant influence on the experimental defect profiles when
fully filtered out for Test Series 2. What is required to determine the defect frequencies is a
straightforward and easily applicable method that takes advantage of these findings and that

can allow the defect signal’s source and characteristics to be calculated.
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5.4  Test Series 2: Result Summary

5.4.1 Laboratory Equipment Set-Up

The same basic test procedure was used for Test Series 1 and 2. Test Series 2 measured the
frequencies and modulation of the defect parameters shown in Table 4.1. The ‘defect’ refers
to: the small and medium nail insertions; the sealed hole (simulating corrosion); and failure
causing bursting/leaking. Using the theoretical steady-state prediction from the pilot study, it
was possible to calculate the changes in overall damage rate that had occurred. The
differences between the predicted mean values and measured changes in attenuation were due
to the damage profiles introduced by the insertion and removal of nails (modelled corrosion).
More specifically, the relative magnitude of the flow pressure and the coupled waveform
(acoustic and vibrations emission) signals were very strongly affected, as can be seen in
Tables 5.5 t0 5.12.

5.4.2 Details of Experimental Results in the Frequency Domain

The values measured are given in Table 5.5 for the small defect at sensor location I, showing
the difference between what was expected and what was recorded. The expected mean value
was 0.135 but the actual result was 0.102, a difference of 23%. At sensor location 11, 0.136
was the expected result but the actual result was -0.110, which is 24% smaller. The same
trend was observed at Sensors Ill, IV and V. The trend in the expected mean value

percentage, and what was measured, can be said to be variable.

A similar pattern can be seen for the medium-nail defect, sealed holes and bursting/leaking
(Table 5.5). No explanation could be found to justify the apparent difference at sensor

location 111 for the sealed hole.

The hypothesis was that the more a defect develops, the greater the depth of the resulting
modulation m. Therefore the frequency of modulation defines the type of defect, and the
depth of modulation defines the defect size as it progresses. Following equation (3.6) and
(5.1), the amplitude of the vibration signal X(t) was determined in percentage terms using the
mean value of the envelope. The mean percentage values that correspond to the damage

transformation patterns and their failure modes are given in Table 5.9 to 5.12.
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The difference between the mean values (at sensor location Ill) for small defects was
-0.245dB, and at failure the mean value was -0.209dB (with sampling difference of +5%).

This suggests that nail insert signals (i.e. damage signals) emitted from the damaged location

might have contained one or two possible defect profiles within the same frequency band.

Table 5.5: Assessment of Envelope Signal in Amplitude vs Frequency
for SMALL DEFECT

Sensor Enveloped Signal (dB) Defect Type [Measured Theoretical Difference| % age
.Location : [Small]
Amplitude Frequency (M) (M (T-M) [ [(T=M)/
— - T] x 100
X CEY | X 4 OB Small| kHz
| 0=72.78dB | X=89.95dB |Small |46.9kHz| -0.102 -0.135 -0.033 24.44
I 0=71.96dB | X=89.88dB |Small 46.9kHz| -0.110 -0.136 -0.026 19.12
" 0=71.85dB | X=88.89dB |Small |46.9kHz| -0.106 -0.139 -0.033 23.74
v 0=71.79dB | X=88.87dB |Small 46.9kHz| -0.106 -0.153 -0.047 30.72
V | 0=71.73dB | X=87.95dB |Small|46.9kHz| -0.101 | -0.152 | -0.051 | 3355
Table 5.6: Assessment of Envelope Signal in Amplitude vs Frequency
for MEDIUM DEFECT
Sensor | Enveloped Signal (dB) Defect Type Measured | Theoretical |Difference| % age
Location - [Medium]
Amplitude | Frequency (M) @) (T=-M) [[(T=M)/
T] x 100
X e (2D X7, (2) | Medium | Hz/kHz
| 0=88.95dB | X=82.97dB | Medium | 46.9kHz | +0.035 -0.135 -0.17 126
" 0=81.88dB | X=85.98dB | Medium |46.9kHz | -0.024 -0.136 -0.112 82.35
i 0=86.89dB | X=82.89dB | Medium | 46.9kHz | .,0.024 -0.139 -0.163 11.75
. IV | 0=8387dB | X=88.85dB | Medium |46.9kHz | -0.028 | -0.153 | -0.125 | 817
.V | 0=8395dB | X=87.97dB | Medium |46.9kHz | -0.023 | -0.152 | -0.125 | 84.87

Table 5.7 shows defect concentrations and variations in the results for the sealed-hole tests of
typically 5% on the average values. Take sensor Ill, for instance: theoretically what was
expected was -0.139, but the actual result was +5.89. These results are in contrast to the
values shown in Table 5.8, where the expected result for total failure was -0.139 but the
measured result was +0.024, a difference of 24%. The assumption here is that the damage
causes a sudden leak and the pressure of the escaping oil generates acoustic energy via a
‘burst’ signal. The continuous sound emissions that resulted from a burst were found to

generate a high-frequency spectrum.
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The fatigue observed at sensor location Il produced a significant amount of enveloped signal,
amounting to 10mV. This enveloped signal range was above the test threshold; hence it was

too high to be measured accurately at times.

The recorded percentage mean values at sensor location | was as expected and was constant,
as can be seen in Tables 5.3 to 5.7. Sensor locations | was placed at the 43cm mark, just
before the defect location. The logic was that this sensor location would be the most

undisturbed section of the pipeline system.

Photo 5.2: The Pipeline System Showing the Sealed Holes

Table 5.7: Assessment of Envelope Signal in Amplitude vs Frequency
for the Fatigue Observed at SEALED HOLES

Sensor | Enveloped Signal (dB) Defect Type [Sealed | Measured | Theoretical |Difference | 9% age
Location . Holes]
Amplitude | Frequency (M) (M (T-M) [(T=M)/
T] x 100
X e @) | X, () | Sealed Holes | Hz/kHz
| 0=89.95dB | X=84.97dB | Sealed Holes | 46.9kHz | +0.012 -0.135 -0.147 108.89
1 0=85.87dB | X=87.98dB | Sealed Holes | 46.9kHz | -0.012 -0.136 0.124 91.81
I 0=87.81dB | X=86.78dB | Sealed Holes | 46.9kHz | +5.89 -0.139 -6.029 4337.41
v 0=85.82dB | X=89.83dB | Sealed Holes | 46.9kHz | -0.022 -0.153 -0131 85.62
\% 0=84.91dB | X=88.96dB | Sealed Holes | 46.9kHz | -0.029 -0.152 -0.123 80.92

Table 5.7 shows that, at the point of failure and with the solder-seal in, the pipeline system
was operating under stress (shear cut-off). The theoretical normal state was 0.135, with the
mean recorded values being +0.012, representing an averaged difference of 0.147, equating to
108.9% difference at sensor location I. The stress that the system was operating under may

have been the result of increased excitation just before and during the bursting of the pipeline
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seal, as the measured mean value indicated significant vibration emission signals at sensor

location 1.

The same could not be said of the total failure tests indicated in Table 5.8. It can be seen that
the amplitude measurements are strongly affected by the dynamic and unstable conditions of
the pipeline system, in contrast with the normal-state measurements (with a mean value of
-0.135 at sensor ). At failure, the measured mean value recorded was +0.01, which represents
a decrease of 92.6% in changes in performance of the system. This decrease in measured
mean value may be the result of the overall damping of the pipeline system by the leakage,
and can be translated into a measure of ultimate performance at total pipeline failure.

Table 5.8: Assessment of Ultimate Performance of the Pipeline at TOTAL FAILURE

Sensor Enveloped Signal (dB) Defect Type |Measured | Theoretical |Difference| %o age
. Location - [Failure]

Amplitude | Frequency (M) @) (T-M) | (T-M)/

— - T] x 100

| X i A s (_t_)‘Fallure‘ Hz/kHz

| | 0=88.82dB |X=86.42dB |Failure | 23.4kHz | ,0.01 | -0.135 | -0125 | 9260

I 0=83.01dB |X=87.98dB |Failure |46.9kHz | -0.029 -0.136 -0.107 79.62

i 0=74.24dB |X=85.45dB | Failure | 46.9kHz | -0.070 -0.139 -0.069 49.64

v 0=83.87dB |X=87.72dB |Failure |46.9kHz | -0.022 -0.153 -0.131 85.62

\% 0=86.91dB |X=82.04dB | Failure |11.7kHz | +0.028 -0.152 -0.18 118.42

Table 5.9 below indicates that the frequency of sound emissions increases with defect size. It
also shows frequency variations in the damage profiles at sensor locations | to V. Figure 5.4
indicates that the frequency domain was more stable for a small defect, when the data had the
lowest standard deviation, and that as the defect worsened from medium to failure, the
frequencies became more erratic. This raises the possibility that rapid defect transition without
continuous assessment may impose problems in monitoring the pipeline system’s changes in
performance. This unexpected behaviour of the pipe during abrupt failure will require more

attention in the next phase of the research study.

How the percentage was calculated, at sensor location 1 with a medium defect for example,

was as follows:
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Normal state = -0.135 (no change)
Recorded value = +0.035 (medium defect)

% change from normal = -0.135-0.035 = -0.170 = 126% (increase)
-0.135 -0.135

5.4.3 Discussion of Experimental Results in the Frequency Domain

There are generally notable differences between the theoretically expected and measured
frequencies. This is particularly so for sensor location Il in relation to sealed holes (Table
5.7) and sensor location V with regard to total failure (Table 5.8), both of which show high
percentage increases in the measured defect signal. No explanation could be found to justify
the 4,337.41% apparent difference at sensor location 111 for the sealed hole (Table 5.7). Such a
significant difference could be regarded as an anomaly, and it may be that failure is better

measured at sensor location Il (being the most disturbed) as it was closest to the damaged

location.

Table 5.9: Comparison of All Experimental Results: Normal State (Theoretical) vs
Measured Defects (Small Nail, Medium Nail, Sealed Holes, and Failure)

Normal State (theory) Defect Defect Defect Defect
5] @ 5] 3 5] <) @ (3]
—_ Q o e Q o o Q ) o o
— © — c L = c L=l | C L = c L =
3 |E s |8 |@g2 |g¢ |@geg g |Bg |5 |8 |®¢g
S S S I o &3 QL o 2 32 |e o 2 'S L o X
o Z w £ RE|s E REowl E |RE L £ |IRE
(a) o (a) o (a) o o ©

[ -0.135  |-0.102|-0.033/24.24|+0.035/-0.17 | 126 [+0.012|-0.147| 108.9 |,0.014]-0.121|89.63
I -0.136  |-0.110/-0.026/19.12|-0.024 |-0.11282.35|-0.012 |-0.124| 91.18 |-0.029 |-0.107 | 78.68
1 -0.139  |-0.106]-0.033[23.74/,0.024 -0.11582.73| +5.89 |-6.029|4337.41|-0.070 |-0.069 | 49.64
v -0.153  |-0.106|-6.047/30.72|-0.028 |-0.125| 81.7 |-0.022 |-0.131| 85.62 |-0.022 |-0.131|85.69
.V | -0152  |-0.101-0.051[33.55/-0.023|-0.129 84.87 |-0.029 |-0.123| 80.92 |+0.028|-0.18 [118.42

- 1 1+ & 1 [ [ 1 |

The results in Table 5.9 show defects with overall similar deterioration trends and
characteristics, and percentage differences in test results at different frequencies. For example,
the average difference obtained by mean values for a small defect at sensor location 11l was
-0.033, which amounts to a 23.74% difference in the results from the frequency domain; while

the average difference in the results from the time domain on total failure (Table 5.12) was
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145.45% in voltage when fatigue and total failure were compared. These notable differences
in voltages between what happened with a small defect and total failure will be useful in
developing reliability-based models for monitoring any changes in performance of a pipeline
system. It could be argued that the variations in the differences are probably due to variations
in the defect sizes and profile, whereby (for example) a 1% change in the damage profile on

the pipe wall would produce noticeable change in recorded frequency.

A 2.8% change in one of the dispersion or damage profiles could result in changes of more
than 5% or more in the frequency characteristics. The degree of this variability may, however,
depend on the relationship between the combinations of factors that generated the vibration
emission propagation in the steel pipeline system. These include: changes in the fluid
composition (contamination); changes in defect size (degradation); the fluid interface with the
pipe wall; and changes in the general condition of the transmitting pipe wall resulting from
operational conditions. All of these may influence the vibration and acoustic emission signals

in play.

Table 5.9 also shows that the attenuation for both pipe bursting and leakage frequencies are
high for the sealed holes: as the damage increases in size, the acoustic signal emitted increases
too. Fluid loss resulting from the burst pipe was also noted. Early work by the Society of
Automotive Engineers (SAE, 1978) was concerned with steady-state predictions where the
source of energy was continuous at the time when a pipeline system transports fluid through a
point of failure. It is assumed that as the pipeline system burst, the burst created the breakage
(i.e. deterioration) in energy, resulting in pressure loss. At this stage there was a noticeable
increase in the sound emanating from the pump. The leak thus had a marked effect on the oil
transmission performance of the pipeline system, and this may have been as a result of the
pumping system requiring more energy to transmit the fluid through the steel pipeline system.
It is a typical manifestation of leakages to attach themselves in the acoustic signal as a
relatively high-magnitude sound in frequency bands, and this sound often attaches itself to the
pipeline system and its environment as distinguishable sound emissions that can propagate
evenly in both directions away from the leak source. Essentially, escaping diesel oil flowing
through a burst pipeline system generates an audible hissing associated to escaping liquid or

gas.
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Table 5.9 further shows consistent signal amplitudes coupling to different defect sizes, which
may result in variations in acoustic and vibration emission signals. That could therefore
readily account for the differences in the frequencies produced — although the variation in the
mean frequency of the wave patterns may be +1%, i.e. relatively small, since there may have

been some interaction between the flowing diesel oil and the defective inner section of the
pipe.

The results in Table 5.7 for the sealed holes demonstrate that when the pipeline system was
stressed (in the form of shear cut-off), the result recorded at sensor location | differed by more
than 12% from that which was expected. The stress may have resulted from the increase in
excitation just before and during the pipeline seal disintegration and bursting. The differences
that existed across the results for Test Series 2 showed great consistency between theory and
experiment in the frequency domain: on average, the difference in the medium-defect test was
about 2.6%. This suggests that the larger differences in Table 5.9 for sealed holes could be as
a result of variations in the defect characteristics, which influenced the vibration emission

properties.

5.4.4 Details of Experimental Results in the Time Domain

In this section of the experiment, voltage peaks were used to measure the changes in the
performance of the pipeline system. The sensors detected changes in envelope signals by
using voltage to differentiate between sealed holes and total failure. The primary signals of
interest were from the pipeline's failure: the voltage data shown in Table 5.10 were results
from sensor location | and sensor location V. The difference is inexplicably immense. In
comparison, the fatigue voltage test signal shown in Table 5.11 at sensor location | displayed
a gradual decay at different sensor locations. From Table 5.12 and the comparisons therein, it

is clear that the signal received at each sensor location showed an offset in arrival time.
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Table 5.10: Assessment of Envelope Signal in Voltage for FATIGUE Test
Using Sealed Holes without Nails

Sensor |Envelope Signal in Voltage | Measured voltage V-Peak ms
Location mV (milli-volt) value
(Milli-seconds)
X | X, (1) | XO=mV | @20ms ms
X 0]
I 9mVv 9mV XO0=18mV | 20ms 625.8ms
I 10 mv 10 mv X0=20mV| 20ms 14.38ms
1] 9mv 10 mv X0=19mV| 20ms 13.77ms
v 8 mVv 8 mVv XO=1l6mV | 20ms 13.15ms
\Y% 8 mVv 7mV XO=15mV | 20ms 12.87ms

Table 5.11: Assessment of Envelope Signal in Voltage for FAILURE Test
Using Sealed Holes without Nails

Sensor | Enveloped Signal in Voltage | Measured voltage value V-Peak ms
Location (Milli-seconds)
mV (milli-volt)
ke KN X (2 XO=mV @20ms ms
I 6 mV 6 mV X0=12mV 20ms 16.33ms
I 6 mV 9mvVv X0=15mV 20ms 13.98ms
Il 7mvV 6 mV X0=13mV 20ms 13.75ms
v 6 mV 5mV XO0=11mV 20ms 13.11ms
\Y% 5mV 5mV X0=10mV 20ms 12.75ms

Table 5.12: Comparison of Difference between Experimental Results

in Tables 5.10 and 5.11
Sensor V-Peak (ms) Difference Between percentage
Location i
Fatigue (A) | Failures (B) Tables 5.10 and 5.11 difference
(A-B) [(A-B)/A] %100
I 16.33ms 625.8ms -609.47 37.21
I 13.98ms 14.38ms -0.4 2.86

I 13.75ms 13.77ms -0.02 145.45

v 13.11ms 13.15ms -0.04 305.11

\% 12.75ms 12.87ms | -0.12 941.18
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In Table 5.11, the voltage peak measurement is seen to decrease from 13.98ms at sensor
location 11, to 13.75ms at sensor location 111, to 13.11ms at sensor location IV, to 12.75ms at
sensor location V, the furthest sensor from the defect. However, the variation of the voltage
envelope’s standard deviation of the lowest amplitude recorded (12.75ms at sensor location V
after 15mV) may vary appreciably with distance. Although using this criterion helped to
establish the vibration trend, the waveforms show decay with distance from the defect source,
the most likely reason being material damping. It has also shown that it was possible to
monitor the variation in signal strength and distance from the defect source. It shows that the
maximum amplitude measurements are strongly affected by the proximity of the defect
source. This trend is also consistent with the standard deviations indicated in Figure 5.4,
which showed that vibration sound emissions increased with defect growth and decreased

with distance from the defect source.

5.5  Discussion of the Main Test Considerations and Test Summary Plots

Pilot Test Series 1 revealed that, in the absence of any defect in the pipeline, dynamic forces
were still active in the liquid flow itself. It was evident in Test Series 2 that the pipe generated
vibration sound within the steel pipeline walls as a result of the pressure exacted by the pump
and fluid flow. The dynamic forces and the pressure in the pump were the sources of acoustic

and vibration emissions that were coupled to the defective pipeline system.

The voltage peaks shown in Table 5.11 were measured in milliseconds (ms) at sensor location
Il. They measured 13.98ms for fatigue and increased to 14.38ms for failure. In essence,
different stages of the defect growth were reflected by the recorded envelope signal; the more
severe the defect, the higher the acoustic emission and the standard deviation recorded.

5.5.1  Reliability of Test

The diagrams in Figures 5.4 and 5.6 show that the bigger the defect, the more variation there
is between the mean values and the standard deviation for a medium-sized defect and for
sealed holes. The aim of the test was to establish whether there was any real difference
identified between a large and a medium-sized defect. It was supposed that there were
differences when the size of the defect changed, but it could be argued that it was not because

of the difference in the defect characteristic. It is important to point out here that the
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difference between a large and a medium-sized defect may not be noticeable from the signal,
as shown in Figure 5.4. The large defect is a hole sealed with a blob of soldering — not a sharp
point like those of the small and medium-sized defect tests — and therefore not 78% bigger;

hence those two defect types are similar.

Test ll:Frequency Domain Test Summary

100
90
80 1

60 -
50
40 4
30 1
20 1
10

0 || =]

Frequency kHz

Failure Sealed holes  Mediumdefect  Small defect Steady state

Defect Types

Figure 5.4: Test Summary for Test Series 1 and 2

This outcome raises other issues, particularly how to differentiate between a blob shape and a
sharp point in any assessment. It was not possible to address these issues during this phase of
the experimental programme. What this test programme did establish was that it is possible to
determine defect types and sizes. Knowing that there is a defect would help a facility’s
manager to further investigate the condition of the pipeline system by carrying out an
inspection of that particular location instead of area pipeline length of, say, a thousand

kilometres.

These findings help to address the research objectives, especially the deficiencies that exist in
the current built-environment maintenance process in general, where resources are often
committed to catch just one per cent of the problems. The author acknowledges that a wider
range of defects would need to be investigated before any proposed system could be

implemented in the field.
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Figure 5.5: Comparison of Energy Dispensations at Different Stages of Defect.
Small Defect (A) and Medium-sized Defect (B)

Figure 5.5 (elements A and B) show the frequency characteristics and comparisons of energy
dispersed at different stages of the damage process. Figure 5.5 element A represents what
happens with a small defect, showing the signal recorded between OHz (80dB) and 4.6kHz. In
Figure 5.5 element B, the medium-sized defect was recorded between 0.0Hz (78dB) and
5.79kHz. These were measured with a sensor mounted at location Il, while similar
characteristics could be found for the other defects, with peaks at around 5.9kHz. The
differences in the signals are shown in frequency bands (0 = -80dB) in Figure 5.5 element A
compared with those seen in Figure 5.4 for the medium-sized defect. The signal exceeds that

of the small-defect decibel threshold that was recorded at x = -62dB.

In contrast, Figure 5.5 (elements A and B) show defects in the form of peaks, from incipient
to medium stages of degradation but without any leakage from the pipe. The defect signals
were coupled to the fluid flow signal along the pipeline system and were correlated with the
location of the defect. However, it is questionable whether this can be repeated in a wider

field test, given that both the pipe length and the diameters will be scaled up.

5.5.2 Experimental Measurement of Performance using Voltage

The experimental results in this research have so far focused on the signal values that
correspond to respective frequencies and time domains, the test reliability, and specifically

those voltage signals that corresponded to defect locations. Damage in the pipeline system,
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buried or on the surface, exhibits sudden changes in voltage along the structure that could be

monitored through the energy propagated in the form of vibration and acoustic signals.

These experiments compared the wave transformation activities as the waves passed the
sensor locations. Figure 5.6 shows the voltage measurements at sensor location I1; it measured
XO-15milivolt, but dipped to XO-10milivolt at sensor location V at the time of failure. That
shows correlations of propagated distance versus wave transformation, which was based on
the arrival times of different damage signals at fixed frequencies. It further indicates the
voltage difference and drop trend for sensor distances from the defect location and for the
deteriorating conditions of the pipeline system. The percentage differences in voltage at the
time of failure are indicated via a dotted line on Figure 5.6 and show an overall percentage

voltage reduction on failure of -33.33% (from 15mV to 10mV).

SEALED HOLES AT FAILURE Test - Time Domain
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Figure 5.6: Voltage Drop, Indicating Sensor Distances from Defect Location

Although Figure 5.6 shows the voltage difference and drop trend, from both sets of figures it
Is evident that there is a statistical regression of about -33.33% in relation to the pipe’s
performance as a result of the deteriorating conditions. The percentage difference in voltage at
failure (Table 5.11) was generally negligible. For example, when comparing small-defect

signals at sensor locations | to V against the normal-state signal, it was difficult at first to
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ascertain whether the voltage actually dropped without reference to the plots in Figure 5.6. In
fact, with the envelope of the voltage signals plotted against the others, the result shows a
slope downward from 16.33mV to 12.16mV. The graph shows a voltage drop from 16.33mV
to just below 14mV, whilst the dotted line indicates the averaged voltage signals at different
sensor locations at the pipeline system’s failure. The averaged voltage percentage differences
measured for the ten tests at failure was 14.9mV, which decreased to 10.8mV — that is, a drop
of about 19% in mean values. It is clear that the amount of energy generated in any of these
failure modes was dependent on the defect size (source intensity). Therefore it was necessary
to assume that the failure mode with the dominant energy created the corresponding vibration
signal. Consequently, the wave transforms were based on the arrival times of the maximum

wave transforms size, as evident in Figure 5.9.

The peak amplitude method was used to identify the source of changes in performance that
relate to the pipeline system. The data in Figure 5.5 and Table 5.12 show that moving the
sensor from location Il to location V, which is away from the defect source, typically resulted
in a loss of signal amplitude. The standard deviation for the large defect shows a voltage
increase from 1.25 volts to 5.45 volts, while the mean voltage value decreased at failure from
14.9 volts to 10.8 volts; these changes are significant yet tolerable.

The results demonstrate that changes in the condition generated in the form of voltage change
in the pipeline system can be used to assess its in-service performances. It is right to suggest
that the notable changes in the performance of the pipeline system shown in Figures 5.6 and
5.7 — namely when the holes were sealed and at total failure — would enable pipeline operators
to determine leak conditions or obtain valuable information on present and past pipeline
operations. The evaluations of pipeline system performance trade-offs could be said to be
complicated, because functionality and maintainability are typically not captured in the
analysis but can substantially affect the results.
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Figure 5.7: Changes in Performance: Large Defect (sealed-hole) Fatigue, and Failure Test

Figure 5.8, like Figures 5.4 and 5.7, shows the spectral analysis results. Again they represent
leakage signals with some background noise. It was noticeable that both the spectrum and

time domains can give the right classification of background noise and leakage signals.
The envelope signal containing background (or what is known as ‘white’) noise could be said

to be present. In essence, the smaller the defect, the higher the white noise content within the

envelope signals. However, white noise is not the focus of this study.
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Figure 5.8: Comparison; Background Noise Signal Characteristics in Relation to Defect Size

5.5.3 Vibration and Acoustic Emission

Figure 5.9 shows various domain plots: voltage on the vertical axis, against time on the
horizontal axis. Both are associated with the leakage characteristics tests and show the steady-
state position. Figures 5.9 elements (a) and (b) illustrate that the signal was centred on zero
and the natural variation in the voltage reflects the natural variation in the pressure and
acoustic signal measured. It shows a direct relationship between the voltage value and the
pressure acoustic signal. When a small defect is introduced, the natural voltage variation shifts

above the zero line and oscillates.
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Different defects, fatigue (sealed holes), failure and leak characteristics are compared with non-
defective mode. Table 5.8 and Figure 5.9 compare stress-strain-vibration and acoustic emission
characteristics of the steel pipeline system. The strength of the vibration and acoustic emission
activity increased substantially at the point where the first primary crack was observed — see (b)
and (c) above. These corresponded to a strain of 4 volts (5%) more than measured on the non-
defect strain of the matrix. The cracking continued, with distinct shifts in the stress-strain
characteristic, until tensile failure (e). It could be that the leak manifests itself as additional energy
within certain frequency bands while deforming the shape of the waveform.

Figure 5.9: Time Domain Plots from Normal State, Defect to Leak Characteristics Test

125




Figure 5.9 elements (b) and (c) are typical measurements of a small defect at sensor locations
I1 and 111; they show a shift of the blue line below zero and this shift indicates that the pipeline
system is no longer in a perfect state. In direct comparison with the natural voltage waveform
in Fig 5.9 element (a), it is evident that the apparent oscillating pattern is indicating changes
in performance of the pipeline. At element (d), it is shown that the medium-sized defect
creates a greater difference in the voltage result, and the apparently oscillating signal that was
centred on zero has disappeared (as was observed in all 10 samples set out in Appendix A).
Figure 5.9 element (e) shows a massive variation in the failure voltage waveform; there was a
substantial increase in the voltage at the point where the first (and primary) crack occurred.
Thus the oscillation was independent of the point when the sample was taken.

Figure 5.9 element (f) describes progress during pipeline system failure. It was not clear what
made the voltage oscillate and the oscillation pattern was not what was expected; hence more
work would need to be done. However, it could be that by introducing the defect, the
transducer was picking up the oscillation of the pump, especially at sensor location I at 43cm,
just before the leakage source, and at sensor location V, which is the furthest from the source.
In essence, the oscillation may have resulted from the changes in the leakage pattern (which is
non-pulsatic — that is, the intervals between the outcoming fluids are irregular, similar to air
flow in a flute as the finger interchanges are made) or as a result of bubbles of air struggling
to rush in to occupy the lost oil space. The situation raised questions that should be further
investigated; however, the most plausible answer at this point could be that the turbulent flow
is by its nature erratic. What was evident is that the leakage of the fluid into the surrounding
medium occurred because of the pressure/energy coupled to the wave in the transmitting pipe.
As a result, some of the longitudinal wave energies generated were also transmitted with the
fluid that was released by the leak. This is reflected in the bursting/failure signal shown in

Figure 5.9 element (Q).

5.5.4 Point-of-Failure Signal Analysis

The major difference between all the test results was that there were pronounced signals at the
point when the pipeline system burst. From a maintenance perspective, the fact that the
bursting was so distinguishable is useful because incipient defect signals are fine, but the

signal at the point of failure with such a wavelength would help a pipeline facility’s manager
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to make the decision to mobilise for repairs instead of further surveying. In Figure 5.9L, the
medium-defect signal could be missed unless the maintenance manager knows what to look
for, because the signal could be just an isolated peak. If the sensors are well calibrated against
steady flow, it should be possible (via signal strength) to see a change as the pipe deteriorates
through wear; however, once the pipe bursts, a very large signal (see Figure 5.9M) is
produced. In other words, at the point of failure there are large gaps in the waveform.

(nak¥a
MEDIUM DEFECT SIGNAL COULD ALSO BE
10 MISSED FROM MAINTENANGCE POINT IF YOU DO
S NHOT KNOW WHAT TO LOOK FOR AS THE
SIGNAL COULD BE AN ISOLATED PEAK:
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Figure 5.9L: Enlarged Medium-Defect Signal from Figure 5.9 element (d)

Notice, too, in Figure 5.9L the rise of the wave from Omv to above 4mv and the levitation of

the waveform between 14mV and 20mV, resulting in changes to the damage profile.

Figure 5.9M shows a 5ms section before average voltage and a 5ms section after average
voltage. At the point of failure the signal could be missed because it happens in just about
1ms, as is evident from Figure 5.9; but the bigger signal at failure cannot be easily missed as
the reverberation can be repetitive, as seen in Figure 5.9N. Even if it is missed despite the
difference in this case being 50%, it is more than likely that it is a failure not a steady-state or

an incipient-defect signal.
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Figure 5.9M: Enlarged Burst Signal from Figure 5.9 element (e)

Note in Fig 5.9N how incoherent the waveform becomes, with huge gaps just before total
pipeline system failure, reaching a maximum value of 10mV at the epicentre of the damage
process. Note also that the intensity signal indications appear clearly defined in the relatively
uniform characteristic between 6ms to 8ms; these conditions are identified in Figures 5.9L,

5.9M and 5.9N and are clearly distinguishable from each other.
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Figure 5.9N: Further Enlarged Burst Signal from Figure 5.9M
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Leaked oil resulting in environmental, social and financial damage can thus be minimised
with this knowledge, where changes in the performance of a pipeline system are related to
changes in the defect severity parameters so as to produce the defect severity criteria shown
in Table 5.13. From an analysis of five sets of ‘total failure’ results, it is clear that a
distinguishable signal is generated with, at sensor location Il, about 150% greater magnitude
recorded (in millivolts) after total failure [4mV to 10mV is 2.5 times as much and an increase
of 150%].

Table 5.13: Indication of Around 150% Greater Magnitude (in mV) after Total Failure

Xa Before Failure | Xb After Failure Normal |Sealed Holes|  Failure
4mV 10mV [+150%] 0135 |+0.012  [,0.014
amv 10mV[+150%] [0.136  |-0.012 20.029
3.7mV 10mv[+150%] -0.139 +5.89 -0.070
Ay 10V [+150%] [0.153  |-0.022 20.022

0152 |-0.029 +0.028
3.9mV 10mV[+150%]

5.5.5 Summary

The straight line barely seen in Figure 5.9 element (a) — the red line on the blue graphical
representations — illustrates that the signal was centred on zero and the natural variation in the
voltage reflects the natural variations in the pressure. It also indicates that the waveform and
the Fourier transform shown (without defect) contained background noise (from Test 1).
Table 5.3 depicts leakages recorded at sensor positions Il and 111, and Figure 5.9 shows the
waveform and Fourier transform of the leakage signals: notice that these are also recorded at
sensor positions Il or Il and are comparably similar. Figure 5.9 element (e) shows that the
signal intensified as the pipe condition deteriorated from the medium defect (a sharp-pointed
nail) to a blob solder seal. Time (horizontal axis) registered 14.2 seconds — that was the point

at which the seal burst.

The experiment demonstrated also that, despite the challenges of detecting a sound signature

far away from a defect source, it was possible to detect the vibrating sound emissions of
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incipient and advanced defect stages that were coupled to pressurised fluid. It was also
possible to detect leakage across a wide range of frequencies. However, for these tests it is the
low-frequency bounds that are useful for practical damage and leak detection methods, owing

to the significant attenuation of the higher-frequency components.
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5.6 The Influence of Distance from Defect Source

Rocha (1989) states that acoustic frequencies of the order of 10Hz can propagate in a gas over
distances of the order of 100 miles (160 kilometres) and gives the following approximation:
the amplitude of the wave is related to the properties of the oil or gas, the pressure at which
the pipeline is being operated and the size of the leak. These conclusions by Rocha indicate
that signals with frequencies generated at distances up to 100 miles are important when

developing a sensor device for the performance-based method of pipeline assessment.

This section describes the influence of distance to defect source on the leak signals. The result
may represent a solution to the problem of variable leak signals at different distances from
damage locations. The vertical axis is calibrated in decibels while the horizontal axis is
calibrated in kHz; the variations in the leak signals are as a result of defect size and sensor
distance from the defect zone. It is important to emphasise that the results and the predictions
presented in Figure 5.1 and Table 5.3 are not entirely applicable to the influence of distance
from the defect source signals. There is an increase in the audible signal.

Figure 5.10 below, compared with Figure 5.8 shown earlier, and indicates the strain
displacement signal for sensor Il, which was located directly on top of the defect source. The
distance of sensor location | (see Figure 5.10 element A) was 118cm before the defect source.
Observe the event at 5kHz, and particularly note the duration of signal amplitude. This can be
used to assess the influence that the distance from the defect source had on the failure signals.
The effect meant a slight shift towards sensor location | (at 45cm), which decreased the
frequency arrival registered just before 5kHz on the plot. This helped to estimate and confirm
the position of the defect relative to the sensing device; further, it explained the characteristic
of the defect location and the resonant frequency, i.e. the recorded signal, as the sensing

element moves either towards or away from the excitation band with coupling.
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Figure 5.10: Indicators of Leak Signals at Different Sensors and Distances (Observed between 5 and 15 kHz)

Figure 5.10 element B shows the characteristic of the signal from the sensor mounted right on
top of the defect zone at the 160cm mark (defined as the defect source). Again, observe the
event at 5kHz, where the expanded scale view of the early part of the acoustic signal is
distorted. When compared with Figure 5.10 element C, which was 5cm past the defect, there
is an increase in the audible signal, as can be observed between 5kHz and 15kHz at about
79dB.
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At 20kHz, there is a prolonged signal event and it shows that the signal can be clearly seen.
However it is not clear why there is a massive shape variation (such as the magnitude range
and cyclical) and an increase in the audible signal at Figure 5.10 element C and not the in
others. This implies that for the signal to be audible the sensor has to be at close proximity to
the defect source. What was evident is that the audibility decreased from 90dB to 70dB at a
sensor location of 160cm (see Figure 5.10 element B), i.e. placed right on top of the defect
source, and the same trend was repeated at sensor locations of 165cm and 168cm — and even
lower audibility (60dB) at 204cm.

It could be that the applicable distance of the sensors and the pressure wave at play in the
pipeline were indeed proportional to the energy in the structure and therefore the audibility
parameter is proportional to the defect amplitude. If this is the case, it should be possible to
predict the defect and leak source energy signals (i.e. wave peaks) for each of the five sensor
locations on the pipeline. In contrast, it could also be that audibility increases as a result of the
force of the liquid impacting a nail, sealant-blob or crack and that force creates these shapes in

all the tests.

One thing is clear: the general trend in frequency shifts can be clearly seen to correlate with
different sensor locations in Figure 5.10. What is not clear, however, is the discrepancies
among these shapes in these interpretations. It may not be possible to fully investigate this in
a laboratory-controlled environment; hence more work is necessary to further understand the

phenomenon.
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5.7 Other Major Observations

Test Series 2 (using diesel oil) was carried out to determine the detectable changes in
vibration and acoustic signals, and then to associate these with the pipeline defect profiles —

see Figure 5.10 elements A-E as well as Figures 5.5, 5.6 and 5.9.

It was observed in Test Series 2 that the diesel oil had a viscosity of 0.85yq for clean diesel;
however, the viscosity increased to 1.254y when the diesel oil leaked out into a container at
failure. At first glance it was puzzling to notice this massive difference in viscosity for the
leaked oil. Consequently, the measurement was repeated with the next set of leaked oil and a
second viscosity reading was consistent with the first at 1.25y. Applying the same reasoning
to the leaking oil specimen, a possible explanation could be that debris (for instance,
fragments of the pipe and welding-seal elements) was contained in the leaking oil since there
was no debris in the oil drained into the reservoirs. Nevertheless, this observation could have
a fundamental contribution to further determining the performance of the pipe in transmitting
its contents from one point to another and therefore more research is needed.

It was also observed that when the inlet valve was half open, the vibration sound emission did
not show much difference to that of a fully open inlet valve, but the pump sound peaked
higher than 60dB in amplitude. What was anticipated was that the amplitude and frequency
spectrum and the attenuation characteristics would exponentially change as a result of the
increase in the pipeline defect size. This was due to the sensitivity of the pressure oscillations
that are produced by the transmitted fluid along the defect zone. As the valve ‘sucked in’
(resulting from a lack of sufficient pressure build-up in the tube) and the oil was consequently
pushed along the tube, it produced leak signals that were incoherent, as can be seen in Figure
5.11.

Figure 5.11: Surge Signal Representation as Fluid Rushes along the Pipeline
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Figure 5.11 shows that the surge wave’s representations were picked up the moment the
valves were first opened and the fluid rushed along the pipeline coupled with a defect
characteristic. The medium-defect signal can be seen in Figure 5.11 element B as rising from
50dB to about 60dB, at which point the larger defect was introduced. This only became
apparent when the medium nail and leak test waveforms were further analysed and were

found to match.

Finally, it was also observed that the pitch of the pump became higher than normal when pipe
failure occurred. It is supposed that more energy was probably required to transport the fluid
along the pipeline system. There was no specific test during the experiment to confirm the
reason for this occurrence; however, there was certainly greater energy input required as a

result of pipeline deterioration.
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5.8 Implications for Pipeline Maintenance

This experiment monitored the behaviour of a pipeline system with defects from their
incipient stage to large scale and ultimately bursting characteristic. The tests were successful
in the laboratory and relied on acoustic signals transmitted via the fluids (oil and water) used
in the experiments. The experiment showed that the appearance of an incipient-to-large defect
that could cause a leak usually generated an acoustic signal. In essence, knowing that the steel
pipe system creates a significant acoustic signal that can produce a distinguishable

characteristic as a defect develops and grows is a significant development.

From a maintenance perspective, the fact that the damage and leak profiles are distinguishable
is a useful development, because knowing the characteristic of incipient defect signals and the
signal at the point of failure can help in the development of a performance-based model and
associated technologies that can monitor and report continuous performance. Knowing that
any defect in a pipeline system can further result in a sudden leak, which can also produce a
rapid change in fluid pressure; it was observed that this rapid change in fluid pressure in turn
produces a ‘burst signal’ pressure transient (see again Figure 5.9N). Furthermore, the
fundamental addition to knowledge is that once a leakage is established, the escaping fluid
generates acoustic energy that can be associated with the defect. These acoustic emissions are
continuous and have a wide frequency spectrum that can be integrated into a performance-
based model to develop systems that provide an integrated wireless sensor device that is
helpful to a facility’s manager in making decisions to mobilise repairs instead of further

inspections.

Performance-based diagnostic tools would allow for continuous monitoring and configuration
of a network, including sensor status at remote stations, without the need to visit sites
personally in order to make minor changes. With vast lengths of pipeline to manage, frequent
site visits are time consuming and cost prohibitive, and any way of monitoring performance
more easily would help the pipeline owners, its staff and also residents living near the

pipelines.
Locating and analysing the different defects in the experimental pipeline system were

important, as it enabled the signal characteristics that were generated by the defects and the

leak to be correlated with the five sensors; thereafter, the similarities and origin of the signals
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produced at each sensor’s location could be established. When a signal is recorded, then a
catastrophic change in that signal can be associated with failure. What is important for the
pipeline maintenance manager is that by monitoring the semi-continuous performance of a
pipeline, a change in the performance-monitoring signal can be associated with a defect or
failure. Consequently, this can change the bases of maintenance from; periodical inspection
and checking, to continuously monitoring at low cost to detect a change in performance. A
pipeline system could then be treated similarly to mechanical, electrical and aircraft systems,
where monitoring is conducted using similar techniques to those of the some modern engine
management systems. In essence, continuous monitoring of the system will be beneficial to

the oil and gas industries at large.

It appears that the position of the sensor relative to the failure point is significant inasmuch as
although the signal can be detected at a distance away from the failure, the signal is most
distinct when closer to the failure. It should be pointed out that no specific spacing test was
conducted to determine the best distance to measure. However, for a one-inch pipeline system
it could be that its X-signal value multiplied by 50cm from the fault would give a detectable
signal. It can be assumed that simply scaling up to a two-metre-diameter pipe would require a
sensor spacing of every kilometre. Therefore the implication for the maintenance industry is
to budget for integrated sensors to be deployed at such intervals over the full length of
pipelines. And although an average pipeline distance across the Sahara might be about
5,000km and need about 5,000 sensors, in practice such an approach is not uneconomic (see
also section 5.9 below) given that the sensors would operate in an array and therefore be able
to transmit to a base station located, say, just 30km away. Thus it is not only technically
possible to detect failure with such integrated sensors, but also economical and practical to do

so0. In effect, such a project is feasible.

Whether the test results could have been achieved using an alternative approach needs to be
examined. However, one would be speculating in any conclusions since the limiting factor on
the accuracy of any test results is always affected by (a) the degree to which the experiment
was designed, (b) the equipment used, and (c) whether the test results can be applied in real
life, especially when changes are made under defect simulation.

In these tests, the defect simulation consisted simply of drilled holes and inserted nails. This is

difficult to improve upon in an oil pipeline operational environment. If the test is to be used in
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real life and on pipeline systems, more work must be done on the experimental design to
address the robustness of the simulation techniques in order to develop a reliable method to
detect failures in real situations. The answer to the test question set out in section 4.2.2 would
be that, in this research, it has been possible to monitor the changes in oil pipeline
performance (i.e. the ability of a defective in-service oil pipeline to carry out its task) in such
a way as to predict failure. Additionally, it is possible to predict an imminent break in the

pipeline, with respect to its location and severity.

Most importantly, the experiment confirmed a repeatable pattern for vibration and acoustic
emission profiles, which can be used to distinguish between different pipeline damage and
failure types. The experiment also seeks to confirm the primary assumptions behind this
proposed technological development, which is that observations made in a laboratory can be
repeated in real-world situations. However, until a planned field test by the author is
conducted, there are still two primary assumptions: (1) that distinctive profiles exist for the
wider range of failure modes observed in real-world situations; and (2) operational
characteristics (e.g. a hostile environment) do not mask the ability of the sensors to detect

acoustic and pressure profiles.
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5.9 Industrial Implications

The ability to carry out a basic inspection, analysis and report on a pipeline using an
integrated sensor device offers many benefits. The use of an integrated sensor device would
provide valuable pipeline management information and the ability to detect and locate
mechanical damage at an incipient stage, as well as providing an assessment of the overall
pipeline operating condition and changes in performance profile. This has been shown to be a
feasible part of a pipeline maintenance and rehabilitation programme.

What does this mean for the pipeline maintenance manager in a situation where there is one-
kilometre sensor spacing for a pipeline that is 3,000 kilometres in length? Given an
approximate current unit cost of integrated sensors of £100, this represents an initial outlay of
£300,000. Ongoing costs of digging up the same pipeline stretch would amount to about £1.5
million and would need repeating every 6-12 months. So, considering existing monitoring
costs, the integrated sensors would pay for themselves in three years. They pick up the point
at which failure is about to occur and as a consequence reduce the impact of that failure, both
economically and environmentally. Thus, in some parts of the world — the United States in

particular, where litigation is rife — this is of true significance.
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CHAPTER 6: IMPLICATIONS OF RESULTS

6.1 Introduction

This chapter reviews and addresses the findings of the experimental test series presented in
Chapters 4 and 5 in the context of the maintenance approaches and theories outlined in
Chapter 2; the literature review. In this investigation the influence that various defect sizes
and characteristics had on the performance of an in-service pipeline system were examined. In
Chapter 3, the methodology and experimental design were presented that were used to
calculate the natural frequency of the oil pipeline in the experimental programme. Table 5.9
compared all the experimental results: normal state (theoretical) versus measured defects
(small, medium, sealed holes and total failure). The implications of the findings for the oil
industry and the built environment at large will be discussed in this chapter.

Figures 5.9 and 5.10 show the defect and leak vibrating signals coupled to the flow dynamics
as fluid moves along the defective section of the pipe used in the experiment. With each
frequency band, the strength of the vibration and acoustic emission activity was found to
increase substantially as simulated damage increased. Estimates of the severity of the
simulated damage were applied, based on the understanding that the sizes of the nails inserted
in the pipeline related to the nature of the damage signals recorded. The relationship was
calculated by the method described in Chapter 4 and is further set out in Tables 4.2 and Table
4.3. The values given in Table 5.3 and Figure 5.6 are for the measured sizes of the defects and

comprise the percentage of the area of the structure over which damage was visible.
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6.2 Implications for Industry

6.2.1 Introduction

It is evident that the experimental pipeline system’s condition deteriorated progressively. The
pipeline system failure in the laboratory did not occur all at once but in phases. This raises
two issues: performance and early detection. Firstly, the ability of the pipe to transport oil is
diminished since some content is lost on failure. Secondly, it is imperative to know the
possibility of finding defective characteristics in an oil steel-pipeline system before it fails
completely. This knowledge would help to change the current reactive approach to

maintenance to a proactive one that seeks to prevent the oil pipeline system failing.

It is important, too, to highlight some limitations that emerged from the analysis that are
relevant to the thesis. The variation in defect profile values shown in Tables 5.9 to 5.12 and
Figure A2 (in Appendix A) at first glance appears to represent the actual defect
characteristics. However, the model of damage used did not take into account the length of the
nails and steel material removed to form the hole, since this was negligible (and was not the

main focus being addressed) in comparison with an analysis of the the changes in condition.

6.2.2 Test Series 1 and 2

The graphic representations in Figure 5.6 compared sets of damage characteristics, and also
gave the output from the defective location routine for the three sets of damage (see also
Table 5.10). The graphical representations in Figures 5.8 and 5.10 show that the damage was
located in each case within the constraints imposed by the irregularity of the pipe wall. It is
assumed that, should there be any changes in the damaged area of the pipeline, it would result
in a significant change in the graphical representations produced.

One of the similarities noted in the signals recorded at each sensor location was the
intermittent time shift, i.e. delay, in the signal arrival time. Such intermittent time shifts could
have been caused by the fluid flow (see Figure 6.1) through the damaged pipe; or the leak
being periodically accessed, for example by fluid flowing into the (uneven) interior surface of
the pipe); or bubbles being forced through the leak orifice. These intermittent time shifts in

signal arrival time were detected using a threshold detection circuit on each sensor's output,
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and then by measuring the time difference between the intermittent time shift at sensor
location | and its counterpart arriving at sensor locations Il, 111, IV and V. The defect-and-leak
location was clearly revealed as a peak in the frequency profile chart (Figure 5.1 sensorlA-1B
to sensor 5A-5B), showing the shift of time domains, which were detected with specific
arrival time differences between the sensors. The cross-correlation function produced the
difference between the arrival times of similar signals between two sensors. This gave infor-

mation that can be used for locating defect-and-leak position along the pipeline.
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Figure 6.1: Sensor Locations and Delay in the Signal Arrival Time

6.2.3 Pipeline System Fault Detection

The results of the research show the possibilities for further integrating and developing a
miniaturised sensor solution capable of delivering continuous information about an in-service
buried pipeline system’s change in performance in real time. The data is converted into
information (the device logic is coded to execute rules that extract raw corrosion/defect
characteristics and processes data in situ) before reporting the performance changes to remote
locations without third-party assistance. Therefore, monitoring and examining the relationship
between the vibration sound energy and the defect characteristics can help differentiate any
changes in performance of the pipeline system. This approach is innovative and enhances the
existing knowledge of the subject.
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As was stated in section 5.5.4, when the sensors are well calibrated against steady flow, it
should be possible to see a change in signal strength as the pipe deteriorates. Further, when
the pipeline bursts, a very large signal is produced. In other words, another innovation and
contribution to existing knowledge is that, at the point of failure, there are large gaps in the
acoustic (waveform) (as Figure 5.9N indicates) that can be used to quantify pipeline failure. It
was possible to examine the effect of the defect on the pipeline’s natural frequencies (see
Table 4.6) and a distinction could be drawn between detection, characterisation and
quantification of the defect and leaks. The location of the defect is shown graphically in
Figures 5.6 and 5.8.

It became clear by implication, that the characterisation of an oil steel-pipeline system defect
(e.g. a crack) requires greater sensitivity from the vibration sensor than just detecting the
presence of the crack. It would also be necessary that the defect location be accurately
identified and estimated along the pipeline. It can be assumed that there is a linear dependence

between the vibration signals and the induced damage on the pipeline system.

6.2.4 Prediction versus Detection

The time needed in the laboratory for understanding the detection and characteristics of
changes in the performance of a pipeline system was longer than anticipated. This made it
impossible to complete the study for predicting the system condition and changes in
performance as was proposed in section 1.4.

However, within this study, technical indicators were shown to provide a unique perspective
on the condition and performance characteristics of the underlying pipeline system’s
maintenance prediction. These perspectives form the core of the next phase of post-PhD
development, which will deal closely with the issues outlined above and expand the key ideas
behind signal recognition as well as the development of other indicators. These can in turn

serve as warning that a pipeline system’s performance is about to change.
These technical indicators act as a confirmatory signal to validate previously detectable

signals or reinforce a recognised developing trend in the pipeline transmission condition and

continuous performance assessments. Detection (see Figure 2.6) would become most effective
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when used in conjunction with pattern analysis and identification, behavioural identification,
and other technical analysis tools for which this study has laid the foundations. By researchers
and oil industry operatives being aware of the broader picture, detected signals can be put into
context. It would be feasible to integrate the experimental results into an integrated-sensor
device with inbuilt analysis and reporting capabilities and associated change—in-performance
protocols. As a result, the chances of success for predictive maintenance can be greatly

enhanced.

6.2.5 The P-F Curve

In the first stage of the experiment, a P-F curve (see Figure 2.9) was created showing an
incipient defect, its failure characteristics and the deterioration occurring to the point
where failure can be detected (the potential failure point P). According to Wiseman of
RCKnowledge.com, it is the P-F interval that governs the frequency with which the predictive
task must be done.

The use of these experimental findings to continuously monitor the P-F interval in relation to
the different failure modes on a transmitting oil steel-pipeline system is a significant
contribution to the maintenance effort needed to detect a potential defect before it becomes a
functional failure. The P-F curve characteristics are integrated into the proposed objective
performance maintenance needs (see Figures 6.2 and 6.2B below), making it possible to
detect defects and for suitable remedial action to be taken. This could help prevent the
pipeline system’s continual deterioration, usually at an accelerating rate that could well lead

to the system reaching a point of functional failure (F).

In essence, the time needed to respond to any discovered potential failure with an integrated
monitoring device is an added improvement from condition-based task intervals. It will enable
consistent responses, correct planned action, and better organisation of the resources needed
to rectify potential failure, so that action can be taken without disrupting the oil transmission

and other maintenance activities.

It is possible to define a potential failure condition for a pipeline related to corrosion and other
failure factors. Monitoring the system continuously is the preferred option in other industries.

It is the most cost-effective option because, for example, pipeline pigging, or dig-ups after a
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pipeline failure, currently costs the oil and gas industry more than £2 billion each year.
Monitoring continuously using the P-F interval in relation to different failure modes would
enable a facility manager to arrange for the pipeline system to be serviced only when it is
needed, instead of an area inspection and manual digging as part of an annual scheduled
survey task. It is reasonable in this case to say that a predictive task is much more cost-

effective than scheduled restoration.
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Figure 6.2: P-F Curve Indicating a 10% Drop in Voltage in the Pipeline’s Performance

Figures 6.2 and 6.2A show the relationship between operating time and the condition of a pipe
in a pipeline system. At point FM1 in Figure 6.2A (where a small defect is deemed to exist), a
failure of the pipeline system starts to appear but is not visible to the sensor device. At point
FM2 (where a medium-to-large defect exists), it becomes possible to detect that a pipeline
failure will occur as the curve slopes down (FM3-FM4). At the bottom of the curve is the
point (FM5) that corresponds to the time when a functional failure has occurred to the
pipeline system, FM5 should be designed out in this new model when integrated with the

performance model that might be able to predict the failure between the P-F intervals.
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Figure 6.2A: P-F Curve Indicating the Relationships between Times and Changing Performance of a Pipe

The crucial issue in the P-F interval is the alarm periods. This is when it is possible for the
sensor device to detect, from the frequency signal or voltage drop, that a functional change in
performance has occurred, and then predict the time until complete failure. Here, continuous
monitoring using the performance-based model of the in-service pipeline will detect potential
failure and be able to alert the facility manager of the remaining P-F interval as indicated in
Figure 6.2A. This is the time left until a functional failure occurs. In essence, it is the crucial
time available to the facility manager to prevent a functional failure from occurring after the
performance model detects and sends an alarm of the potential failure. The fact is that even if
the facility manager knows a crack is present on the pipe, there is nothing practically that can
be done about it. However, by predicting the time remaining before complete failure and
identifying the type of failure, the system will allow the facility manager to mobilise a
response team in readiness for failure. This represents a shift to a ‘just in time’ (JIT) approach

to maintenance being implemented.

The general assumption has been that, with an age-related pipeline system failure, the

probability of failure should increase at some point in time — which can be constant in time, or
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can start at a specific age when the pipeline system or a component is wearing out due to
fatigue, corrosion, oxidation or evaporation. Continuous monitoring using a performance-
based model of the in-service pipeline that integrates the P-F Curve and the existence of an
obsolescence cycle (see Figure 6.2B) will be best equipped to deal with failures that are not
due to age but, rather, to surrounding factors such as a non-uniform stress or handling errors,

which may occur at random times.

It is important, though, also to consider other kinds of failure that are not noticed under
normal pipeline operating conditions, such as hidden failures. Essentially, hidden failures
alone may cause minor problems but in cases of multiple failures they can be disastrous. The
continuous flow of information along with the data loops, the knowledge acquired from these
studies, and the adoption of a physical performance measure-mode method will help to plot
the P-F curve and the decay curves over time for any given pipeline system. Knowledge
acquired from this research collectively would make it possible to discriminate against the
different failure modes, and therefore will make it possible to categorise maintenance

decisions and the related planning process at all times.

Points FM2, FM3 and FM4 (see Figure 6.2A) are crucial intervals on the P-F curve. These
intervals can be used as an indicator when developing a physical performance model and the
proposed monitoring device. From the voltage difference and drop-trend of the curve, and as
found in the experiment performed for this research (see Figure 5.6), it is evident that there is
a statistical regression of about -33.33% in relation to a pipe’s performance as a result of
deteriorating conditions. The voltage drops between the aforesaid intervals, when compiled
together, can be used to compare the defect signals indicating the deteriorating performance

(as a trend curve) against the normal-state signal at the corresponding intervals.

The failure mode with the dominant energy (i.e. maximum amplitude on the Voltage ~ Time
graph) that created the corresponding vibration signal can give useful information to a facility

manager.

Viewed from an obsolescence perspective, as the P-F curve progresses downwards over time,
corresponding to decreasing resistance to failure, obsolescence in the pipe system is
increasing. Therefore a new concept of expression of the failure process, i.e. an ‘obsolescence

P-F curve’, as shown in Figure 6.2B, can be achieved if the P-F curve from Figure 6.2A is
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mapped onto the obsolescence curve from Figure 2.3. The resultant obsolescence P-F curves,
shown in Figure 6.2B, are indicating three sets of obsolescence occurrences and
corresponding maintenance cycles, which can be used to reduce the respective three

obsolescence gaps to bring the system back as close as possible to its normal state.
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Figure 6.2B: Integration of Obsolescence and P-F Curve Models (Source: Umeadi and Jones, 2008b)

6.2.6 Obsolescence and Maintenance Decision-Making Theory

Sections 2.1.1 and 2.1.2 noted the theoretical implications of the Chartered Institute of
Building (1990) and Jones’s (2002) hypothesis that highlighted the existence of obsolescence
and at the same time proposed an alternative definition for maintenance and refurbishment.
They noted that “work undertaken in order to keep, restore, or improve every facility, its
services and surrounds to a currently acceptable standard and to sustain the utility and value
of the facility” fails under maintenance and refurbishment. In this definition, maintenance and
refurbishment was explicitly linked to improving the value of the built asset. Jones (2002)
reinterpreted Finch’s (1996) model to one that more accurately reflects practical options (see
Figure 2.3).
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Thus, in Jones’s model, maintenance cycles were repeated until the point at which a building
(or, in our case, an oil pipeline system) fails to satisfy the owner’s requirements and a major
refurbishment is needed. However, it should be noted that even after refurbishment some
residual obsolescence remains, and this often grows over repeated refurbishment cycles until
the obsolescence gap is too great for an organisation to bear. At this point the organisation
either relocates, the building is demolished and rebuilt, or the building is refurbished beyond

its original purpose and a change of use occurs.

In the oil and gas industry, this process of continued obsolescence within Jones’s model is not
an option in that it would be uneconomical and hazardous to allow oil pipeline systems to
deteriorate to the point at which they fail to satisfy the oil/gas industry’s demands and for a
major refurbishment to take place. However Jones’s model can easily be adapted to suit the
new maintenance model proposed in this thesis. The experimental test specimen used here
was designed to produce well-defined, failure modes. Given that the in-service pipeline
system’s condition and performance progressively deteriorate and can be detected, it is
possible to be remedied ‘just in time” before total failure. Therefore, there will be no need for
the pipeline system to be shut down for repairs or replacement, which often leaves the
industry with no alternative routes to transport the oil.

The outcome of this thesis would, instead, result in the designing-out of unnecessary cycles of
the obsolescence gap by integrating all the maintenance processes into the proposed objective
performance maintenance model within Jones’s (2002) maintenance cycle’s characteristics
(Figure 2.3). The integration of the P-F curve with the Obsolescence model to develop a
continuously monitoring sensor device (Figure 6.2B; Umeadi and Jones, 2008a) would
transform pipeline integrity surveys and help to eliminate the queuing culture currently
associated with condition-based maintenance processes (top portion of Figure 6.2C; Umeadi,
2005a). Issues raised by Jones (2002) in relation to ‘value’ in the context of built-asset
maintenance decision-making and building technology can be finally acknowledged (Umeadi,
2005a). Jones’s argument is that ‘value’ should be explicitly linked to the ability of the built
asset to support organisational performance, and built-asset maintenance should be viewed as
a strategic issue managed within the broader context of an organisation’s strategic planning

framework.
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Figure 6.2C: Performance-Based Integrated Maintenance Model for Oil and Gas pipeline System
(Source: Umeadi and Jones, 2008b)

Hence this modified theoretical model for performance-based maintenance (lower portion of

Figure 6.2C), which eliminates the queuing process, is presented as a result of new knowledge
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generated and could be used to bind together the different stages of the maintenance/process
model, the result of which will effectively be fully integrated into a multi-criteria-model-
based device capable of holistic examinations of the root cause of a pipeline system’s

problems (Figure 6.2B).

As a result, the appropriate technical and business solutions can be developed to address the
business case for maintenance action. This is achieved by implementing continuous
monitoring to assess, evaluate and report any in-service changes in a pipeline system’s
performance. The maintenance decision-making process would be based on the pipeline
system’s physical performance using any of these parameters from amongst frequency,
voltage drop, or percentage age. As a general rule, a 10% drop in performance is more than
enough to trigger the overseeing authority to fix the system or component so that the

performance could be brought back to the 100% original expected performance level.

6.2.7 Physical Performance-Based Maintenance Models

Oil and gas pipeline maintenance traditionally includes techniques for assessing the condition
of an existing distribution system. The areas for review in this research include: damage and
leak surveys (including site visits), data acquisition and analysis (digging — locate and mark;

failure analysis), valve inspection, and pipeline repairs (involving prioritisation /mobilisation].

The general activities include:

« an audit of internal maintenance practices to identify areas for efficiency gains or
process improvements;

« evaluation of the physical system to identify potential maintenance requirements; and

« the project management of necessary maintenance activities and/or routine

maintenance work.

Generally, pipeline maintenance and reinstallation models may include: preliminary routine
feasibility assessments; regulatory permitting strategies and implementation; replacement
selection for the pipeline and associated materials; right-of-way planning and acquisition; and
design and construction supervision. System expertise also includes regulator stations,

cathodic protection systems, and metering facilities. It is important to fully understand these
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processes in order to design an effective and efficient objective-maintenance model capable of
monitoring, analysing and reporting any changes in performance of an in-service pipeline

system.

To best explain performance-based maintenance, a new theoretical model was produced in
this research (lower portion of Figure 6.2C). In chapters 1 and 2, it was argued that
maintaining the integrity of facilities grows in importance and becomes more difficult as
existing infrastructure ages and new facilities become larger and more technically complex.
Increased scrutiny of the protection of the well-being of the environment and the communities
surrounding the oil and gas facilities only heightens the importance of conducting proper
maintenance. The condition-based method was not the best way of predicting maintenance
action, in that it was periodic, it missed incipient defects that developed between periods, it
was disruptive and expensive, and it utilised different protocols that could not be integrated.
In one instance, it could not predict the high-profile explosion at the Buncefield oil storage
complex in North London, when the ensuing depot fire raged for several days as a cloud of
toxic gas covered 4,000 square kilometres of South East England. This failure in service had
severe social and economic consequences, and it raised doubts about the quality and
reliability of the detection techniques used. These impacts place a greater need on learning
about the performance of in-use pipeline systems and the reliability to deliver oil and gas from

upstream, midstream, and downstream without loss of content.

6.2.8 Improving Current Pipelines Monitoring

The most widely used condition-based methods for pipeline monitoring includes foot patrols
along the pipeline routes and aerial surveillance using small planes or helicopters. These
patrols perform facility inspections, check for construction activity in the vicinity of the

pipeline, and maintain the pipeline’s right-of-way.

This monitoring of the thousands of kilometres of pipeline systems worldwide is most
commonly performed in line with a sporadic schedule using visual observation from aircraft
flying over the lines. Conventional flight-observation frequency is in the order of once every
1-2 months for most of the pipeline length. Detection of unauthorised intrusion and security

risk events with this practice is low, due to a number of limitations inherent in this approach.
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These limitations include infrequent coverage, human error in detection, limited historical

data-analysis capability, high mobilisation costs and limited trend analysis.
Fundamentally, the condition-based method is very simple; it merely enables prioritisation of

action — for example, to untaken maintenance action (such as to inspect a length of pipeline)
or to defer such inspection. The methodology is not designed to carry out P-F modelling.
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6.3 Implications for Other Pipeline Industries

In order for intelligent prioritisation within a performance-based measurement model, a
method is required to evaluate continuously the in-service performance of projects in terms of
their overall severity/importance. The most important question would be: Which maintenance
action will help achieve prioritisation of objectives most efficiently? Based on knowledge
gained from this study, it is suggested that a physical performance-based maintenance model
integrating the current processes with the outcome of this thesis (lower portion of Figure
6.2C; Figure 2.2c), an integrated sensing, analysis and reporting device would be the most

efficient method instead of the condition-based method.

Whilst performance-based maintenance in this case measures the physical performance of the
pipeline, an integrated sensor records and analyses the pressure and sound wave transmitted
through the pipe from an array. It allows the flow of the physical performance of the pipeline
information in real time to be made available to a facility’s manager. This is a major

contribution to the improvement of the maintenance planning process.

In contrast with the condition-based maintenance model, the integration of defect severity into
prioritisation in the performance measure model allows it to carry out P-F modelling
evaluations (Figure 6.2C). By acquiring and analysing information continuously in order to
determine the severity of each defect, it is possible to classify the severity of the pipeline’s
physical performance and report to a base station. This flow of information and the feedback
loop will help the maintenance decision and planning process. With the ability to use the
performance measure to plot the P-F curve or the decay curves over time (see Figures 6.2 and
6.2C), it would be possible to learn and understand these curves and eventually to know what
each interval within the curve means in terms of pipeline integrity. With the knowledge
acquired from the P-F curves, a sensor is then able to calculate the severity of the expected

physical performance and to prioritise intervention where appropriate.

The objectivity of the performance measure comes from the fact that the P-F curve or the
decay curve can be plotted, and from this it is possible to move into full in-service
autonomous pipeline integrity monitoring. In doing so, it would be possible to establish the
standard ‘six sigma’ errors (Wikimedia.org) that would eliminate any false-positive alarms.

Consequently, it should be possible to improve the quality of the maintenance process outputs
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by identifying and removing the causes of defects and variations in the maintenance process.
Prioritising with a performance measure that follows a defined sequence of ‘six sigma’ steps
helps eliminate queuing and related maintenance cost. This also means that, by plotting
continuously, one might make this improved process relevant to overcoming the subjectivity

involved in maintenance decision-making.

There would also be a noticeable difference when commissioning works with the
performance-based maintenance model. Under the condition-based maintenance models, most
works are one-offs — for example, a project to replace a 15-metre section of damaged pipeline.
Commissioning works using the performance-based maintenance model on a continuous basis
might mean that partnering, i.e. having a monitoring partner with shorter repair contracts,
becomes the norm. A remote-access method, integrated with an appropriate algorithm, would
deliver the benefits of a centralised performance-based maintenance information system
capable of eliminating many of the limitations in the condition-based maintenance model.

The ability to predict defect growth with the physical performance-based maintenance model
helps to eliminate the problems of isolated data sources that are present in current condition-
based maintenance models. In essence, oil and gas pipeline system maintenance is crucial to
the reliability and performance of the physical assets that produce, transport, and process the
transmitted oil and gas. Operating companies face difficult decisions, particularly meeting the
need for safe operations while taking into account the costs of making necessary maintenance

improvements.

With its integrated sensor detection and analysis, the performance-based monitoring model
fuses the processed information to estimate the pipeline system’s reliability measures. This
means that built-asset physical performance in-service information will be continuously
available when needed, which helps to focus the resources and information required to

prioritise maintenance activities and hence optimise a return on investment.

Similarly to the automobile and the aerospace industries, when the outcome of this research is
integrated into the maintenance process, it would mark a move away from prevention (the
‘run-to-failure’ approach), and towards prediction (i.e. just in time repair work). The principle
applies that an objective measure of continuous in-use performance can start to develop an

objective measure of the obsolescence gap. This means that predicting the defect growth is no
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longer subjective, and it should be possible to plan long-term interventions. It is necessary to
take a step beyond preventive maintenance, because the current practice is not sustainable.
The monitoring of an oil pipeline system’s delivery status is just one of the ways that
reliability-centred maintenance can be applied to built assets and the built environment at
large. Reliability-centred maintenance techniques enable the built asset’s owner to observe the
pipeline system performance during transmissions in a variety of complex operational

environments.

The use of a fully integrated multi-criteria model-based device capable of holistic
examination of the root causes of a pipeline system’s problems empowers the built-
environment industries with accurate information that can lead to substantial cost avoidance
and savings. Their uptake makes it possible to divert monies set aside for unnecessary
maintenance activities, such as field surveys, off-location data analysis and deployment of
digging in subsections, to be spent on further research and the introduction of new
maintenance processes that eliminate queuing. It requires more than evolving from a
condition- or defect-finding exercise; most importantly, the process needs to fully integrate
performance of the physical asset maintenance models with ‘real-time’ information
processing. Effectively the new maintenance processes will comprise strategic planning and
decision-making capabilities with real-time information and will not depend on historical
data.

In a pressured pipeline a very small leak can erode the steel at the leak point, and fairly
quickly this can result in a much larger defect. Also, once oil escapes from a pipeline, it can
flood the areas surrounding the pipe system and spread to other locations. This study has
shown that the use of a fully integrated multi-criteria model-based device is capable of
detecting an incipient defect and tracking this defect as it grows until failure (i.e. leakage)

occurs.
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6.4 Implications for Other More General Built-Environment Maintenance

The results of this research at the very least should help provide built-environment
maintenance teams with the means to integrate a sensor device on a micro/nano-chip so as to
provide real-time information on the in-service performance of built assets. However, owing
to time constraints, the planned real-time wireless test was not carried out within the test

programme but is expected to be performed as part of post-PhD field tests.

An objective performance-based maintenance methodology could also be used to predict the
performance of other buried utilities, such as a gas or water infrastructure or their subsystems.
This implies that by examining the relationship between the vibration sound energy and the
defect characteristic of the in-service infrastructure, its performance can easily be monitored
and, in turn, this helps to differentiate between gradual or rapid increases in deterioration
through the vibration sound peak amplitude as the transported oil flow transits the defective

areas in the pipe wall.

The peak amplitude of the individual vibration sound event was noticeably different in
magnitude (measured in decibels), as shown in Figures 5.4 and 5.6; the total energy for each
vibration event increases gradually. What was important was that the measured parameters
associated with the vibrational energy were similar to the predicted vibration sound emission

measures.

From this result, the change of vibration sound energy with defect size and shape could be
one of the effective means of monitoring pipeline performance parameters. This result is also
useful to estimating any changes in condition and changes in performance in an in-service
pipeline system; it therefore helps in answering the question raised in section 2.3.3. Those

questions, and their answers from this research, are as follows:

e What happens to oil flow? It becomes the source of information gathering; the
vibrating sound emission is transmitted along the fluid flow.

e Does the flow pattern change? Yes, there are indications that when the defect type
changes the modulation frequency changes. The more the defect grows in size, the

more the depth of modulation is influenced (see Chapter 4).
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e Does the pressure change? The flow dynamics vary with line pressure: flow rate
fluctuates when the pipeline pressure changes. Hence the frequency of modulation
could be said to define the type of defect, its development, and the depth of
modulation.

e Does the pipeline vibrate more or less? Different deteriorations have different
influences on signal propagation. The sensitivity was strongly dependent on the
pressure of the working medium and, according to Liu et al. (2000), the size of the
deterioration and leakage can influence the outcome of the measured signal. As was
observed, the modulation frequency changed when the steel pipe ruptured; there was
a reaction force that was supposedly created by the high-velocity fluid jetting out,

resulting in the observed signal displacement.

The knowledge of what happens to oil flow dynamics in damaged pipeline systems, when
integrated into sensors, should provide the capability of monitoring and reporting deviations
in the pipeline transition signatures in a variety of challenging locations. This is a prerequisite
for predicting changes in performance, as was shown in the tests in situations where there
were leaks from a defective zone in the pipeline system. The results from the location routine
were a bit unclear at the beginning of the test, especially with the small nails; but when the
defect became much more severe, the defective location was predicted more readily.
However, even when the location routine gave erroneous results, the presence of a defect was

always detected by the frequency modulation.

The recorded equivalent of the defective zone, shown in Tables 5.4 and 5.7, increased with
increasing damage. Table 5.8 gave an indication of the severity of the damage even though
the routine that estimates the magnitude of the defect also assumed a single defect zone
instead of three separate defects (resulting from the nail insertions). It can be seen that it is
possible to define performance measures and set performance thresholds for an oil steel-

pipeline system by measuring its physical performance.

These experimental tests were also a validity investigation into a non-destructive testing
method, especially vibration sound emission detection techniques of oil steel-pipeline defects
and leakage. It was shown that the method has successfully been used to locate defects,
fatigue and failure. At the same time, the ability and effectiveness of piezoelectric elements in

defect detection were evaluated and shown to be able to predict changes in oil and gas
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pipeline system performance using the prepared oil rig and flow station. These changes in
performance were due to the low attenuation rate of signals in steel pipes. However, the
devices used are time-consuming and expensive; they required the assembly of different

combinations of technologies, with both cost implications and configuration issues.

Lastly, as was observed in Figure 5.6 as compared with Figures 4.4 and 5.10, the surge
resulted in pressure and flow-rate oscillations that not only generated excessive vibration and
reduced performance, but also threatened the structural integrity of the pipeline, along with
other components of the system, with high-frequency noise that triggered the alarm threshold.
The importance of this observation is that it was possible to detect signals associated with the
defective sections of the pipeline system as fluid flow pass cracked sections of the pipeline

system.

These intense oscillations in the pressure and flow rate in the entire system occurred each time
the valve that fed the pipe system was opened. For the first ten seconds, an absolute silence
was observed, followed by recorded discharge pressure oscillations with amplitudes as high

as 4bar (full pump transfer pressure).

There were no circumstances observed under which backflow occurred in the toughened-
flexible transparent hose during this test. Although little is known of the dynamics of
backflow phenomena, it is not appropriate to make a case here or to argue the limits
associated with strong oscillations in backflow phenomena — the issue is beyond the scope of

this research.

The benefits of using acoustic vibration sensors to detect pipe defects and their failure modes
are numerous. Nonetheless, it is not clear yet how multiple failure modes might affect a
sensor’s ability to identify a problem, as this was not investigated owing to time constraints.

Further work is suggested to identify any weakness that might exist.

The same note of caution is required with regard to scaling-up findings to larger-diameter
pipes. This test was conducted on a 1-inch diameter pipe, but it is not yet clear whether there
are potential issues that could negate the laboratory findings for scaling up. Although proven
large-scale system design principles such as replication and layering improve scalability, their

application to pipelines and their systems or to sensor devices should be considered for further
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study in the design work carried out toward the planned field tests. Furthermore, the design
principles should be independent and separate from safety-related issues.

Other challenges being faced in applying this research include contaminants existing in a real-
world oil-flow situation. For example, leaking oil in the experiment was observed to have
transferred some debris, possibly from the weld-sealant, to other parts of the set-up, which
influences the viscosity of the oil significantly. Should this occur in a real-life situation, the
sensor and data analysis would have to be equipped to learn and concurrently process
complex signals. The device capabilities should be focused on understanding different failure
modes of the pipe system and fluid flow behaviour in order to improve usability, characterise

full/partial flow, and predict future detection patterns.
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6.5 A New Approach to Pipeline Maintenance

Chapter 2 anticipated the cost of monitoring a pipeline system to be daunting, especially with
many of these pipeline systems being in inaccessible and hazardous locations. The proposed
integrated wireless sensor would provide an effective, low-cost solution for continuous
pipeline system monitoring in order to ensure continuity, save wasted and expensive gases,
and prevent unwanted emissions. Integrated wireless sensors are also generally known to be
well suited for gas emission detection from a variety of vents, storage tanks, etc. A major
benefit of continuous monitoring is the prevention of expensive and potentially dangerous

leaks.

For the sensor to be effective, it must to include a diagnostic component that can attribute an
acoustic and pressure profile to a specific failure mode. Artificial ‘neural network’
specifications can be used to describe the most important faults detected with an automated
diagnostic and reporting system. The specifications include an electronic document to (a)
describe rules and variables used for performance assessment and diagnosis, (b) identify
degradation and failure modes and conditions associated with each mode, and (c) identify all
ranges of variables used to categorise the corroding buried oil steel-pipeline performance as

was described in Chapter 2.

This artificial intelligence system is capable of learning from experience without third-party
intervention. Such an approach is novel: there have been fragmented efforts that have
combined one or two of the rules listed above, but not all in one device. The implication of
this finding is that it may be possible for some interesting applications to be developed. The
system would sample at high data rates, and at the same time must be antagonistic in data
collection duty cycles. Therefore, the application would be able to conserve power for
continuous operations — especially to enable essential information to be transmitted wirelessly
from below to above ground level and then on to predetermined base stations. This new
maintenance technique would take the strain out of built-environment maintenance systems
by converting data into information at source, making it available to the relevant facility
managers, and freeing valuable time to focus on core business activities. This is in contrast to

the present data-acquisition practice that the oil and gas industry is dependent upon: limited
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wired/remote monitoring systems, digging and fly-over data loggers operated with low-
battery duty lifecycles.

The proposed maintenance technique integrates sensing, self-powering, analysis and reporting
capabilities. It will enable local processing, high-data rate acquisition and high-bandwidth
two-way transmission protocols. In essence it will mean a substantial contribution to pipeline
maintenance strategy. The technique being proposed would also contribute to meeting
Western/OECD environmental regulations, which are becoming increasingly stringent. As
demand for fossil fuels continues to increase, oil and gas companies need improved
technologies to optimise production, streamline operations, and expand refining capacity; they
also need lower-cost solutions that meet compliance standards. In the oil and gas industry,
pipeline-monitoring applications have long been focused on custody transfer and pipeline
pressure monitoring. As a result, nearly all of current monitoring and automated applications
are process and operations related rather than maintenance related, so the proposed new

approach to pipeline maintenance is a step in the right direction.

The data from this experimental programme, when integrated with an algorithm that is being
developed for the post-PhD field trials, forms a semi-continuous monitoring system that not
only recognises imminent failure characteristics but also identifies the probable cause and
estimates severity of impact. The outcome of this research, when integrated with a smart
system, forms an intelligent sensor for monitoring the integrity of steel-pipeline systems for
oil, gas and water.

The next stage in development is to translate the research model into a working prototype
suitable for a large-scale field test. It would help to improve current inspection technology and
detect incipient defects, leaks and potential failures before they occur. The projected impact
for the pipeline industry at large is high. Take, for example, a failure in large-scale pipeline
distribution systems causing disruption to supply, damage to the environment and economic
loss to the industry. In the oil steel-pipeline industry alone, the financial implications for the
industry of pipeline failures are estimated at £2.5 billion a year (corrosionsource.com, 2001).
The 2004 annual report of the strategic Centre for National Gas of the United States stated
that most gas transmission lines are made of coated steel and that damage to the line’s
protective coating is likely to cause a corrosion leak at some stage. The report further
highlighted a statistic from 1994-2001, namely that, of 224 third-party incidents on
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transmission lines, there were 7 deaths, 35 injuries, and $167 million in property damage —
indeed, one incident cost $25 million (Huebler, 2002). Evidently, the current methods of
detection rely on periodic inspection, which misses more occurrences of failure than it

identifies.

The proposed intelligent-sensor system will comprise a micro/nano-chip that can be
retrospectively attached to pipe components to monitor, analyse and communicate any change
or interference with pipeline function to a central computer base by mobile communication
technology. The sensors in such a system will be fully integrated for processing data and
communicating it, and they will operate without third-party intervention. The sensors will be
self-powered and utilise two-way wireless comminication channels capable of operating over
distances of 110 kilometres (70 miles). Furthermore, the sensors will be integrated with the
global positioning system (GPS) protocol as part of a single-gateway node, so as to locate and
establish defective pipe sections. The first stage is to develop a working prototype of the data

capture and transmission aspects of the intellegent sensors.

Furthermore, the research results, when integrated with an intelligent sensor for monitoring
the integrity of pipeline systems, would present possibilities for developing an objective
solution that would help minimise or eliminate the severe financial, environmental and safety
liabilities of pipeline system failure. Most importantly, the miniaturised sensor would give
industry the option to adopt fully preventive approaches that would translate into significant
savings of up to £2.5 billion each year, as well as replacing a ‘snapshot’ approach to asset
maintenance with an engineered solution, thereby limiting disruption to users and the
attendant social costs. Consequently, commercialisation of the physical performance-based
maintenance method will mean further developments in the oil and gas industry. Even so, the

outcome of this research should not be taken as an end in itself but as a means to an end.
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CHAPTER 7: CONCLUSIONS

7.1 Summary of Work to Date

The primary aim of this thesis was to investigate whether the latest developments in sensor
technology can provide a basis for an objective-based change-of-performance assessment of
an oil steel-pipeline system’s maintenance needs. As per the review of literature to date, this
research into a performance-based approach is a first attempt in developing an integrated
technological system accompanied by a corresponding sensor device. This system enables the
continuous assessment of the performance of a built asset, thereby assisting in managing
maintenance actions accordingly. It is achieved by relating the impact that a maintenance
action has on the performance of the built asset in service. Therefore this approach seeks to
re-address many of the weaknesses ingrained in the current condition-based approach to built-
asset maintenance. It will help to further improve current maintenance practices, hopefully
changing the norm from those that are periodical and disruptive, to those that are seen to be

objective and of added value.

The investigation and data acquisition took the form of two test series, the results of which
were summarised within Chapter 4. Piezoelectric vibration sound emission sensors were used
for these tests, which were able to detect changes in the flow characteristics of water and
diesel oil. The flow characteristics were analysed using spectrum analysis of the resulting
sound emission signals across a number of frequency bands. These were then compared with
the theoretical predictions for normal, undamaged, flow conditions. The results show that a
piezoelectric vibration sound emission sensor can detect changes in the flow characteristics of
water and diesel oil to a level of accuracy that could form the basis of an integrated wireless

sensor device.

Laboratory experiments have found that changes occur to the flow dynamics of oil as it passes
damaged or deteriorating sections of pipeline. The vibration, acoustic and pressure sensors
attached to the outside of the pipeline are able to detect the changing performance patterns

resulting from the changes in the pipeline’s condition.
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7.2  Summary of the Overall Test Results

The findings of the first test series confirmed the feasibility of applying non-destructive
testing (NDT) methods using vibration and acoustic techniques on an oil steel-pipeline system
for the diagnosis and detection of corrosive defect characteristics and severity. The second
test series simulated defects by nails of different sizes being drilled into the pipeline system,
where measurements were taken for small defects, medium-sized defects, sealed holes and
total failure (leakage) to compare the relevant signals against those arising for the normal
state. In general, the sizes of the nails drilled into the pipe in order to simulate the defects
were shown to be equivalent to likely damage, as specified on Tables 5.5 and 5.12 and Figure
5.3. In this series of tests it was shown that the percentage increase in the voltage peak from

sealed holes was dependent upon the damage profile.

Furthermore, during the laboratory experiment it was observed that the pipeline system
released fluid into its surroundings when a hole or fissure appeared as a result of pipeline
failure. It was established in the experiment that the bigger the size of the fissure, the more the
leakage; and if the pipe system bursts altogether, the leakage will be at its maximum.

Based on this observation from the experiment, it can be said that in a given buried pipeline
system, if a failure of any size occurs, the oil leakage will lead to financial as well as
environmental costs, where the degree of these costs will depend respectively on the amount
of oil lost and the sensitivity of the environment around the leak. These losses can also lead to
social costs such as health and safety issues, and even human life loss. For instance, in the
Alaska oil spill that occurred in 2005-6, 15 people died and the company that was held
responsible was fined $25 million. With vibration and acoustic integrated-sensor technology,
the effect of events such as occurred in Alaska could be minimised and/or prevented, thereby
cutting down on economic, social and environmental costs to satisfy sustainable-development

principles.

Currently, determining the accurate location of defects and possible leaks in buried oil steel
pipelines is challenging, time-consuming and expensive. The lab experiment undertaken in
this research project has shown that it is possible to use the progression of the degradation
frequency to monitor different defect profiles and changes in performance, in order to validate

the accuracy of the defect-source calculation and location techniques used for an oil steel-
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pipeline system. Thus, this experiment presents an effective and efficient proposition in the
form of a new NDT-vibration and acoustic integrated-sensor technology.

As established in Chapter 1, worldwide repairs and maintenance of steel pipeline
infrastructures generally run into many billions of pounds each year, with the cost of repairs
including not only the materials and labour cost, but also the costs of disruption to users and
social costs. To prevent and/or correct such disruptions, many companies carry out
unnecessary repairs and replacements, which are inherently unsustainable. The proposed
integrated-sensor technology will save not only social, environmental and financial costs but
also the costs and fatigue associated with unnecessary preventive and/or corrective

maintenances, thus effectively and efficiently satisfying sustainable development philosophy.

This work has focused on three main areas. Firstly, it evaluated the ability and the
effectiveness of piezoelectric elements for further integration into advanced leak prediction
technology. Secondly, it validated the vibration sound emission detection technique. And
thirdly, experimental validation was made of the natural frequency (and amplitude) of damage

using the prepared oil rig and flow station.

In Figure 5.1 and equation (5.3), two hypotheses describing the amplitude and phase spectrum
methods were tested. Time domain methods were successfully used for defect characteristics
and for detection of the defective steel pipeline system. Simultaneously, the performance was
evaluated of the effectiveness of piezoelectric elements in defect (crack) detection for changes
in component performance of the prepared oil rig and flow station. The ability to evaluate
pipeline system in-service performance is validated: a low attenuation rate of signals

originating from a defective section of steel pipe was found.

The test required access to only one point of the defect, with one sensor positioning at a time.
It was potentially very quick to cross-correlate (see Figure 4.1). The piezoelectric actuator
was used to measure one set of frequencies before the oilrig and flow station was subjected to
a series of in-service test regimes. Subsequent measurements were taken to determine whether
there were changes in performance as the simulated damage from this state was systematically

increased up to total failure.

From these analyses, both the existence of defects and changes in performance of the pipeline

system were detected, although there were changes in the oilrig and flow station’s natural
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frequencies as the defect progressed. The oilrig and flow station were carefully designed so
that the defect zone and modulation of the defect severity would always progress at the same
location. It can be assumed that the damage and associated signals originated from the same
place for all tests. However, the oil steel-pipeline system requires continuous dynamic
analysis as it transports fluid. Several such analyses were required for each defect size/type
investigated, and the tests has shown that a piezoelectric sensor that measured natural

frequencies can adequately identify a defect zone and its size in the pipeline system.

The results of the performance analysis were stored on a PC and CD, along with the
experimentally measured natural frequencies, using the input (PICOScope) to the defect

location program. This program was readily adapted to run on a PC.

Each of the sensor location routine tests was carried out to determine the localised defect
pattern and whether signals originating from the defect zone of the pipeline could be judged
accurate. The required evaluation of the theoretical frequency change varied owing to changes
in pipeline system performance. Again, assuming that the steel pipeline system’s degrading
condition at the defect location was the same for all the tests, it could be deduced that the
signal differences computed for the damage at the sensor point must have originated from that

Same source.

It was further expected that the (induced) corrosion defect would degrade and subsequently
crack, causing leakage. The final failure generated a massive vibration sound signal (see
Figure 5.8) beyond expectations. It was evident that the crack initiation and the subsequent
micro-gap in the crack growth on the pipe wall created the significant vibration sound
emission. In other words, as the diesel oil and air competed to escape, the transducer energy
output was between 54V to several tens of millivolts, and even beyond. According to Bassim
(1994), the amplitude and frequency spectrum and the attenuation behaviour are all functions

of the pipe-wall material properties.

In light of this, one can suggest that the change in condition of the pipe wall results in a
sudden change in its performance; alternatively put, cumulative crack growth reduces
transmissibility of an in-service pipeline system. It is this change in condition that is likely to
influence leakages, which can also be associated with the rapid change in fluid direction and

pressure (see Figures 5.8 to 5.11).
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Physically, the rapid changes in the pipe wall and the fluid dynamics may have produced the
transient pressure change (the burst signal detected), as the jets of escaping diesel oil
continuously generated vibrational sound energy. The tests illustrate the need for caution in
the interpretations: for most of the vibration signal measured, there was a fairly significant

variation of frequency peaks within a single measurement band and frequency.

At some locations, the identified characteristics (for example, the amplitude-modulated
components at sensor location ) are clearly visible above the background noise (Figure 5.8).
However, whilst some deductions can be made from the present experimental tests, more
investigation is needed — especially if the ultimate aim is the integration of these data onto an
integrated-sensor device with an algorithm able to qualitatively evaluate and determine defect

signal thresholds.

Most importantly, the results show that a piezoelectric vibration sound emission sensor can
detect changes in the flow characteristics of water and diesel oil to a level of accuracy that
could form the basis of an integrated wireless sensor device. Quantitative diagnosis theory
provides the basis of an algorithm that could be used to associate the changed flow
characteristics with the underlying pipeline defect, crucially without third-party intervention.
After establishment of a clear relationship between the reliability of an oil pipeline system,
changes in condition, and its transmission performance; the results demonstrate that
performance-based maintenance techniques may be one of the keys to increasing performance

and productivity.

In relation to the primary aim of this research, the investigations have shown it to be possible
to detect, locate, and roughly quantify damage in the steel pipeline system by using
measurements of the pipeline system’s natural frequencies. Tests have been carried out
successfully on the experimental transmitting pipeline system, identifying changes in the flow

dynamics of oil as it passed through the damaged areas of the pipe.

As per the evaluation of the effectiveness of piezoelectric detection to changes in the oil steel-
pipeline system performance, it has also been possible to differentiate a variety of types of
damage, including defect characteristics. This includes small- and medium-damage fatigue
tests, as well as deterioration of sealed holes without nails leading to total failure. The

laboratory experiments have validated the ability and effectiveness of piezoelectric sensors
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and the non-destructive (vibration sound emission) detection techniques across a range of oil
steel-pipeline defect and leakage conditions. The results represent an improvement and could

provide the basis for an objective-based assessment of an oil steel-pipeline system’s
maintenance needs.
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CHAPTER 8: RECOMMENDATIONS

8.1 Future Work — General

As has become clear from Chapter 7, several areas for further work can be identified to
complement the work presented in this thesis, in order to allow the technique to be extended
to accommodate full integration with advance sensor technology, artificial intelligence and
wireless communications. Furthermore, the data resulting from this current investigation

needs more refinement.

Academically, it is becoming clear that the project can contribute to two areas of knowledge.
The first is knowledge about the application of integrated sensor technology, particularly the
advantages and limitations of condition assessments and changes in performance approaches.
The second is knowledge about pipeline infrastructure damage evolution in real time. It is
hoped, therefore, that the lessons that apply to those buried and surface utility-pipeline

networks might extend to other built-environment elements such as buildings and their fabric.

The data collected in the work to date (Phase 1) will be used in Phase Il (post-PhD work) to
develop and test an integrated wireless communication device and reporting system for steel
pipelines. The sensor technology, when developed around the capability of diagnosing,
analysing and reporting changes in performance, will be able to predict a transmitting pipeline

system’s condition and performance in real time.

The performance-based maintenance techniques could form part of an objective and reliable
built-environment maintenance practice. A continuous monitoring device with the productive
capability, directly embedded for real-time testing, could increase knowledge of a transmitting
oil pipeline system, and identify and report changes in state before accidents occur —
particularly in relation to pipelines and storage tanks. Furthermore, such a device makes
numerous monitoring and predictive applications feasible that were previously not possible

owing to remote and hazardous environments.
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8.2  The Integrated-Sensor Device

The experimental test series required many types of equipment with different capabilities to

be integrated, and this was time consuming.

The author is presently developing algorithms that will allow the fragmented experimental
techniques to be integrated to give fast and real-time data acquisition, monitoring, analysis
and reporting protocols. These will be formed within an integrated-device-on-a-microchip
solution that does not require third-party intervention. Indeed, the most immediate and
important task for the next phase of this research project is to complete the commercial proof-

of-concept prototyping, so as to enable a small-scale field test

There remains some uncertainty over the magnitude of improvement in reporting protocols in
real time that can be achieved by developing integrated-device-on-microchip solutions. Thus
there is a significant need for future research in this area. This will be undertaken in the next
phase of the research project, as part of reliability-centred maintenance, and will be conducted

in line with the overall proactive and innovative approach argued in Chapters 1 and 2.

Wider field-test relevance is particularly strong if one believes that the effect of corrosion on
buried coated oil steel and/or water pipeline systems may not allow reliable and precise
inspection in not only existing pipeline networks but also in new pipeline systems. This
research recommends that the integrated-device-on-a-microchip solution be developed to
enable buried oil steel-pipeline integrity surveying in a variety of complex operational

environments worldwide.
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8.3  Oil Composition

In relation to the proposed field test, more attention should be paid to the content of fluid
used, given that most heavy fuel oil consists largely of residues from crude oil and therefore it

is important to refine the test to suit the different pipeline-integrity surveying variables.

In order to further confirm these findings from the laboratory tests, it is important for the field
operations that samples of the crude-oil content is taken from the particular field-test pipeline
stretch before and after test runs — for comparison purposes. Past experience has shown that
residues are blended with suitable gas—oil fractions in order to achieve the viscosity required

for convenient handling.

Close attention should also be paid to the crude-oil contents — the heavy metals types such as
nickel and vanadium, as well as other sediments and water — and the temperature of the oil,
for the simple reason of establishing whether or not these impurities influence the pipe
contents as they leak out or just that oil collects extra contaminants from the pipe wall as it

escapes from the leak canals.

172



REFERENCES

Abbott, M.B. (1966). An introduction to the method of characteristics; American Elsevier, New York
Adams M.J. and Henning | D (1990) Optical Fibbers and Sources for Communications (New York: Plenum)

AGA (1989) AGA Pipeline Research Committee, Project PR-3-805 «A Modified Criterion for Evaluating
Corroded Pipe» (December 22, 1989)

Agarwal N. K (1985) Ph.D. Thesis, Propagation of acoustic waves in fully-developed turbulent pipe flow
University of Adelaide- Australia

Agarwal, N. K. (1992) Performance tradeoffs in multithreaded processors, IEEE Transactions on Parallel and
Distributed Systems 3 (5) 525-539

Agarwal N. K. and Bull M. K. (1989) Acoustic wave propagation in a pipe with fully developed turbulent flow,
J. sound Vib. 132 (2), 275-298

Aki, K. and Richards, P.G., (1980) Quantitative Seismology: Theory and Methods. W.H. Freeman. Neers-93,
Singapore, pp. 634-639.

Aladon Ltd (1999a) The Responsible Custodianship of Physical assets; Aladon Ltd UK

Aladon, Ltd (1999b) Reliability centred maintenance — An Introduction- SAE- Society of Automobile
Engineering -http://thealadonnetwork.com/PDFs/introUK.pdf

Alfredsson, P. and Waak, O., (2000), Constant versus Non-constant Failure Rates: Some Misconceptions with
Respect to Practical Applications, Systecon, Stockholm, available at: www.systecon.se/publications.html, .

Alfredsson, P. and Wadk, O., (2001), Constant versus Non-constant Failure Rates: Some Misconceptions with
Respect to Practical Applications, Systecon, Stockholm, available at: www.systecon.se/publications.html,
(accessed 2002).

Al-Hashimi B, M. (2003) School of Electronics and Computer Science University of Southampton, Southampton
S017 1BJ [EPSRC funded project]

Alleyne, D. and Cawley, P., (1991). A two-dimensional Fourier transforms method for the measurement of
propagating multimode signals. Journal of the Acoustical Society of America, 89(3): 1159-1168

Almeida, A., and Hill, E., (1995) Neural network detection of fatigue crack growth in riveted joints using
acoustic emission. Mater Eval 1995; 53(1):76-82

Amies, G., Levek, R. and Struesseld, D. (1977) Aircraft hydraulic systems dynamic analysis. Volume II.
Transient analysis (HYTRAN). Wright-Patterson Air Force Base Technical Report AFAPL-TR-76-43, 11.

Amies, G. and Greene, B. (1977) Aircraft hydraulic systems dynamic analysis. Volume V. Frequency response
(HSFR). Wright-Patterson Air Force Base Technical Report AFAPL-TR-76-43, IV.

Anastassopoulos, A. A. and Philippidis T. P., (1995) Clustering Methodologies for the evaluation of AE from
Composites ", J. of Acoustic Emission, Vol. 13, Noa 1/2, 1995, pp 11-21.

Anastassopoulos, A. A. Nikolaidis V. N and. Philippidis T. P, (1999) A Comparative study of Pattern
Recognition Algorithms for Classification of Ultrasonic Signals", Neural Computing & Applications, 1999, Vol.
8, pp 53-61.

Anderson, D.A., Blade, R.J. and Stevens, W. (1971) Response of a radial-bladed centrifugal pump to sinusoidal
disturbances for non-cavitating flow. NASA TN D-6556.

173



Arbuthnot, C. and Stacey, A. (1998) Structural Integrity Assessment in the Offshore Industry Part II:
Applications: http://www.ca- associates.demon.co.uk/Structural Integrity Assessment 202.html

Arditi, D. and Nawakorawit, M. (1999) Issues in building maintenance: property managers’perspective, Journal
of Architectural Engineering, Vol. 5 No. 4, pp. 117-32

Asgarpoor, S. and Doghman, M. (1999) A Maintenance Optimization Program for Utilities Transmission and
Distribution Systems; EE.unl.Edu

ASTM E 569-97, (1998) Standard Practice for Acoustic Emission Monitoring of Structures During Controlled
Stimulation.

ASTM F-1430-92, (1996) Standard Test Method for Acoustic Emission for Insulated Aerial Personnel Devices
with Supplemental Load Holding Attachments", 5:247-77

ASTM F-914-91, (1995) Standard Test Method for Acoustic Emission for Insulated Aerial Personnel Devices
5:247-77

ASTPM (2001) Structural Integrity Assessment; htt://www.Astpm.co.za (accessed 2001)

ASNT-3 (1987) Special Non-destructive Testing Methods; Non-Destructive Testing Handbook, 1987

ASNT-9 (1995) Special Non-destructive Testing Methods; Non-Destructive Testing Handbook, 1995; 5:247-77
ASM International, Composites -Engineered material handbook; 1987

Atkinson, A.A., Waterhouse, J.H. and Wells, R.B. (1997), A stakeholder approach to strategic performance
measurement”, Sloan Management Review, Vol. 38 No. 3, pp. 25-37

Attwood, P.A., Bool, K.K., Feng, A., and Mohideen, H., (1996) The development of a corrosion management
system as a means of achieving cost control in oil production operations”, 7th Middle East Corrosion
Conference, NACE, Bahrain.

Baeckmann, W. von and Schwenk, W. (1971) Handbook of Cathodic Protection”, Verlag Chemie GmbH
(Weinheeim)

Baerg W. and Schawrtz W.H. (1967) Measurements of the scattering of sound from turbulence,” J. Acoustic
Soc. Am 39 (6) 1125-1132

Bailey, M.B., (1998) The design and viability of a probabilistic fault detection and diagnosis method for vapour
compression cycle equipment; Ph.D. thesis, School of Civil Engineering of University of Colorado, Boulder,
Colorado

Baker, R.D. and Christer, A.H. (1994) Operational research modelling of engineering aspects of Maintenance,
Euro. J. Opl. Res., Vol. 73, pp. 407-22

Bakuckus Jr. J.G, Prosser W.H. and. Johnson W.S, (1993) Monitoring Damage Growth In Titanium Matrix
Composites Using Acoustic Emission”, NASA Technical Memorandum 107742, Langley Research Center,
Hampton, VA (1993)

Balazs, G., Grosse, C. U., Koch, R., and Reinhardt, H.W. (1993) Acoustic emission monitoring on steel-concrete
interaction - Otto Graf Journal 4 (1993), pp. 56-90

Barga, R., (1990) Classification of acoustic emission waveforms for nondestructive evaluation using neural
networks. Proceedings of SPIE- the international Society for Optical Engineering, 1924.bellingham, WA:
international society for optical Engineering; 1990. p. 545-56

Barhorst, A.A et al., (1997) On predicting the fracture behaviour of CFR and GFR composites using wavelet-
based AE technique Engng Fract Mach 1997, 58 ;( 4)-65

174


http://www.ca-/

Barkov, N. A. Barkova, Alexandrov, A.V. and Shafransky, V. A (1986) Vibration and Vibrodiagnostics of
Electrical Equipment in Ships, -Sudostroenie (Shipbuilding), Leningrad, 1986.

Barkov A. V., Barkova N. A,, and Mitchell J. S., (1995) Condition Assessment and Life Prediction of Rolling
Element Bearings", Sound & Vibration, 1995, June pp.10-17, September, pp.27-31.

Barkova, N. V. and Barkova, M. A (1996) A Method of Detection the Low Frequency Fluctuations of Liquid
Flow", Proceedings of the 4th International Congress on Sound and Vibration, St. Petersburg, Russia, June 24-
27,1996, Volume 3, pp. 1591-1594

Braun, J.E. (1999) Automated fault detection and diagnostics for the HYAC&R industry. International
Journal of Heating, Ventilating, Air Conditioning and Refrigerating Research 5(2):85-86.

Barlow, R.E. and Proschan, F. (1965) Mathematical theory of reliability, Wiley, NY

Basseville, M., (1988) Detecting Changes in Signals and Systems—A Survey, Automatica, Vol. 24, No. 3, pp.
309-326.

Bassim, M..N. ,and Tangri, K., (1984) Leak Detection in Gas Pipelines using Acoustic Emission, Proceedings
from International Conference on Pipeline Inspection, Edmonton Alberta, pp. 529-0544, Canada, 1984.

Bateman, J.F., (1995) Preventive maintenance: stand alone manufacturing compared with cellular
manufacturing,” Industrial Management, 37, 19-22.

BDM (1998) Corrosion Detection Technologies Sector Study, FINAL REPORT by BDM Federal, Inc 1998 for
North American Technology and Industrial Base Organization (NATIBO) M980175UN FINAL7A.doc.DOC

Bea, R. G., (1999) A Risk Assessment & Management Based Process for the Re-qualification of Marine
Pipelines, Proceedings of Alaskan Arctic Offshore Pipeline Workshop”, U.S. Minerals Management Service,
Anchorage, AK (Nov. 1999).

Belle R. Upadhyaya, Mohamad M. Behravesh*, Wu Yanl and Gary Henry (1996) An Automated Diagnostics
System for Eddy Current Analysis Using Artificial Intelligence Techniques; The University of Tennessee,
Knoxville, Tennessee and USA Electric Power Research Institute, Palo Alto, California, USA /14th WCNDT -8-
13 December 1996, New Delhi

Bellhouse, G. (2004) Low Frequency Noise and Infrasound from Wind Turbine Generators: A Literature
Review Prepared for: Energy Efficiency and Conservation Authority30th June 2004

Berthelot, J.M., and Robert, J.L. (1987) Modelling concrete damage by acoustic emission. J. of Ac. Emission 6;
no. 1, pp. 43-60.

Best.me.berkeley.edu;  (2003)  Applications for  Sensor  Validation, Fusion, and Diagnosis;
http://best.me.berkeley.edu/~goebel/dissertation2.pdfBingham (accessed 2003)

Bevan, S. and Thompson, M. (1991) Performance management at the crossroads, Personnel Management (UK),
November, pp. 36-9.

BGC/PS/ECPI “Code of Practice for Cathodic Protection of Buried Steel Pipework”, British Gas (London) 1985.

Bingham A. H. and. Veal, W. C. (1992) “Georgia Power Company Acoustic Emission Test Program", ASTM
STP-1139, 1992, pp.1-21.

Bisgaard S, and Fung C. G.. Box, E. P., Soren B. and Fung C. (1988) An explanation and critique of Taguchi
contribution to Quality Engineering; Quality and Reliability International, VVol. 4, Number 2, 1988

Bodare, A (1998) Non destructive test methods of stone and rock, Webforum 1998 Europe AB

175


http://best.me.berkeley.edu/~goebel/dissertation2.pdfBingham

Bostrom, A. (1983) Vagdynamik. (Dynamics of Waves, in Swedish), Institutionen for Mekanik, Chalmers
Tekniska Hogskola, Goteborg. (Department of Mechanics, Technical University of Chalmers, Gothenburg,
Sweden.)

BP America Inc (2006) BP gives overview of its corrosion prevention programs:
http://www.reliableplant.com/article.asp? Articleid=2306

Brain and Read (1973) www.jstor.org/stable/2402536 Brain and Reid (1973)

Braun, J.E. 1999. Automated fault detection and diagnostics for the HVAC&R industry. International
Journal of Heating, Ventilating, Air Conditioning and Refrigerating Research 5(2):85-86.

BRE www.bre.co.uk (accessed 2004)

Brennen, C.E. (1978) Bubbly flow model for the dynamic characteristics of cavitating pumps. J. Fluid Mech.,
89, Part 2, 223--240.

Brennen, C.E. and Acosta, A.J. (1973) Theoretical, quasistatic analyses of cavitation compliance in turbopumps.
J. of Spacecraft and Rockets, 10, No.3, 175--180.

Brennen, C.E. (1994).Cavitation and bubble dynamics. Oxford Univ. Press

Brennen, C. E. (1994) Hydrodynamics of Pumps; Concepts NREC 1994 and
http://caltechbook.library.caltech.edu/22/01/L5

Brown, F.T. (1967). A unified approach to the analysis of uniform one-dimensional distributed systems. ASME-
J. Basic Eng., 89, No. 6, 423--432

Brown J. S. and. Burton R. R. (1978) Diagnostic Models for Procedural Bugs in Basic Mathematical Skills,
Cognitive Science, 2(2):155--192, 1978.

Brundtland Report (1987) Our Common Future. Oxford University Press, ISBN 019282080.

BS 7913: (1998) Guide to the principles of the conservation of historic buildings Status: Current Published:
July 1998 BSI

BS 7361: Part 1: (1991) “Cathodic Protection: Part 1: Code of Practice for land and marine applications
(formerly CP 1021)”, British Standards Institution (London) 1991.

BSI (1993) BS 3811 — Glossary of Maintenance Management Terms in Terotechnology, British Standards
Institute, London.

Bubenik, T. A. and Rosenfeld M.J. (1993) Assessing the Strength of Corroded Elbows; Report 206-L51684-
PRCI: USA

Buckley, K. Venkatesan, G. West, D and Kaveh, M. (1996) Detection and Characterization of cracks for failure
monitoring and diagnostics”, ICASSP, Atlanta, May 1996

Burrnann, W. (1983) Beanspruchung der Rohrwandung infolge von Druckstofen (Stresses in pipe walls as a
result of pressure surges), 3 R international, 1983: 9

Burrnann, W. et al (1979) Langsbewegung frei verlegter Rohrleitungen durch Druckstope (The linear expansion
of gravity pipelines as a result of pressure surges), 3 R international, 1983: 1/2

Buychx.com (2002) Corrosion Management technology; Integrity Solution, USA

176


http://www.bre.co.uk/

Cameron, K.S., (1986) A study of organizationai effectiveness & its predictors. Management Science- 32 (1), 87-
112

Campbell J. D. (1999) Plant Engineering and Maintenance; A Clifford/Elliot Publication Volume 23, Issue 6
December 1999.

Campbell JP, Maxey VA, and Watson WA., (1995) Hawthorne effect: implications for prehospital research. Ann
Emerg Med 1995; 26:590-4.

Cao, Q., Ling, F., and Li, W. (1997) Fatigue Monitoring System Progress; IMACS-1997-papers for [Kassel]
Germany

Carley M. and Christie 1. (1992) Managing Sustainable Development, London: Earthscan-1992

Carlisle J K (2000) Failure to Predict Blizzard Reveal Perils of Global Warming Predictions NPA, a publication
of the National Centre for public policy Research USA(http://www.nationalcenter.org/NPA277.html) (accessed
2002)

Carlisle J K (2003) Failure to Predict Blizzard Reveal Perils of Global Warming Predictions NPA, a publication
of the National Centre for public policy Research USA(http://www.nationalcenter.org/NPA277.html (accessed
2003)

Carter, G.C., and Ferrie, J.F. (1979) A coherence spectral estimation program. In: "Programs for digital signal
processing”, Digital Signal Processing Committee, C.J. Weinstein et al., ed., IEEE Press, 1979, pp. 2.3-1 - 2.3-
18.

CBPP (2002) Industrial Best Practice -www.cbpp.org.uk(accessed 2002)

Chandrakasan A. P. and. Broderson R. W. (1995) Minimising power consumption in digital CMOS43 circuits.
Proceedings of the IEEE, 83:498,523,.

Chajes, M. J., Januska, T. F., Mertz, D. R., Thomson Jr, T. A. and Finch Jr, W. W., (2002) Shear Strengthening
of Reinforced Concrete Beams using Externally Applied Composite Fabrics, ACI Struct. J., 92(3): 295-303 -
[1995].

Chakraborty, S. et Al. (2003) Performance evaluation of network processor architectures: combining simulation
with analytical estimation; Computer Networks 41 (2003) 641-665

Chapman, K. (1999) Dissatisfaction with stock condition surveys in social housing, Structural Survey, Vol 17,
No 14.

Chartered Institute of Building (1990) Maintenance Management; A Guide to Good Practice Ascot: CIOB
Chen HL, and Chen CL., (1992) Applying Neural Network to Acoustic Emission Signal Processing. Fourth
International Symposium on Acoustic Emission from Composites Materials, Seattle, Washington, DC., 1992, p-

273-81

Chew, M.Y.L., Tan, S.S. and Kang, K.H. (2004) Building maintainability — review of the state of the art,
Journal of Architectural Engineering, Vol. 10 No. 3, pp. 80-7.

Christian, C. C. (1987) Remarks concerning Kurt Godel's life and work, Mathematical logic and its applications
(New York-London, (1987), 3-7

Christian U. Grosse, Hans W. Reinhardt, and Torsten D (1993) Localisation and Classification of Fracture Types
in Concrete with Quantitative Acoustic Emission Measurement Techniques; Otto Graf Journal 4 (1993),

Ciocan R., Petulescu DM, Ciocanu D, and Roth Dj., (2000) The use of the neural networks in the recognition of
the austenitic steel types. NDT&E Int 2000; 33; 85-9

177


http://www.nationalcenter.org/NPA277.html
http://www.nationalcenter.org/NPA277.html
http://www.cbpp.org.uk/

Cohen, L. (1989) Time-frequency distributions — a review, Proceed of IEEE, vol. 77, no. 7, July 1989, pages
941-981.

CONNET.org (2003); Industry Best Preactice: 6-6-5174  http://www.connet.org/
Clough R B (1987) The energetics of acoustic emission source characterization Materials Evaluation 45 556-63

Comillas, U. P. (2001) Reliability Improvement Vs Quality? An Integrated Approach - A. Ruiz-Falcd Rojas
Madrid-www.iies.es

Comstock M, C. Braun, J.E and James E, (1999) Literature Review for Application of Fault Detection and
Diagnostic Methods to Vapour Compression Cooling Equipment HL 99-19 Report #4036-2 DECEMBER 1999
http://www.nist.gov/tc75/1043-RP_FDD_Literature_Review.pdf

Conference on Acoustic Emission / Micro Seismic Activity in Geological Structures and Materials, The
Pennsylvania State University, June 11 - 13. 1996

Constructing Excellence (2005), Improving the Existing Stock, available at:
www.constructingexcellence.org.uk/sectorforums/housingforum (accessed March 2007)

Construction Foresight Report (2002); CITB Skills Foresight Report February 2002

CP 1021: (1973) Code of Practice for Cathodic Protection, British Standards Institution (London) 1973
Corrosion cost impact on the oil and gas production industry”, 1998, PCE, 3, 10

Corrosionsource (2003) http://www.corrosionsource.com/news/01JulNews.htm#foot(accessed 2003)

Cosham, A and Hopkins, P. (2002) The Pipeline Defect Assessment Manual, IPC 2002: International Pipeline
Conference, Calgary, Alberta, Canada, October 2002. www.penspenintegrity.com

Courtney S. (2003a) Vibration and Ultrasound Technologies: A Possible Integrated Inspection Tool? By Stuart

Courtney, S (2003b) SKF Reliability Systems; Presented at IMC-2003 the 18th International Maintenance
Conference www.maintenanceconference.com

Crawford, K.M. and Cox, J.F, (2025) Designing performance measurement systems for just-in-time operations,
International Journal of Production Research, 1990, Vol. 28 No. 11,pp. 2025-36

Crow K, (2002) Failure Modes and Effects Analysis: DRM Associates; http://www.npd-
solutions.com/fmea.html

Cruz, R.L. (1991) A calculus for network delay, IEEE Transaction on Information Theory 37 (1) 114-41
CSIRO’s (2001) CSIRO’s Pipeline Maintenance Solutions, www.dbce-csiro.au

Dahm, T.: (1993) Relativmethoden zur Bestimmung der Abstrahlcharakteristik von seismischen Quellen.,
Doctoral Thesis, University of Karlsruhe,.

Dahm, T. (1996), Relative moment tensor inversion based on ray-theory: Theory and synthetic tests.
Geophysical J. Int. 124 pp. 245-257.

Dhillon, B.S. (2000) Engineering maintainability; Prentice- Hall; India, New Delhi.

Dann, N. Worthing, D. and Bond, S. (1999) Conservation maintenance management Establishing a research
agenda; Structural Survey - Volume 17 No 3, UK.

Davis Colin (2005) Biofilm Characterization MSc student in cdavi@ucalgary.ca. Accessed (2005)

178


http://www.maintenanceconference.com/
mailto:cdavi@ucalgary.ca

Davis, G. C., Dacres, C. M., and Shook, M. B. (1998) Development of an electrochemistry-based corrosion
sensor to monitor corrosion of boiler tubes, pipes, and painted structures; CACCO SCL INC: Columbia

Daman, T and Quah, L. (1998) Improving the Art and Science of Condition Based Building Maintenance
Systems, Facilities Management & Maintenance, ISBN 0 077 116666 1.

Dean, C. (2000) Technology Assessment: Science Applications International Corporation USA

DETR (1999) Building a better quality of life — A strategy for more sustainable construction, HMSO

DETR (2005) Building a better quality of life — A strategy for more sustainable construction, Received 14
November 2005; revised 12 December 2005; HMSO

Dekker, R. (1996) Applications of maintenance optimization models: a review and analysis. Reliab. Engng Syst.
Saf., 1996, 51(3), 229-240.

Dekker, R. and Scarf, P. A. (1998) On the impact of optimisation models in maintenance decision making: the
state of the art. Reliab. Engng Syst. Saf., 1998, 60(2), 111-119.

DIN 50 925, (1992) Verification of the Effectiveness of the Cathodic Protection of Buried Structures; German
Standard, 1992.

Doak, P. E.; and Vaidya, P. G. (1970) Attenuation of Plane Waw_ and Higher Order Mode Sound Propagation in
Lined Duets. J. Sound 64 Vib., vol. 12, no. 2, June 1970, pp. 201 224.

Doman and Qran (1998) Improung the art of and science of condition bound buildingmaintenance systems;
Facilities Management & Maintenance, UK

Doman and Qran (1998) Improung the art and science of condition bound building maintenance systems;
Facilities Management & Maintenance, UK

Dornfeld, D.A.(1986) Acoustic Emission Process Monitoring for Untended Manufacturing, Proc. Japan-USA
Symposium on Flexible Automation, JAACE, Osaka, Japan, 1986

Downs K.S. and Hamstad, M.A. (1995) Correlation of Regions of Acoustic Emission Activity with Burst
Locations for Spherical Graphite/Epoxy Pressure Vessels, Downs K.S. and Hamstad, M.A. Journal of Acoustic
Emission, Vol. 13, Nos. 3-4, 1995, pp. 56-66.

Downs K.S. and Hamstad, M.A (1995) On Characterization and Location of Acoustic Emission Sources in Real
Size Composite Structures - A Waveform Study, M.A. Hamstad and K.S. Downs, Journal of Acoustic Emission,
Jan.-Jun. 1995, Vol. 13, Nos. 1-2, pp. 31-41.

Drogseth, D, (2002) Performance & Availability Management: EMA, USA

Drouillard, T. (1979) Acoustic Emission: A Bibliography with Abstracts, edited by Francis Laner, Plenum, New
York (1979).

Drouillard, T. F. (1996) A history of acoustic emission, J. Acoustic Emission, vol. 14, no. 1, 1996, pages 1-34.
DTI 1998 Industrial Best Practice — a strategy for more sustainable construction - The Stationery Office, London
DTI, 2000 Building a Better Quality of Life — a strategy for more sustainable construction, April 2000, DTI
DTI, (2001) Constructing the future’ the built environment and transport foresight panel, London

DTI (2006) Construction Statistics Annual 2006, The Stationery Office, London

Duets. J. (1970) Sound 64 Vib., vol. 12, no. 2, June 1970, pp. 201 224.

179



Dugstad, A., Lunde L., .and Nesic, S., (1994) Control of Internal Corrosion in Multi-Phase Oil and Gas
Pipelines, Proceedings of the conference Prevention of Pipeline Corrosion, Gulf Publishing Co.

Dussourd, J.L. (1968). An investigation of pulsations in the boiler feed system of a central power station. ASME
J. Basic Eng., 90, 607--619.

Dwight, R.A. (1994) Performance indices: do they help with decision-making?, Proceedings of ICOMS-94,
Sydney, Paper 12, pp. 1-9.

Dwight, R.A. (1995), “"Concepts for measuring maintenance performance’, New Developments in Maintenance;
Moret Ernst & Young Management Consultants, Netherlands, pp. 109-25

Egan, Sir J. (1998), Rethinking Construction, HMSO.

Egan, J. (2002) Accelerating Change: A report by the Strategic Forum for Construction. London: Rethinking
Construction.

Eggers T. et la (2000) IEEE EMBS, Lyon, Franc E-Mail: torsten.eggers@campus-micro-technologies.de

Ehrlich P (1971): How to Be a Survivor: A Plan to Save Spaceship Earth. Ballantine Books, London

Eversman, W (1971) Effect of Boundary Layer on the Transmission and Attenuation of Sound in an
Acoustically Treated Circular Duct. J. Acoust. Soc. America, vol. 49, no. 5, pt. 1, May 1971, pp. 1372 1380.

Eversman, W. (1972) Computation of Axial and Transverse Wave Numbers for Uniform Two-Dimensional

Ducts With Flow Using a Numerical Integration Scheme. J. Sound f¢ Vib., vol. 41, no. 2, July 22,1973-1975, pp.
252 255; Errata, vol. 47, no. 1, July 8, 1976, p. 125.

Envirocoustics S.A.,(1999) NOESIS reference manual, rev. 0, October 1999

EN-61057 (1993) APPENDIX L (Informative) Acoustic Booms - Test Method - 1993

Fanelli, M. (1972) Further considerations on the dynamic behaviour of hydraulic turbomachinery. Water Power,
June 1972, 208--222.

Farmer, D., and Armi, L. (1999) Stratified flow over topography: the role of small-scale entrainment and mixing
in flow establishment Arm, Proc. R. Soc. London, Ser. A 455, 3221-3258.

Fasullo E J (1992) Infrastructure: the battlefield of corrosion Corrosion Forms and Control for Infrastructure ed
V Chaker (Philadelphia, PA: American Society for Testing and Materials)

FEMA (2996) Federal Emergency Management Agency, Corrosion Protection for Metal Connectors in Coastal Areas, FEMA
Technical Bulletin 8-96, Washington, DC, August 1996

Finch, E. (1996) A Sea-change in Facilities Management, in Alexander, K. (ed); Facilities Management: Theory
and Practice, E&FN Spon

Finch, E. (1998) A sea-change in facilities management, in Alexander, K. (Eds),Facilities Management Theory
and Practice, E & FN Spon, London, pp.42-56.

Fiesler et al (1997) Design of neural network-based microchip for colour segmentation; Intelligent Optical
Systems, Inc. and Adaptive Computation Company 340 S. Poppy Lane Glendora, CA 91714 USA

Flanagan, R. Jewell, C. Larsson, B and Sfeir, C. (2002) ww.bem.chalmers.se/sh/forskning/vision2020article.pdf

Forster F. and. Scheil, E (1936) Akustische Untersuchung der Bildung von Martensitnadeln”, Zeitschrift fiir
Metallkunde 29, 245 (September 1936).

180


mailto:torsten.eggers@campus-micro-technologies.de

Fowler, H. J. and Leland, W.E. (1991) Local Area Network traffic Characteristic, with Implications for
broadband Network Congestion management IEEE Journal on Selected Area in Communications Vol.9 No.7
(Sept.1991) p1139-1149

Frank, P.M., (1987) Fault Diagnosis in Dynamic Systems via State Estimation: A Survey.” In S. Tzafestas, M.
Singh, and G. Schmidt (Ed.), System Fault Diagnostics, Reliability and Related Knowledge-Based Approaches
(Vol. 1, pp. 35-98). Dordrecht, Holland: D. Reidel Publishing Company.

Frank, P.M., (1990) Fault Diagnosis in Dynamic Systems Using Analytical and Knowledge-Based Redundancy
— A Survey and Some New Results,” Automatica, Vol. 26, No. 3, pp. 459-474.

Franklin D. (2003) 04-08http://ieee.uow.edu.au/~daniel/software/libneural/BPN _tutorial/BPN_English/BPN
_English/node13.html- 2003

Frizell, J. P. (1898) Pressures resulting from changes of velocity of water in pipes; Transactions of the ASCE 39,
Paper No. 819, June 1898, pp. 1 — 18.

Fuhr P L, Ambrose T P, Huston D R and McPadden A J (1995) Fibber optic corrosion sensing for bridges and
roadway surfaces Proc. Smart Systems for Bridges, Structures, and Highways Conf. 2446 (San Diego, CA)

Fuhr P L and Huston D R (1998) Corrosion detection in reinforced concrete roadways and bridges via embedded
fibber optic sensors; Smart Mater. Struct. 7 (1998) 217-228. Printed in the UK

Furuta, H., (1988) Fuzzy Diagnosis Structures", Jour. Japan Soc. Mech. Engrs., (in Japanese), Vol.90, No.827,
1988, pp.1277-1281.

Gates, P. http://www-methods.ch.cam.ac.uk/meth/ms/theory/tofms.html (accessed 2006)

Geiger, L, (1910) Herdbestimmung bei Erdbeben aus den Ankunftszeiten. Nachrichten von der Koniglichen
Gesellschaft der Wissenschaften zu Gottingen 4 (1910), pp. 331-349.

George C (1992) Wireless Access and the Local Telephone Network, Norwood, Massachusetts: Artech House,
Inc., 1992.

Gertler, J.J., (1988) Survey of Model-Based Failure Detection and Isolation in Complex Plants, IEEE Control
Systems Magazine, Vol. 8, No. 6, pp. 3-11

GEWAO0308BNRR-B-P/E (2005) Building the future. 2005-06. A survey on the arising and management of
construction..... 7 Landfill Capacity Trends 2002/3 to 2006/7 publications.environment-agency.gov.uk
/../GEWAO0308BNRR-e-e.pdf

Gindorf, A Bamberg, J and Steinhauser,L (1997) Surface Monitoring by Combination of an Optical Sensor and
an Ultrasonic Scanning System; IMACS (1997) papers for [Kassel] Germany

Glossary of terms in Terotechnology BS 3811, BSI, London, 1984 Kurt Godel’s theorem 2003- ISCID.org
Goodman, L., (1990) Acoustic scattering from ocean microstructure, J. Geophys. 95, 11557-11573.
Grabec, 1., (1992) Prediction of chaotic AE signals by a neural network. Prog Acoustic Emission 1992; 17-24

Graff, K.F. (1975). Wave motion in elastic solids; Clarendon Press, Oxford

Graham, O. (1999) Review of Dean L. Overman (1997) A Case Against Accident and Self-Organisation;
Rowman & Littlefield, New York

Greitzer, E.M. (1981) The stability of pumping systems---the 1980 Freeman Scholar Lecture. ASME J. Fluids
Eng., 103, 193--242.

Grosse, C. (1991) Detection of cracks in reinforced concrete - an introduction to the problem with some
measurements. Otto Graf Journal 2 (1991), pp. 72-90.

181


http://ieee.uow.edu.au/~daniel/software/libneural/BPN_tutorial/BPN_English/BPN
http://www.amazon.com/exec/obidos/ASIN/0847689662/internetinfidelsA/

Grosse, C. U., (2002) Basics of acoustic emission measurement techniques; Kluwer Academic Publishers,
Hingham MA, USA, Ch. 9, p. 45, in print.

Grosse et al. (2003) Signal-Based Acoustic Emission Techniques Volume 15, Issue 3, pp. 274-279 (May/June
2003)

Gummow R.A. (1998) Using Coupons and Probes to Determine Cathodic Protection Levels, Materials
Performance, August 1998, pp.24-29.

Hamstad, M.A (March 1986) “A Review: Acoustic Emission, a Tool for Composite-Materials Studies”, Exp.
Mech., p. 7 (March 1986).

Hamstad (1995) Development of Practical Wideband High Fidelity Acoustic Emission Sensors," M.A.
Hamstad and C.M. Fortunko, (1995) Nondestructive Evaluation of Aging Bridges and Highways, Steve Chase,
Editor, Proc. SPIE 2456, pp. 281-288, 1995

Hamstad (1997) Improved Signal-to-Noise Wideband Acoustic/Ultrasonic Contact Displacement Sensors for
Wood and Polymers, M.A. Hamstad, Wood and Fibber Science, 29 (3), 1997, pp. 239-248.

Hardy, H.R. Jr (1982) Applications of Acoustic Emission Techniques to Rock and Rock Structures: A State-of-

the-Art Review," Acoustic Emissions in Geotechnical Engineering Practice, STP 750, V.P.Drnevich and R.E.
Gray, Eds., American Society for Testing and Materials, pp. 4-92.

Hardy, H.R. Jr (1981) Applications of Acoustic Emission Techniques to Rock and Rock Structures: A State-of-
the-Art Review," Acoustic Emissions in Geotechnical Engineering Practice, STP 750, V.P.Drnevich and R.E.
Gray, Eds., American Society for Testing and Materials, pp. 4-92.

Harper, (1978) The climate created by the building and influencing its fabric (Harper 1978) - cryptoclimate.

Hatfield F. J. and Wiggert. D. C. (1983) Shock And Vibration Bulletin;- Bulletin 53 (Part 2 of 4 Parts) Fluid-
Structure Dynamics and Dynamic Analysis MAY 1983 Naval Research Laboratory, Washington, DC USA

Hennyey, Z. (1962) Linear electric circuits. Pergamon Press London UK.

Hilbert D. (1927) The Foundations of Mathematics - Philosophy Archive @ marxists.org

Hinds C. J and Watson D. (1996) Intensive care: a concise textbook. WB Saunders, 1996.

Hood, C. (1997) Intelligent Detection for Fault Management of Communication Networks, Ph.D. Dissertation,
Rensselaer Polytechnic Institute, 1997.

Howley-Chastian, A., (2005) Transmission main leakage: how to reduce the risk of a catastrophic failure. In:
Leakage 2005 Conference Proceedings. Halifax, Canada.

Huang, M, et al (1998) Using Acoustic Emission in fatigue and Fracture Materials research: JOM Nov. 1998
(vol. 50 no11) USA

Hudachek and Dodd, (2002) Default: None. Parameter:Timezone. Range: -12 To +12. Default: -8 ...... Hudachek
and V.R. Dodd,- ASME "Progress RANGE: yyyy (2001, 2002, 2003 etc.) Machine Monitor HI-3600 Series

Huebler, J.E., (2002) Detection of Unauthorized Construction Equipment in Pipeline Right of Ways,
Presentation given at U. S. Department of Energy, National Energy Technology Centre Natural Gas
Infrastructure Reliability Industry Forums, Morgantown, WV, September 2002

Huston D R, Fuhr P L and Ambrose T P (1994) Intelligent civil structures—activities in Vermont Smart Mater;
Struc

Huston D R and Fuhr P L (1993) Intelligent materials for intelligent structures IEEE Commun; 312003

182


http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA134453
http://www.marxists.org/reference/subject/philosophy/index.htm
http://www.hardyinst.com/products/44/manuals/HI3600svcbk.pdf

International Offshore Pipeline Workshop, New Orleans (Feb. 2003).

IBM UK and BRE, (1989) Combined Research Project by IBM UK and BRE, (1989) - A Starting-point for
Measuring Physical Performance-David Kincaid-Facilities, Vol. 12 No. 3, 1994, pp. 24-27 MCB University
Press,0263-2772

IntegritySolution, (2003) Among these threats is external corrosion of buried steel pipelines. ... reliance upon soil
resistivity as an indicator of ... in an Urban Environment", Materials and Corrosion 2003 _ IntegritySolution.com

International Society of Automotive Engineers: “JA1011 - Evaluation Criteria for Reliability-Centred
Maintenance (RCM) Processes”. Warrendale, Pennsylvania, USA: SAE Publications (2005)
10SV, (2004) Institute of Sound and Vibration Research Annual Report 2004

ISCID (2003) Glossary of terms in Terotechnology BS 3811, BSI, London, 1984 Kurt Godel’s theorem 2003-
www.ISCID.org (accessed 2003)

Isermann, R., (1984) Process Fault Detection Based on Modelling and Estimation — A Survey,” Automatica, Vol.
20, No. 4, pp. 387-404.

Ishikawa, H., (1982) A State-of-the-Art Survey of Reliability-Based Design of Structures, Jour. Japan Soc. Steel
Const., (in Japanese), Vol.18, N0.192, 1982, pp.3-22.

Ishikawa, H., Tsurui, A. and Ishikawa, Hide., (1989) Some Aspects of Structural Reliability Assurance for
Random Excitation Processes, JSME Int. Jour., Series I, Vol.32, No.4, 1989, pp.463-471.

Ishikawa, H., Tsurui, A. and Kimura, H., (1987) Stochastic Fatigue Crack Growth Model and Its Wide
Applicability in Reliability-Based Design™, Current Japanese Materials Research, Vol.2, 1987, pp.45-58,
Elsevier.

Ishikawa, H., Tsurui, A. and Utumi, A., (1984) A Stochastic Model of Fatigue Crack Growth in Consideration of

Random Propagation Resistance, Proc. of 2nd Int. Conf. Fatigue and Fatigue Thresholds (Fatigue 84), Vol.1,
1984, p.511, The Chameleon Press.

ITEBD.org, (2003) Best practice - www.itebd.org (accessed 2004)
Javaherdashti, R., (1997) Corrosion management: Modiriyyet-e-Khordegi, ISPIT.
Javaherdashti, R., (1999), "Corrosion in figures", 6th National Corrosion Congress, Tehran, Iran

Jhang, J. P. and Sheu, S. H. (1999) Opportunity-based age replacement policy with minimal repair. Reliab.
Enging Syst. Saf., 1999, 64(3), 339-344.

Jin, N. D. et al (2003) Characterization of oil/water two-phase flow patterns based on nonlinear time series
analysis; Multi Phase Flow Measurement - Flow Volume 14, Issues 4-5, August-October 2003, Pages 169-175.

John G, Hladky H, Gaydecki P and Dawson J (1992) Recent developments in inspection techniques for
corrosion damaged concrete structures Corrosion Forms and Control for Infrastructure ed V Chaker
(Philadelphia, PA: American Society for Testing and Materials)

Jones, K. (2002a) Best value in Construction, Kelly, Moreledge, Wikinson (ed), Blackwell Publishing, ISBN 9
780632 056118.

Jones, K. (2002b) Sustainable building maintenance: challenge for construction professionals”, in Kelly, J. (Ed.),
Best Value in Construction, Blackwell Science, London, pp. 280-301.

Jones, K., Burrows, C. and Collis, S. (1999), Computerised Maintenance Management Systems: A Survey of
Performance Requirement, RICS Research Papers Series, RICS, London.

183


http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235724%232003%23999859995%23443159%23FLA%23&_cdi=5724&_pubType=J&view=c&_auth=y&_acct=C000027518&_version=1&_urlVersion=0&_userid=634187&md5=65451e25b429e7005460294261052075

Jones, K. et al (2007) A new performance-based process model for built asset maintenance; Emerald Group
Publishing Limited -Facilities Journal-Issue 25- ISSN: 0263-2772

Kaiser, J. (1950) Untersuchungen tber das Auftreten Gerdushen beim Zugversuch, Ph.D. thesis, Technische
Hochschule Miinchen, Germany (1950).

Kalyanasundaram, P Rajagopalan C and Raj B (2004) DMAC - a versatile tool for 1-D pattern analysis for
ultrasonic signals; Insight - Non-Destructive Testing and Condition Monitoring Vol. 46 No. 1, January 2004

Kaplan, R.S. and Norton, D.P., (1992) The Baianced Scorecard - measures that drive performance. Harvard
Business Review. 70 (1), 7 1-79

Kaplan, R.S. and Norton, D.P., (1996) The Baianced Scorecard - measures that drive performance. Harvard
Business Review. 70 (2), 7 1-80

Katwan M.J., Hodgkiess T. and Arthur P.D .(1996) Electrochemical Noise Technique for the Prediction of
Corrosion Rate of Steel in Concrete Materials and Structures, VVol.29, June 1996, pp. 286-294.

Kaveh et al (2003) Robust Clustering of Acoustic Emission Signals Using (the Kohonen) Neural Networks and
Signal Subspace Projections™, V. Emamian, M. Kaveh, A. H. Tewfik, Z. Shi, L. Jacobs, and J. Jarzynski, Journal
of Applied Signal Processing, January, 2003.

Keegan, D.P., Eiler, R.G. and Jones, CR., (1989) Are your performance measures obsolete? hjanagernent
Accoirn ring (CISA). June. 45-50.

Kelly, A, (1984) Maintenance planning and control; Butterworth & Co
Keniston, S., (1994) CCAP Promotes Benefits of Natural Gas- San Diego Gas & Electric; et061994

Khaleel, M.A., and Simonen, F.A., (2000) Effects of alternative inspection strategies on piping reliability,
Nuclear Engineering and Design, Vol. 197, pp. 115-140, April 2000

Khaleel, M A, Simonen FA, Phan, HK Harris, DO Dedhia, DD Kalinousky DN, and Shaukat

SK. (2000) Evaluation of Environmental Effects on Fatigue Life of Piping; In Proceedings of the Twenty-
Seventh Water Reactor Safety Information Meeting, pp. 281-306-U.S. Nuclear Regulatory Commission,
Washington, DC.

Khatak, H. S., Shaikh, H. and Gnanamoorthy, J. B (1996) Metallurgy and Materials Trans., 27A (1996)2881-
2887. 14. Corrosion, 20 (1964) 57 (t)-72(t) 48. P. Muraleedharan. JB Gnanamoorthy and K. Prasad Rao —

Khatak, H. S. and Raj B - 2002 - Science - 400 pages

Kinsler, L. E, et al. (2000) Fundamentals of acoustics, 4th Ed., John Wiley and sons Inc., New York, USA
Klingmoller, O. (1995), Development of sound reflection analysis in the form of remote-controlled non-
destructive knocking testing on non-negotiable sewers, Proc. Int. Conf. No Dig '95, Dresden, Germany, 19-22

September 1995, pp. 222-234.

Klymak, J., and Gregg, M. (2004) Tidally generated turbulence over the Knight Inlet sill, J. Phys. Oceanogr. 34,
1135-1151.

Ko, S.-H. (1972) Sound Attenuation in Acoustically Lined Circular Ducts in the Presence of Uniform Flow and
Shear Flow- J. Sound _ Vib., vol. 32, no. 2, May 22, 1972, pp. 193 210.

Kohonen, T. (1990) The self-organizing map”, Proceeding of IEEE, vol.78, no. 9, Sept. 1990, pages 1464-1480.
Kohonen, T. (1989) Self Organization and Associative Memory, 3rd ed. Springer Werlag, Berlin

Kohonen, T. (1990) The Self Organizing Map Proc. of the IEEE, Vol 78, No 9, pp. 1464-1480.

Kulhanek, O. (1993). Lecture Notes - Propagation of Seismic Waves, Seismological Department, University of
Uppsala, Uppsala.

184


http://www.google.co.uk/search?hl=en&sa=G&q=inauthor:%22H.+S.+Khatak%22&ei=YhhDTbz0HJCI5AbBq7wj&ved=0CBcQ9Ag

Kurz, J. H. et. al. (2003) Automatic analysis of acoustic emission measurements on concrete; Non-Destructive
Testing in Civil Engineering, International Symposium (NDT-CE 2003)

Labuz, J.F., Chang, H.S., Dowding, C.H. and Shah, S.P. (1988) Parametric study of AE location using only four
sensors. Rock mechanics and rock engineering 21 pp. 139-148.

Lamb, H. (1898) On the velocity of sound in a tube, as affected by the elasticity of the walls; Memoirs of the
Manchester Literary and Philosophical Society, Manchester, U. K., 42, No. 9, pp. 1 — 16.

Leake, D. B. (ed.) (1996) Case-Based Reasoning: Experiences, Lessons & Future Directions. Cambridge, MA:
AAAI Press/MIT Press.

Lebedev et al (2003) Monitoring of Current State of Pipe Metal in Active Gas Pipelines. Experimental Method
and Results; Strength of Materials 2003 Vol. 35 No. 2 ISSN: 0039-2316

Lee. C.C. (200) Fuzzy Logic in Control Systems: Fuzzy Logic Controller, Part Il. IEEE Transactions on
Systems- 6 Aug 2002 ... Abstract |Full Text: PDF (1288KB); C. C. Lee

Lee, H, Taenaka, Y and Soichiro K (2005) Mechanism for Cavitation in the Mechanical Heart Valve With an
Artificial Heart: Nuclei and Viscosity Dependence, DOI: 10.1111/j.1525- 1594.2004.29001.x-Volume 29, Issue
1, pages 41-46, January 2005

Lehti E and Ristola K (1990) Suunnittelu luovaa ty6td. Rakennuskirja Oy, Helsinki, 127 p.

Lemma, U. and Pontrelli, G. (2005) An integral formulation for fluid-structure interaction in thermodynamics;
http://www.iac.rm.cnr.it/~pontrell/pub/book5.pdf

Leventhall, G. (2003) A Review of Published Research on Low Frequency Noise and its Effects Report for
DEFRA- EPG 1/2/50 gov.uk

Lewis, E.E. (1999) Introduction to Reliability Engineering,-Unplanned Downtime due to failure- Second
Edition, John Wiley and sons Inc., USA, 1999

Li, Z. and Shah, S.P. (1994) Localization of Microcracking in Concete under uniaxial Tension, American
Concrete Institute Materials Journal, Vol 19, No 4, July-August.

Lightfoot M. S, Gallaher, R. Haderthauer, F. Harvey, C. M., and Dechert, J. D. (2000). The Use of Target 69
2002

Liu, L., Avioli M. J. and Rose J. L. (2000) Incident angle selection for the guided wave inspection of pipe
defects; Insight, 43(2): 33-38.

Lockamy, A. and Cox, J.F. (1995) An empirical study of division and plant performance measurement systems
in selected world class manufacturing firms: linkages for competitive advantage, International Journal of
Production Research, Vol. 33 No. 1, pp. 221-36.

Lofall, D. (1997) (sales@predict-dli.com) Connectivity is the Future of Predictive Maintenance; PREDICT/DLI,
USA

Love A.E.H., (1944) A Treatise on the Mathematical Theory of Elasticity, Fourth Edition, Dover, New York.

Lucas J, M (1994) How to achieve a robust process using Response Surface Methodology Journal of Quality
Technology, October 1994

Lunin, V. P.. Kirsanov S. V, (1992) A Finite Element Code MAGNUM for Analysis of Electromagnetic Field on
Personal Computers, 37" International Scientific Colloquium®”, lllmenau, 1992, pp. 107-111

MccCall, J.J. (1965) Maintenance policies for stochastically failing equipment: a survey. Management Science,
Vol 11, pp 493-524.

185


http://onlinelibrary.wiley.com/doi/10.1111/aor.2005.29.issue-1/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/aor.2005.29.issue-1/issuetoc
mailto:sales@predict-dli.com

McCoy D (2001) -Integrated Processes; The Gartner Group encapsulated this objective in ... Process
Management- 19-March 2001, UK

Machta, J. (2002) Sampling Chaotic: trajectories Quicky in Parallel- Journal of Statistical Physics, Vol. 109, No.
3. (1 November 2002), pp. 863-873.

Machta, J. and Moore, (1999), Internal Diffusion-Limited Aggregation: Parallel Algorithms and Complexity
Madhukar M.and Awerbuch, J. (1986). Monitoring Damage Progression in Center-Notched Boron /Aluminum

Laminates Through Acoustic Emission, in Composite Materials: Testing and Design (Seventh Conference),
ASTM STP 893, edited by J.M. Whitney, ASTM, Philadelphia, PA, p. 337 (1986).

Maeritz, J and Steinkirchner E (2000) Tahoe APC for lithography in high-volume manufacturing, J Maeritz, E
Steinkirchner, AEC/APC Conference Lake XII, Lake Tahoe, NV, Sep. 2000.

Maintenance Steering Group (1993) 3 Task Force: “Maintenance Program Development Document MSG-3”.
Washington DC: Air Transport Association (ATA) of America. 1993

Makar J and Rajani, B A (1999) Methodology to Estimate Residual Life of Grey Cast Iron Water Mains, paper
submitted to the Canadian Journal of Civil Engineering

Marklein, R. Langenberg, K.J. Klaholz, S. And Kostka J: (1996) Ultrasonic modelling of real-life NDT
situations: applications and further developments. In: Review of Progress of Quantitative NDE 15, Eds.: D.O.
Thompson, D.E. Chimenti, Plenum Press, New York (1996/7) (to be published)

Martin, B (1981) A Materials Performance January 1981 pp 52-57.

Martin, C.S. (1978). Waterhammer in steam generators and feedwater piping. Paper presented at Steam
Generator Waterhammer Workshop, EPRI, Palo Alto, Cal.

Maskell, B.H. (1991), Performance Measurement for World Class Manufacturing, Productivity

Mason, W. McSkimin H.J. and Shockley, W. “Ultrasonic Observation of Twinning in Tin”, Physical Review 73,
1213 (May 1948).

Mattson, E., (1989), Basic Corrosion Technology for Scientists and Engineers, Ellis Horwood Publishers
Meadows D. et al. (1972): The Limits of Growth, Club of Rome/MIT Press

Methodical recommendations on calculations of constructive reliability of main pipelines RD 51-4.2-003-97 -
VNIlgaz 1997

Mendez A, Morse T F and Mendez F (1989) Applications of embedded optical fibber sensors in reinforced
concrete buildings and structures Proc. SPIE Fibber Optic Smart Structures and Skins 1 1170

Miller, B., C. O'Hern, and Behringer R. P. (1996) Stress Fluctuations for Continuously Sheared Granular
Materials. Phys. Rev. Lett. 77, 3110

Miller, R. K. etc., (1999) A reference standard for the development of acoustic emission pipeline leak detection
techniques, NDT&E International 32(1999)1-8.

Milliams, D., and Van Gelder, K., (1996) Corrosion management, Materials Performance, 19, 11

Mitchell, J (1998) Comments on Equipment Life Cycle Management, presented at ASNE-98 CBM Symposium
in July1998- sponsored by NAVSEAO04M.

Mitchell, J. S. (2002) VI. Metrics/Measures of Performance-Physical Asset Management Handbook, 3™ Ed
Clarion Technical Purblishers-www.clarion.org

186



Mitchell J. R. and. Taggart, D. G. (1983) Acoustic Emission Testing of Insulated Bucket Trucks, Electric Utility
Fleet Management, December/November 1983, pp. 41-50.

Montgomery, C (1991). Using Fractional factorial designs for robust process development. Quality Engineering.
Vol. 3, Number (2), 1991

Moore, C. and Machta, J. (1999) Computational Complexity in Physical Processes; The Bulletin Of The Santa
Fe Institute: Spring 1999

Moore, K. and Larson, C. A. (1984) Aerial Equipment requires thorough, regular inspection, PAC Technical
Report TR-107-2-1/84.

Montoto, M. et al. (1991a) Acoustic Emission in Stone Conservation, Fith Conference on Acoustic Emission /
Micro Seismic Activity in Geological Structures and Materials, The Pennsylvania State University, June 11 - 13.

Montoto, M., Esbert, R. Ma Suéarez del Rio, L.M., Ruiz de Argandofia, V.G. and Grossi, C.M. (1991b) Acoustic
Emission / Micro Seismic Activity Monitoring of Salt Crystallization for Stone Conservation, Fifth

Morcillo M, Palma E and Simancas J (1994) Atmospheric corrosiveness monitoring by wire-open helix
specimens Corrosion Sci. 36

Moua, B. and Russell, J.S. (2001), Evolution of formal maintainability program for large manufacturing
company, Journal of Performance of Constructed Facilities, VVol. 15 No. 2, pp. 46-53.

Moubray, J (1972) Reliability Centred maintenance; 1st™ Ed, industrial Press, NY

Moubray, J (1997) Reliability Centred maintenance; 2" Ed, industrial Press, NY

Moubray, J (2000) Maintenance management-A new Paradigm, Aladon Ltd

Moss, M.A. (1985) Designing for Minimal Maintenance Expense, Marcel Dekker, New York, NY, .

Mungur P. and Plumblee H. E. (1969) NASA SP-207, 305-322. Propagation and attenuation of ... P. E. DOAK
and Vaidya P. G. 1970 Journal of Sound and Vibration 12, 201-224. Eversman ... W. 1973 Journal of the-
Acoustical Society of America 53(5), 1346-1350. ... Ko S. H. 1972 Journal of Sound and Vibration 22, 193-210-.
Agarwal NK - 1989. Cited.

Mungur, P.; and Plumblee, H. E. (1969) Propagation and Attenuation of Sound in a Soft-Walled Annular Duct
Containing a Sheared Flow. Bas*c Aerodynamic Noise Research, Ira R. Schwartz, ed., NASA SP-207, 1969, pp.
305 327.

Munson, Bruce (2002). Fundamentals of Fluid Mechanics, Wiley, London
Narasimhan, S., Biswas, G., Karsai, G., Pasternak, T., and Zhao, F., (2000) Building Observers to Handle Fault

Isolation and Control Problems in Hybrid Systems, Proc. 2000 IEEE Intl. Conference on Systems, Man, and
Cybernetics, Nashville, TN, pp. 2393-2398.

NDT (1987) Non Destructive Testing Handbook, Vol. 5, "Acoustic Emission Testing", Tech. Edt. Ronnie Miller,
ASNT 1987.

NTIS (2003) National Technical Information Service, 5285 Port Royal Road, Springfield, Virginia 22161; (703)
487-4650; (http://www.ntis.gov). The NTIS report number is PB98-916503. (accessed 2003)

NACE (1996) Recommended Practice RP0169-96 “Control of External Corrosion on Underground or
Submerged Metallic Piping Systems”, National Association of Corrosion Engineers (Houston) 1996.

NEB (1996) Public inquiry concerning stress corrosion cracking on Canadian oil and gas pipelines; CNEB MH-
2-95: Canada

187


http://www.ntis.gov/

Neely, A., Richards, H., Mills, J., Platts, K. and Bourne, M. (1997), Designing performance measures: a
structured approach”, International Journal of Operations and Production Management, Vol. 17 No. 11, pp.
1131-52.

Neil J. Boucher, (1992) The Cellular Radio Handbook, Second Edition, Mendocino, California: Quantum
Publishing, Inc., 1992. (Smart Antenna http://www.iec.org/online/tutorials/smart_ant/topic05.html

Nesic, S. et al (1999) A Neural Network Model for CO2 Corrosion of Carbon Steel
http://www.cp.umist.ac.uk/JCSE/, Volume 1 Paper 6

Netherton, D. (2000) SAE’s New Standard for RCM”. Maintenance (UK) 15 (1) 3 - 7, 2000 Nicholas Steens
(9925600)  Transient  vibrations in  fluid-filled piping systems Early  Progress  Report
http://www.mech.uwa.edu.au/~pan/ThirdYP2005/PDF _files/Early_Progress_Report.pdf

Ng, S.L. and Brennen, C.E. (1978) Experiments on the dynamic behaviour of cavitating pumps. ASME J. Fluids
Eng., 100, No. 2, 166--176

Nobile, F., (2001) Numerical approximation of fluid-structure interaction problems with application to
thermodynamics, Ph.D. Thesis n.2458, EPFL (Lausanne), 2001

Nowlan, F. S. and Heap, H. (1978) Reliability-centred Maintenance, Springfield, Virginia National Technical
AD A066579 Information Service, United States Department of Commerce2 ... R.L. Keeney and H. Raiffa,
Decisions with Multiple Objectives: ... J. Moubray, Reliability-centred Maintenance. , Butterworth-Heinemann,
Oxford (1991).

O’Dell, A (1996) —Taking Stock: a review of stock condition survey methods in the UK, User Orientated and
Cost Effective Management, Maintenance and Modernisation of Building Facilities, ISBN 951 758 358 3.

Okamura, H. and Itagaki, H., (1979) Statistical Treatment of Strength, (in Japanese), 1979, Baifukkan
O’Moore, R. and Englebrecht, R. (1996) The evaluation of medical decision support and expert systems:
reflections on the literature,” in "Lecture notes in medical informatics", New York: Springer-Verlag, 1996, pp.

263-73.

Ono K., Wu, J., (1996) Pattern recognition analysis of acoustic of emission fatigue of 2024- T4 aluminium,
Prog Acoustic Emission 1996; 237-42

Ohashi, H. (1968). Analytical and experimental study of dynamic characteristics of turbopumps. NASA TN D-
4298.

Ohtsu, M., Shigeishi, M., Iwase,H., Koyanagi, W. (1991) Determination of crack location, type and orientation
in concrete structures by acoustic emission. Mag. of Concrete Research 43 (June 1991), No. 155, pp. 127-134.

Orr, M., Haury, L,Wiebe, P., and Briscoe, M. (2000). ‘‘Backscatter of high-frequency (200 kHz) acoustic
wavefields from ocean turbulence,’” J. Acoust. Soc. Am. 108, 1595-1601.

Owens, R. (1997) Fourier transforms theory, Computer Vision 1T412; 10/29/1997
http://homepages.inf.ed.ac.uk/rbf/CVonline/LOCAL_COPIES/OWENS/LECT4/node2.html

Pacaiova, H. and Raschman, P. (2001) Reliability, risk and Maintenance Policy; koSice

Papadimitriou, C. H. (1994) Computational Complexity. Addison-Wesley, New York, 1994.
ISB™ (1999) Current Technology's Failure-Free ISB™; JP

Parekh, A.K. Gallager, R.G. (1993) A generalized processor sharing approach to .ow control in integrated

services networks: the single-node case, IEEE/ACM Transactions on Networking 1 (3) (1993) 344-357. France,
This work was done at IBM Research Laboratory Z€u urich, 2001

188


http://www.iec.org/online/tutorials/smart_ant/topic05.html

Parry, D. (1967) Nondestructive Flaw Detection by Use of Acoustic Emissions, IDO-17230, Phillips Petroleum
Company, Idaho Falls, ID (May 1967).

Paynter, H.M. (1961). Analysis and design of engineering systems. MIT Press.

Pazdera, L. and Smutny, J. (2000) Identification and Analysis of Acoustic Emission Signals by Cohen's Class of
Time Frequency Distribution; 15th World Conference on Nondestructive Testing Roma (Italy) 15-21 October
2000

Pedhazur, E. J., Schmellcin, L P. (1999) Measurement and Analysis: An integrated approach 2" Ed LEA
London

Pidaparti RMV, Palakal MJ, (1995) Neural network approach to fatigue crack-growth predictions under aircraft
spectrum loadings. J., Aircraft 1995; 23(4):825-31.

Pierskalla, W.P. and Voelker, J.A. (1976), “A survey of maintenance models: the control and surveillance of
deteriorating systems”, Naval Research Logistics Quarterly, Vol. 23 No. 3, pp. 353-88.

Pipes, L.A. (1940). The matrix theory for four terminal networks. Phil. Mag., 30, 370.
Pipes, L.A. (1963). Matrix methods for engineering. Prentice-Hall, Inc., NJ.

Pitt, T.J. (1997) Data requirement for the prioritization of predictive building maintenance, Facilities, VVol. 15
No.3/4, pp.97-104

Philippidis, T. Nikolaidis, V. Anastassopoulos, A. (1998) Damage Characterisation of C/C laminates using
Neural Network Techniques on AE signals, NDT&E International, Vol. 31, No 5, Elsevier 1998, pp. 329-340.

Poirier C. C. and Tokarz, S J (1996) Avoiding the Pitfall of Total Quality Milwaukee: ASCQ Quality Press

Pollock, A. A. (1989) Acoustic Emission Inspection, Metals Handbook, 9™ Edition, Vol. 17, ASM International,
1989, pp. 278-294.

POSTI (1998) 4th International Conference, Oslo, Norway, 20-21 May, 2001

Preiser, W.F.E., Rabinowits, H.Z. and White, E.T. (1988). Post Occupancy Evaluation. New York: Van
Nostrand Reinhold Company CRS Sirrine Houston, TX

Quah, L.K. (editor) (1998) Facilities Management and Maintenance — The Way. Ahead Into the Millennium,
McGraw Hill Book Co., Singapore, pp25-32

Radjai, F., M. Jean, J.-J. Moreau, and S. Roux (1996) Force Distribution in Dense Two-Dimensional Granular
Systems. Phys. Rev. Lett. 77 (1996), 274.

Rackleff, ~B., (2002) who is watching the pipelines. Pipeline  Safety = Foundation
usahttp://www.specialaudience.com

Rangwala, S.S., (1988) Machining Process Characterization and Intelligent Tool Condition Monitoring Using
Acoustic Emission Signal Emission Signal Analysis, Ph.D. thesis, Department of Mechanical Engineering,
University of California at Berkeley, 1988.

Rangwala, S.S., and D. Dornfeld (1989) Learning and Optimization of Machining Operations Using Computing
Abilities of Neural Networks, IEEE Transactions of Systems, Man & Cybernetics, Vol. 19, No. 2, March/April
1989.

RCM Implementation Team, Royal Navy: ( 2004) NES 45 Naval Engineering Standard 45, Requirements for the

Application of Reliability-Centred Maintenance Techniques to HM Ships, Royal Fleet Auxiliaries and other
Naval Auxiliary Ves-sels”. Foxhill, Bath, United Kingdom. UK Ministry of Defence Publications-2004

189



Reliability Chat-Room, (1999) Time to Failure™ meters, Predictive - monitoring programs - Detection of failures
and indeed provide the correct professional judgement to limit damages and plan repairs
http://www.lovejoycontrols.com/lib/PMP.mth-2000

Reilly S, 2006)) Integrating Inspection-Based and Reliability-Based Information; Design Maintenance Systems
Inc USA - www.reliabilityweb.com (accessed 2006) (RW.com)

Reggia J. (1985) Evaluation of medical expert systems in: proceeding of the symposium on computer-Assisted
Medicine and Decision-Making. A Case Study in Performance Assessment, 1985 p.287-329

RIBA (2002) www.riba.org/go/RIBA/Member/CPD_482.html (accessed 2002)

Rintoul, M.D., and S. Torquato (1996), Metastability and crystallization in hard-sphere systems. Phys. Rev. Lett.
77 (1996), 4198

Rocha, M. S., (1989) Acoustic Monitoring of Pipeline Leaks” Paper # 89-0333, ISA, 1989

Rosen, H., and Lewis, R., (1992) Improved magnetic flux pipeline inspection tools in practice,” Pipeline Pigging
and Inspection Technology Conference, Houston, TX, February 17-20, 1992.

Rosenberg, R.C. and Karnopp, D.C. (1983) Introduction to Physical System Dynamics, McGraw Hill, NY

Ross, T., and Lueck, R., (2003) Sound scattering from oceanic turbulence; Geophys- Res. Lett. 30, 134-1347

Rossi, P.P. (1990). Non destructive evaluation of the mechanical characteristics of masonry structures, ISMES
Publication 278, Bergamo, Italy

Rossi-Mori A, Pisanelli D M, Ricci F L. (1990) Evaluation stages and design steps for knowledge-based systems
in medicine. Med Inform 1990; 15(3): 191-204

Roy, S. (2002) at University of Newcastle Electrochemical Materials Processing Group, (Department of
Chemical and Process Engineering)

Sachs, N., (1993) Failure analysis of mechanical components,” Maintenance Technol., Sept. 1993

Sachs, N.; and Sachs, P.E., (2005) Salvaterra & Associates, Inc., 6171 Airport Road, Syracuse, NY 13209;
Journal of Failure Analysis and Prevention Volume 5(2) April 2005

SAE (1978) Society of Automotive Engineers "Nowlan, F. Stanley, and Howard F. Heap - Reliability-Centered
Maintenance - Report Number AD-A066579"

SAE JA1011, (1998) Evaluation Criteria for Reliability-Centered Maintenance (RCM) Processes, Society of
Automotive Engineers, 01 AUG 1998

SAE (2005) International Society of Automotive Engineers: “JA1011 - Evaluation Criteria for Reliability-
Centred Maintenance (RCM) Processes”. Warrendale, Pennsylvania, USA: SAE Publications-2005

SAE and Netherton D (2000) SAE’s New Standard for RCM. Maintenance (UK) 15 (1) 3 - 7, 2000 Nicholas
Steens  (9925600) Transient vibrations in fluid-filled piping systems Early Progress Report
http://www.mech.uwa.edu.au/~pan/ThirdYP2005/PDF _files/Early_Progress_Report.pdf

Safwat, H.H. and van der Polder, J. (1973) Experimental and analytic data correlation study of water column
separation. ASME J. Fluids Eng., 95, 91--97.

Salcedo, Azcuaga, and Adler L (1997) Ultrasonic Inspection of an Underwater Piping System Covered with
Thick Coating IMACS (1997) papers for [Kassel] Germany

190


http://www.lovejoycontrols.com/lib/PMP.mth
http://www.reliabilityweb.com/
http://www.maintenance-news.com/cgi-script/CSUpload/CSUpload.cgi?database=vibetalk.db&command=viewupload&id=69
http://www.maintenance-news.com/cgi-script/CSUpload/CSUpload.cgi?database=vibetalk.db&command=viewupload&id=69
http://en.wikipedia.org/wiki/Society_of_Automotive_Engineers
http://en.wikipedia.org/wiki/Society_of_Automotive_Engineers

Sameoto, D., Jarozynski, L., and Fraser,W., (1980) BIONESS: a new design in multiple net zooplankton
samplers, Can. J. Fish. Aquat. Sci. 37, 722-724.

Sano, M. (1983). Pressure pulsations in turbo-pump piping systems. Experiments on the natural frequencies of
the liquid columns in centrifugal pump piping systems. Bull. JSSME, 26, No.222, 2129--2135.

Sandstrom, H., Elliott, J., and Cochrane, N. (1989). ‘“‘Observing groups of solitary internal waves and turbulence
with BATFISH and echo-sounder,’” J. Phys. Oceanogr. 19, 987-997.

Saunders, M.N.K., Lewis, P. & Thornhill, A. (2003) Research methods for business students (3rd Ed)-
Harlow: FT Prentice Hall.

Scanlan, J. V.; Hopkins, M. B. and K O'Leary, "Knowledge-Based Process Control for Fault Detection and
Classification,” Semiconductor Manufacturing 4, no. 10 (2003): 132-136.

Scarf P (1997), On the application of mathematical models in maintenance, European Journal of Operational
Research.

Schulze-Bauer, C.A.J. and Holzapfel, G.A., (2003) Determination of constitutive equations for human arteries
from clinical data, J. Biotech 36 (2), pp. 165- 169, 2003

Schwarz, J., Frederking, R., Gavrillo, V., Petrov, I.G., Hirayama, K.-1., Tryde, P. and Vaudrey, K.D., (1981)-
Standardised testing methods for measuring mechanical properties of ice- Cold Reg. Sci. Technol., 4: 245-253.

Scruby, C., Wadley H. and Sinclair, J.E. (1981) The origin of acoustic emission during deformation of
aluminum and an aluminum-magnesium alloy”, Phil. Mag. A 44, 249 (1981).

Scruby, C.B., Collingwood J.C. and Wadley, H.N.G., (1978) A New Technique for the Measurement of
Acoustic Emission Transients and Their Relationship to Crack Propagation, J. Phys. D. Appl. Phys , . 11, p.
2359, 1978.

Seim, H., Gregg, M., and Miyamoto, R. (1995) Acoustic backscatter from turbulent microstructure, J. Atmos.
Ocean. Technol. 12, 367-380

Seim, H., (1999). Acoustic backscatter from salinity microstructure, J. Atmos. Ocean. Technol. 16, 1491-1498

Sereda, P. J (1961) Corrosion in buildings; Published August 1961-CONSTRUCTION; Canadian Building
Digest CBD-20; 1961-08-01

Shannon, C.E. (1948) A Mathematical Theory of Communication, Bell System Technical Journal, vol. 27, pp.
379-423, 623-656, July, October, 1948

Sharkey, M. (1997) what is the Built Environment? |s it a meaningful term? University of Luton, UK

Shen, Q. (1997), "A comparative study of priority setting methods for planned maintenance of public buildings",
Facilities, Vol. 15 N0.12/13, pp.331-9.

Shenai Krishna (2001) http://www.ece.uic.edu/temp/Research/perl.htm (accessed 2001)

Shenai K. and Mukhopadhyay, S. (2003) Cognitive Sensor Network, pp. 315-320, .... Sensor Systems, 2003, pp.
126-137

Shenai K and Mukhopadhyay, S. (2008) Cognitive sensor networks, pp. 315-320, 2008

Sherif, Y.S. and Smith, M.L. (1981), “Optimal maintenance models for systems subject to failure —
areview”, Naval Research Logistics Quarterly, Vol. 28 No. 1, pp. 47-74.

191


http://plan9.bell-labs.com/cm/ms/what/shannonday/shannon1948.pdf
http://en.wikipedia.org/wiki/Bell_System_Technical_Journal
../../../Users/user/Downloads/Shenai
http://www.ece.uic.edu/temp/Research/perl.htm

Sherwin, D. (2000), "A review of overall models for maintenance management”, Journal of Quality in
Maintenance Engineering, VVol. 6 No.3, pp.138-64.

Shewhart W. A. (1931) Economic Control of Quality of Manufactured Product D. Van Nostrand Company 1931

Shi, K, (1990) An Expert Panel Approach to Intelligent MC Design, MPhil Thesis, School of Electronic and
Electrical Engineering, University of Birmingham (1990): http://web.bham.ac.uk/eee2gek3/Research/ch2.html

Shirose, K (2004) TPM Consultant (Integrating Inspection-Based and Reliability-Based Information; Design
Maintenance Systems Inc USA - www.reliabilityweb.com (accessed 2004)

Smith, A.M., (1993), Reliability-centred maintenance, McGraw-Hill: NY.

Smith, A.M., et al (2003) Atrtificial Intelligence in Medicine 27 (2003) 1-27 www.elsvier.com/locate/artmed
(2003)

Smith, R (1998) maintenance solutions; LCE, Charleston USA

Smutty J (1999) Analysis of Vibration since Rail Transport by using Wigner-Ville Transform, TRANSCOM 99 -
3-rd European Conference of Young Research and Science Workers in Transport and Telecommunications,
Zilina, June 1999, Slovak Republic, pp. 101-104, ISBN 80-7100-616-5.

Smutny, F. and Albers, J. (1972) Piezoelectric properties of Co-1 boracite, Co;B,013l; physica status solidi (b)
Volume 49, Issue 2, pages K159-K161, 1 February 1972

Solastorms.org (2003) the Human Impacts of Solar Storms and Space Weather-cost of repairs of materials,
Dec.3 2003

Spall, J., Asher MS., Maryak, JL., (1996) A neural network approach to non-destructive evaluation of complex
structures, with application to highway bridges. Proceedings of the IEEE International Conference on neural
networks, 4. Piscataway. NJ: IEEE; 1996. p. 2154-9.

Spirit and O’Mahony M J (1995) High Capacity Optical Transmission Explained (New York: Wiley)

Staehle, R. W. (1991) Environmental Definition," Materials Performance Maintenance, R. W. Revie, V. S.
Sastri, M. Elboujdaini, E. Ghali, D. L. Piron, P. R. Roberge and P. Mayer, eds., Pergamon Press, Ottawa,
Ontario, 1991, pp. 3-43.

Staehle, R.W. (2000) Major Technical Advances from the Work of Staehle and Collaborators, Roger W. Staehle
Consulting: North Oaks, Minnesota, 2000, http://www.staghleconsulting.com/pdf/staghletechadv.pdf (access 2002)

Statistical Process Control in Predictive Maintenance at the USPS, 1IE Research Conference, USA

Stears, C.D. Moghissi O.C. and Bone Il (1998) The Use of Coupons to Monitor Cathodic Protection of an
Underground Pipeline, Materials Performance, February 1998, pp.23-31.

Steens, N, (2004) (9925600) Transient vibrations in fluid-filled piping systems Early Progress Report
http://www.mech.uwa.edu.au/~pan/ThirdYP2005/PDF _files/Early_Progress_Report.pdf

Stefanus Matheus Cornelis Van Bohemen (2004) Acoustic Emission Study of Martensitic & Bainitic
Transformations in Carbon Steel; Delft University Press ISBN: 90-407-2477-6
Courtney, S. (2003)

Stevens, R. D. Chapnik, B. VV Howe B. (1998) Acoustical Pipe Lagging Systems Design and Performance; PR-
264-9725-PRCI USA

Strecker, F. and Feldtkeller, R. (1929). Grundlagen der Theorie des allgemeinen Vierpols. Elektrische
Nachrichtentechnik, 6, 93.

192


http://web.bham.ac.uk/eee2gek3/Research/ch2.html
http://www.reliabilityweb.com/
http://www.elsvier.com/locate/artmed
http://onlinelibrary.wiley.com/doi/10.1002/pssb.v49:2/issuetoc
http://top-million.com/www.solarstorms.org
http://www.staehleconsulting.com/pdf/staehletechadv.pdf

Streeter, V.L. and Wylie, E.B. (1967). Hydraulic transients. McGraw-Hill.
Streeter, V.L. and Wylie, E.B. (1974). Waterhammer and surge control. Ann. Rev. Fluid Mech., 6, 57--73.

Subekti, 1., (1999), Environmental impact in steam power plant operation (experiences in Indonesia), Sanat-e-
Bargh Technical Monthly Magazine of the Electric Power Industry, 38, Tehran, Iran.

Sun, H. Kaveh, M. Tewfik A. H, (1999) Self-Organizing Map Neural Network for Transient Signal
Classification in Mechanical Diagnostics” IEEE/EURASIP Workshop on Nonlinear Signal Processing, June
1999, Antalia, Turkey.

Sypeck, D.J. (1996) Damage Evaluation in Titanium Matrix Composites, Ph.D. Dissertation, University of
Virginia,

Sypeck D.J. and Wadley H.N.G. (1997) Damage evolution and acoustic emission mechanisms in ¢, + B/scs-6
titanium matrix composites; Acta Materialia, Volume 46, Number 1, 19 December 1997 , pp. 353-367(15)-
Publisher: Elsevier

Tanahashi, T. and Kasahara, E. (1969) Analysis of water hammer with water column separation. Bull. JSME, 12,
No.50, 206--214.

TSB (1996) The Transportation Safety Board of Canada (TSB) Pipeline Occurrence Report; Report Number
P96H0008 Crude Qil Pipeline Rupture Interprovincial Pipe Line Inc. Line 3, Mile Post 506.6830 Near Glenavon,
Saskatchewan 27 February 1996

Thielen, H. and Burmann, W. (1980) Messung und Berechnung der dynamischen Auflagekrafte durchstromter
Rohre (Measure-ment and analysis of the dynamic bearing forces in pipes conveying fluid), 3 R international,
1988: 6

Thomas J. F. and Davidson, M.W. (2005) National High Magnetic Field Laboratory, 1800 East Paul Dirac Dr.,
The Florida State University, Tallahassee, Florida, 32310 http://learn.hamamatsu.com/articles/ccdsnr.html (
accessed 2005)

Tijsseling, A.S. (1996) Fluid-structure interaction in liquid filled pipe systems: a review, J. Fluids and Structures,
10, pp. 109-146,.

Tijsseling, A.S. (1997). Poisson-coupling beat in extended waterhammer theory. Proc. of the 4th Int. Symp. on
Fluid-Structure Interactions, Aeroelasticity, Flow-Induced Vibration and Noise, Dallas, USA, ASME - AD, Vol.
53-2, 529-532.

Tijsseling, A.S., and Lavooij, C.S.W. (1989). Fluid-structure interaction and column separation in a straight
elastic pipe. Proc. of the 6th Int. Conf. on Pressure Surges, BHRA, Cambridge, UK, 27-41.

Tlusty, J., and Andrews, G.C., (1983) A Critical Review for Unmanned Machining”, Ann. CIRP, 32 (2), 1983.

Toll, D. G (1996) Artificial Intelligence Applications in Geotechnical Engineering; EJGE/UoD Durham UK
http://www.ejge.com/1996/Ppr9608/Ppr9608.htm

Travers, T., D. Bideau, A. Gervois, J. P. Troadec, and Messager J. C. (1986), Uniaxial compression effects on
2D mixtures of “hard' and “soft' cylinders. J. Phys. A 74, 19 (1986), L1033

Trends in NDE Science & Technology; Proceedings of the 14th World Conference on Non-Destructive Testing,
New Delhi, 8-13 December 1996.Vol. 4, pages 2549 — 2554).

Trevorrow, M. (1998) Observations of internal solitary waves near the Oregon coast with an inverted
echosounder, J. Geophys. Res. 103, 7671-7680.

193


http://www.ingentaconnect.com/content/els/13596454;jsessionid=10geon3aqp433.alexandra
http://learn.hamamatsu.com/articles/ccdsnr.html
http://www.ejge.com/1996/Ppr9608/Ppr9608.htm

Tsang, A.H.C. (2002) ‘Strategic dimensions of maintenance management’, Journal of Quality in Maintenance
Engineering, 8 (1), 70- 39

Tsang, A.H.C. and Brown, W.L. (1998), “"Managing the maintenance performance of an electric utility through
the use of balanced scorecards"”, Proceedings of 3rd International Conference of Maintenance Societies,
Adelaide, Paper 22, pp. 1-10

Tsang, A.H.C et al., (1998) Measuring maintenance performance: a holistic approach; http://www.emerald-
library.com

Tsurui, A. and Ishikawa, H., (1986) Application of the Fokker-Planck Equation to a Stochastic Fatigue Crack
Growth Model, Structural Safety, Vol.4, 1986, p.15, Elsevier

Tullmin, M (2000) Maintenance strategies; Tullmin Consulting @ Sympatico.ca

Udd (1991) Fibber Optic Sensors: An Introduction for Engineers and Scientists (New York: Wiley)
Uhlig, H.H., (1971) Corrosion and Corrosion Control, 2nd ed., John Wiley & Sons Inc

UK, User Orientated and Cost Effective Management, Maintenance and Modernisation of Building Facilities,
ISBN 951 758 358 3 UK

Umeadi B (2002); 'Maintaining the integrity and Changes in Performance of Corroding Steel Pipeline
Assessment with Advance Sensor Technologies'; ACT/Cosmic International Publications October 2002 P/H Nig.

Umeadi, B and Jones, K .G (2003) From Condition to Performance Assessment of Built Components RICS
Foundation, London, COBRA 2003 and Building Research Conference, Sept 2003, ISBN 1-84219-148-9.

Umeadi B. and Jones K. G (2005); Application of Nanosensors Technology on Building Fabric Monitoring
Diagnose and Report of Changes in Performance; Research, Applications and Markets in nanotechnology in the
UK 2005: Institute of Nanotechnology Report 2005 - © the UK MNT

Umeadi B. and Jones K. G (2008a) The Development of an Intelligent Sensor for the Monitoring of Pipeline
System Integrity; the 2008 SPE Russian Oil & Gas Technical Conference and Exhibition, Moscow, Russia, 30
October 2008-SPE-115503-PP Copyright 2008, Society of Petroleum Engineers

Umeadi B. and Jones K. G (2008b) Using Integrated Wireless Nanosensors in Qil Pipeline Integrity Monitoring
and Report; 19th WPC 2008 F03: Application of advanced E&P technology in challenging field developments-
Upstream-Madrid, June 29 to July 3, 2008

UNEP (1997) Industry and environment, Materials Performance, 20, 3

US Naval Air Systems Command: “NAVAIR 00-25-403: Guidelines for the Naval Aviation Reliability Centred
Main-tenance Process”. Philadelphia, Pennsylvania. US Department of Defence Publications-2000

Vacante R. C (2001) The Benefits of Timely Oil Changes (RCM) Partnership in RMS Standards, A Newsletter
for Professionals: Lou Kratz July 2001 Reliability, Maintainability, & Supportability Volume 5 Number 3

Vahaviolos, S. J. (1996), Acoustic Emission: A new but sound NDE technique and not a panacea in NDT, eds.
D. Van Hemelrijck & A. Anastassopoulos, Balkema, pp. 101-115.

van Agthoven, R., (1998) Ultrasonic Inspection of Risers a New and Simple Approach, Proceedings 7th
European Conference of Non-Destructive Testing, Copenhagen

Varkey et al. (1996) The advent of high speed analogue to digital converters (flash ADCs) and very powerful
digital signal processors (DSP) made AE signal analysis viable in digital domain;

194



Veith, E., Bucherie, C., Lechien, J. L., Jarrousse, J. L., and Rattoni, B., (2001) Inspection of Offshore Flexible
Risers with Electromagnetic and Radiographic Techniques”, Insight, Vol. 43, pp. 404-408 (June 2001).

Venkatesan, G. West, D. Buckley, K. Tewfik, A and Kaveh, M. (1997) Automatic fault monitoring using
acoustic emissions”, ICASSP, Munich, April 1997, pages 573-576.

Venkatesan, G. Zhang, T.. Kaveh, D Tewfik, M.. Buckly, A. H - K. M. “Signal Processing for Fault Monitoring
using Acoustic Emission” AEU int.J.Elec.Comm. (accepted) 1999

Vient P. H. and Fiefner J. F. (1993) Acoustical Pipe Lagging Systems Design and Performance; PR-264-9725-
PRCI USA

Vigneaux, P.G. Chenais P. and Hulin, J.P. (1988) Liquid—liquid flows in an inclined pipe. AICHE J. 34 5, pp.
781-789.

Wadley H.N.G. and Scruby, C.B. (1983) Elastic wave radiation from cleavage crack extension”, Int J. Frac., p.
111.

Wadley, H.N.G, Norton, .S.J., Mauer F.A. and Droney, B.D. (1982), Fundamental Developments in Acoustic
Emission Measurements: The NBS Program, 5 International. Conf. on Quantitative NDE in the Nuclear Industry
, San Diego, CA, p. 315, May 10-15, 1982.

Wadley, H. N. G. C.. Scruby, B and Shrimpton, G (1981), Quantitative acoustic emission source characterisation
during low temperature cleavage and intergranular fracture, Acta Metall. 29:399-414

Wang, Z. F. et. al (1992) Characteristics of Acoustic Emission for A537 Structural steel during Crack
propagation “Scripta Met. Matt. 27 (1992), pp. 641-646

Wang, Z. F. Zhu, Z. and Ke, W. (1991) Behaviour of Acoustic Emission for Low-Strength Structural Steel
during fatigue and Corrosion fatigue Scripta Met. Matt. Trans A. 22 (1991), pp 2677-2680

Waste Strategy (2000) England and Wales by Command of Her Majesty: Laid before the National Assembly for
Wales by the First Secretary:

Weyler, M.E., Streeter, V.L., and Larsen, P.S. (1971). An investigation of the effect of cavitation bubbles on the
momentum loss in transient pipe flow. ASME J. Basic Eng., 93, 1--10.

Weichselberger, K. (2000) The theory of interval probability as a unifying concept for uncertainty. International
Journal of Approximate Reasoning, 24:149-170, 2000.

Weichselberger, K. (2001) Elementare Grundbegriffe einer allgemeineren Wahrscheinlichkeitsrechnung | -
Intervallwahrscheinlichkeit als umfassendes Konzept. Physica, Heidelberg, 2001. In cooperation with T.
Augustin and A. Wallner.

Weichselberger, K. (2005) The logical concept of probability and statistical inference. In Fabio G. Cozman,
Robert Nau, , and Teddy Seidenfeld, editors, ISIPTA '05: Proceedings of the Fourth International Symposium on
Imprecise Probabilities and Their Applications, pages 396-405, Pittsburgh, USA, July 2005.

Whaley, P. W.,(2003) Corrosion Damage Tolerance Methodology For C/Kc-135 Fuselage Structure ARINC
Incorporated, Oklahoma City, OK 73135, USA www.arinc.com

White, S. A. Applications of distributed arithmetic to digital signal processing: a tutorial review, ” IEEE
Transactions on Acoustics, Speech and Signal Processing Magazine, vol. 6, no. 3, pp. 4-19, 1989.

White, S. A. (1971) Fast Fourier transform is also known as a form of signal processing; IEEE Trans on Audio
and Electroacoustics, 19(4):3058211; 311, June 1971.

195


mailto:wwhaley@arinc.com
http://dx.doi.org/10.1109/53.29648

White, N (2003) School of Electronics and Computer Science University of Southampton, Southampton SO17 1
BJ

White, O. R and. Brault. J W. (1971) Descriptions of Wiener Filtering using FFT A & A., 13,169-189.

Wiberg, U. (1993) Material characterization and defect detection in concrete by quantitative Ultrasonics. Royal
Institute of Technology, Dept. of Structural Engineering, TRITA-BKN. Bulletin 7, 152 pp.

Wiberg, U. (1994) Tillstandskontroll av betong i kraftanlaggningar. (Condition assessments of concrete
structures in hydro-power stations, in Swedish). Elforsk Rapport 94:17, Stockholm.

Wiggert, D.C. and Sundquist, M.J. (1979) The effect of gaseous cavitation on fluid transients. ASME J. Fluids
Eng., 101, 79--86.

Wiggert D. C.and Hatfield F. J. (1987) Analysis of Liquid and Structural Transients in Piping by the Method of
Characteristics; J. Fluids Eng. -- June 1987 -- Volume 109, Issue 2, 161 (5 pages) d0i:10.1115/1.3242638

Wiggert, F.J. Hatfield and LESMEZ M.W.,(1986) Coupled transient flow and structural motion in liquid-filled
piping systems, Proceedings of the Fifth International Conference on Pressure Surges, BHRA, Hanover,
Germany, September (1986) p. 1-9.

Wiley, W.C.; Mclaren, I.H. (1955) The Review of Scientific Instruments; 26(12), 1955, pp1150-1157

Wikimedia (2007) http://upload.wikimedia.org/wikipedia/commons/6/67/Six_sigma-2.svg (accessed 2007)

Willsky, A.S., (1976) A Survey of Design Methods for Failure Detection in Dynamic Systems, Automatica, Vol.
12, pp. 601-611.

Wiseman and RCKnowledge.com (2002) http://www.reliabilityweb.com/art04/p-f_curve.htm
World Commission on Environment and Development, (1987) - the Brundtland Report: **sustainable

development is a process of change-From One Earth to One World: An Overview. Oxford: Oxford University
Press.

Wood, D. J., and Jones, R. E. (1995) Stakeholder mismatching: A theoretical problem in empirical research on
corporate social performance. International Journal of Organizational Analysis, 3: 229-267.

Wordsworth, P. (2001) Lee's Building Maintenance Management, Blackwell Science, London.

Wyatt B S et al, (1985) Close Interval Overline Polarised Potential Surveys of Buried Pipelines”, Institution of
Corrosion UK Corrosion 85 Conference (Harrogate) 1985.

Wyatt, B. S. (2003) Advanced Systems of Overline Assessment of Coatings and Cathodic Protection; UMIST
Cathodic Protection Conference 10th — 11th February 2003 Manchester

Wyatt, JC (1997) Evaluation of clinical information system. In: van Bemmel JH, Musen MA, editors, Handbook
of medical informatics. Heidelberg: Springer-Verlag; 1997, P.463-9

Wylie, R., Orchard, R., Halasz, M., and Dubé, F., (1997) IDS: Improving Aircraft Fleet Maintenance. In
Proceedings of the Fourteenth National Conference on Artificial Intelligence, 1078-1085. Menlo Park, Calif.:
American Association for Artificial Intelligence

Yan T and Jones B E (2000) RAPID COMMUNICATION, Traceability of acoustic emission measurements

using energy calibration methods; Meas. Sci. Technol. 11 (2000) L9-L12. Printed in the UK PII: S0957-
0233(00)16307-6

Yin, Y. O, and Yang, Z. K (1992) Pattern Recognition and Neural Network P. R. China: Machinery Industry
Press. 1992

196


http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ASMEDL&possible1=Wiggert%2C+D.+C.&possible1zone=author&maxdisp=25&smode=strresults&pjournals=AMREAD%2CJAMCAV%2CJBENDY%2CJCNDDM%2CJCISB6%2CJDSMAA%2CJEPAE4%2CJERTD2%2CJETPEZ%2CJEMTA8%2CJFEGA4%2CJFCSAU%2CJHTRAO%2CJMSEFK%2CJMDEDB%2CJMDOA4%2CJMOEEX%2CJPVTAS%2CJSEEDO%2CJOTRE9%2CJOTUEI%2CJVACEK%2CJTSEBV&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ASMEDL&possible1=Hatfield%2C+F.+J.&possible1zone=author&maxdisp=25&smode=strresults&pjournals=AMREAD%2CJAMCAV%2CJBENDY%2CJCNDDM%2CJCISB6%2CJDSMAA%2CJEPAE4%2CJERTD2%2CJETPEZ%2CJEMTA8%2CJFEGA4%2CJFCSAU%2CJHTRAO%2CJMSEFK%2CJMDEDB%2CJMDOA4%2CJMOEEX%2CJPVTAS%2CJSEEDO%2CJOTRE9%2CJOTUEI%2CJVACEK%2CJTSEBV&aqs=true
http://upload.wikimedia.org/wikipedia/commons/6/67/Six_sigma-2.svg

Yokobori, T., (1955) Strength of Materials, (in Japanese), Gihoudou Press

Yuki H., and Homma K., (1992) estimation analysis of acoustic of emission wave forms using a neural network.
J Acoust Emission 1992; 10 (3/4): 35-41

Yuki, h., and Himma K., (1996) Estimation of acoustic emission source waveform of fracture using a neural
network. NDT &e Int 1996; 29(1):21-5

Yukuan, M. Jialin, L. And Yunzhao D. (1994) The Detecting Procedure of AE Signal under High Background
Noise Based on Artificial Neural Network; Research Institute of Non-Destructive testing Department of
Electrical Engineering, JiLin University of Technology Changchun-130025, China.

Yukuan, M. Jialin, L.and Yunzhao D. (1996) Pattern Recognition of the Characteristics of AE Source Using
Artificial Neural Network, Research Institute of Non-Destructive testing Department of Electrical Engineering,
JiLin University of Technology Changchun-130025, China

Yukuan, M. Jialin, L.and Yunzhao D. (1996) The Processing of AE Signal Based on Artificial Neural Network,

Research Institute of Non-Destructive testing Department of Electrical Engineering, JiLin University of
Technology Changchun-130025, China

Zadeh, L., (1968) Fuzzy sets, Information Control 8, 338-353, 1965
Zadeh, L., (1968) Probability measures of fuzzy events, Jour. Math. Analysis and Appl. 23, 421-427, 1968

Zadeh, L., (1989) Knowledge representation in fuzzy logic, IEEE Trans. on Knowledge and Data Engineering 1,
89-100, 1989.

Zadeh, L., A (1976) fuzzy-algorithmic approach to the definition of complex or imprecise concepts, Int. Jour.
Man-Machine Studies 8, 249-291, 1976

Zgnoc K, and Achenbach J. (1996) neural network for crack sizing trained by finite element calculations. NDT &
E Int 1996; 29(3):147-55.

Zhang, D. Venkatesan, G. T, Kaveh, M.A. Tewfik, H (1998) Acoustic Emission Transient Detection Based on
Linear Model Residual 1998, Proc. IEEE SSAP Workshop, Portland, OR, Sept., 1998

Zhang, (Dr) J (1997) Designing a cost-effective and reliable pipeline leak-detection system, Pipe & Pipelines
International, January-February 1997, pp20-25.

Zhang, X. J., and Bi, X. (1993) Neural Network and Its Engineering Application - Peoples Republic of China
Machinery Industry press, 1993

Zheng, H, Cheng C. and Zhu R, (1997) Acoustic emission inspection of pipeline leakage, Non-destructive
Testing Journal (in Chinese), Vol.19, No.4, April 1997, pp105-107.

Zhou, J. and Fung, Y.C., (1997) The degree of nonlinearity and anisotropy of blood vessel elasticity, Proc. Natl.
Acad. Sci. USA, 94, pp. 14255-14260, 1997.

Zhou, Y.X. and Wu, X.P. (1994) Use of Neural Networks in the Analysis and Interpretation of Site investigation
Data, Computers and Geotechnics, Vol. 16, No. 2, pp 105-122

Reference Web:
ALSPI www.alspi.com(accessed 2004)

BGFL- www.bgfl.org 2003 Go to Nat'l Academies Press, Globalization of Technology: (1988), (accessed 2001)

197


http://www.alspi.com/
http://www.bgfl.org/

CORUS.com (2001)- http://www.hastam.co.uk/hands/corus.html

Diamond-http://www.diamond-congress.hu/eurocorr/l_abs_nameh.php(accessed 2003)

ECS - http://www.ecs.umass.edu/ece/vspgroup/burleson/courses/551/lab2.htm [University of Massachusetts
(accessed 2001)]

ECS - http://www.ecs.soton.ac.uk/~bmah/post.ntml [EPSRC funded project (accessed 2001)].

EEECA - http://www.eeca.govt.nz/uploadedDocuments/infrasound_literature_review.pdf (accessed 2003)

ESD - http://www.esd.ecs.soton.ac.uk/research/sensors.htm (accessed 2001)
Home-http://homepages.westminster.org.uk/Nick.Hinze/Notes/Lower%20Shell/metals.htm(accessed 2001)
ISCID- http://www.iscid.org/boards/ubb-get_topic-f-6-t-000326-p-2.html (Anti-Maths solution (accessed 2003)
MATERIALSENGINEER.CO-http://www.materialsengineer.com/CA-corrosion.htm(accessed 2002)
NIT.UFSCAR-.http://www.nit.ufscar.br/cbecimat/abstracts/index.htm(accessed 2003)

NMRC http://www.nmrc.ie/reports/1999/nanotechnology.html (accessed 2001)

Techlink -http://techlink.msu.montana.edu/patents/et_patents.asp (2004)

KPIBusinessolutions.org (0845 605 5556 for free paper copies of these wallcharts) (accessed 2001)

GEWAOQ308BNRR (2006) Publications.-http://publications.environment-agency.gov.uk/pdf/GEWAO0308BNRR-
e-e.pdf?lang=_e(accessed 2001)

Wiseman-RCKnowledge.com (2002)-http://www.reliabilityweb.com/art04/p-f_curve.htm

Staehleconsulting.com -Stachle- http://www.connet.org/nl/bestpractice.html [Texts in Staehle Library of
Corrosion, Fracture, Failure Analysis (Number of entries as of 6-10-00)]:

Stachle- Solarstorms.org (2001) http://www.staehleconsulting.com/Data_Bases/data_bases.html(accessed 2001)
TAC-www.tac-atc. http://www.solarstorms.org/CorrosionNews.html(accessed 2003)
Technologyreview-http://www.technologyreview.com/articles/rnb_102003.asp(accessed 2002)

Uk.search-http://uk.search.yahoo.comsearch/ukie?p=degrading+coated+steel+pipeline+behaviour+&ei=UTF-
8&x=wrt&y=y(accessed 2001)

UK .search-http://uk.search.yahoo.comsearch/ukie?fr=ukhl-
mail&p=degrading+coated+steel+behaviourca/english/MCdbase [Maintenance and Construction Best
Practice(accessed 2001)]

UK.en- http://uk.encarta.msn.com © 1997-2005 Microsoft Corporation ["Metals,” Microsoft® Encarta® Online
Encyclopaedia 2005]

UMIST- www.umist.ac.uk/corrosion/lecturenotes/Module A/Mechanical.ppt(accessed 2001)

198


http://www.diamond-congress.hu/eurocorr/l_abs_nameh.php
http://www.ecs.umass.edu/ece/vspgroup/burleson/courses/551/lab2.htm
http://www.ecs.soton.ac.uk/~bmah/post.html
http://homepages.westminster.org.uk/Nick.Hinze/Notes㔯/ower%20Shell/metals.htm
http://www.iscid.org/boards/ubb-get_topic-f-6-t-000326-p-2.html
http://www.materialsengineer.com/CA-corrosion.htm
http://www.nit.ufscar.br/cbecimat/abstracts/index.htm
http://www.nmrc.ie/reports/1999/nanotechnology.html
http://techlink.msu.montana.edu/patents/et_patents.asp
http://publications.environment-agency.gov.uk/pdf/GEWA0308BNRR-e-e.pdf?lang=_e
http://publications.environment-agency.gov.uk/pdf/GEWA0308BNRR-e-e.pdf?lang=_e
http://www.connet.org/nl/bestpractice.html
http://www.staehleconsulting.com/Data_Bases/data_bases.html
http://www.uptilt.com/c.html?rtr=on&s=5fo,3xkw,4rw,66lj,e2pf,m8i7,21a6
http://uk.search.yahoo.comsearch/ukie?p=degrading+coated+steel+pipeline+behaviour+&ei=UTF-8&x=wrt&y=y
http://uk.search.yahoo.comsearch/ukie?p=degrading+coated+steel+pipeline+behaviour+&ei=UTF-8&x=wrt&y=y
http://uk.search.yahoo.com/search/ukie?fr=ukh1-mail&p=degrading+coated+steel+behaviour
http://uk.search.yahoo.com/search/ukie?fr=ukh1-mail&p=degrading+coated+steel+behaviour
http://www.umist.ac.uk/corrosion/lecturenotes/ModuleA/Mechanical.ppt

APPENDIX A: EXPERIMENTAL DATA

199



A.1 Details of the Experimental Test Programme

Tables A and B herein give details of the experimental programme which was used to study
the various factors outlined in section 1.1.5 and comprise more than 300 results.

Table A

Test Ref Normal Small Medium Large Failure
frequency Defect f Defect f/td Defect f/td Time Domain

* *

% % % %
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The tests were used for defective condition assessment analysis and establish the impact of the
defect on oil steel pipeline system in-service to perform
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Table B

Test Ref Normal Small Medium Large Failure
frequency Defect f Defect f/td Defect f/td Time Domain
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Test Ref Normal Small Medium Large Failure
frequency Defect f Defect f/td Defect f/td Time Domain
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Test Ref

Normal
frequency

Small
Defect f

Medium
Defect f/td

Large Failure
Defect f/td Time Domain
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Test Ref

Normal
frequency

Small
Defect f

Medium Large
Defect f/td Defect f/td

Failure
Time Domain

183
184
185
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188
189
190
191
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193
194
195
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197
198
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206
207
208
209
300
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A.2: Details of the Experimental Test Envelope Signal

Table C details the experimental test runs made, The first 100 show the NORMAL STATE.

Sensor/ Enveloped Signal (dB) Variables
Test No. Aimplitude Frequency Non-Defective State
A e XL (2D Normal kHz
1 I 0=63.14dB X=82.56dB Normal 11.7kHz
2 I 0=67.70dB X=86.07dB Normal 11.7kHz
3 1 0=64.91dB X=87.59dB Normal 11.7kHz
4 IV | 0=65.82dB X=85.33dB Normal 11.7kHz
5 V 0=60.91dB X=84.89dB Normal 11.7kHz
6 I 0=65.14dB X=85.51dB Normal | 23.95kHz
7 0=64.70dB X=87.07dB Normal | 23.95kHz
8 1 0=67.91dB X=88.69dB Normal | 23.95kHz
9 IV | 0=65.92dB X=86.21dB Normal | 23.95kHz
10 V 0=62.76dB X=85.95dB Normal | 23.95kHz
11 1 0=64.13dB X=88.51dB Normal 46.9kHz
12 1l 0=65.69dB X=89.05dB Normal 46.9kHz
13 1 0=67.93dB X=86.69dB Normal 46.9kHz
14 IV | 0=64.69dB X=87.24dB Normal 46.9kHz
15 V 0=64.67dB X=87.950B Normal 46.9kHz
16 | 0=66.14dB X=89.53dB Normal 46.9kHz
17 1l 0=64.73dB X=89.10dB Normal 46.9kHz
18 1l 0=66.94dB X=88.67dB Normal 46.9kHz
19 IV | 0=64.68dB X=88.50dB Normal 46.9kHz
20 V 0=64.70dB X=87.94dB Normal 46.9kHz
21 | 0=65.14dB X=89.51dB Normal 46.9kHz
22 1l 0=67.70dB X=89.05dB Normal 46.9kHz
23 1l 0=66.94dB X=88.69dB Normal 46.9kHz
34 IV | 0=64.69dB X=88.21dB Normal 46.9kHz
25 V 0=63.67dB X=87.950B Normal 46.9kHz
26 | 0=64.67dB X=88.91dB Normal 46.9kHz
27 1l 0=60.23dB X=88.49dB Normal 46.9kHz
28 1l 0=67.63dB X=89.07dB Normal 46.9kHz
29 IV | 0=66.91dB X=86.69dB Normal 46.9kHz
30 V | 0O=64.67dB X=86.95dB Normal 46.9kHz
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31 | 0=66.14dB | X=89.54dB | Normal | 46.9kHz
32 1 0=68.70dB | X=88.04dB | Normal | 46.9kHz
33 1l | 0=67.89dB X=89.69dB Normal 46.9kHz
34 IV | 0=64.69dB X=89.30dB Normal 46.9kHz
35 V | 0=64.67dB X=86.95dB Normal 46.9kHz
36 | 0=65.14dB X=89.51dB Normal 46.9kHz
37 1l | 0O=67.70dB | X=89.05dB | Normal | 46.9kHz
38 Il | 0=66.94dB | X=88.69dB | Normal | 46.9kHz
39 IV | 0=63.71dB | X=87.24dB | Normal | 46.9kHz
40 V | 0=65.62dB | X=88.93dB | Normal | 46.9kHz
41 | | 0=65.11dB | X=87.57dB | Normal | 46.9kHz
42 1l 0=67.72B X=88.08dB | Normal | 46.9kHz
43 11l | 0=66.86dB | X=87.64dB | Normal | 46.9kHz
44 IV | 0=64.66dB | X=88.27dB | Normal | 46.9kHz
45 V| 0=64.70dB | X=86.95dB | Normal | 46.9kHz
46 | | 0=65.14dB | X=89.51dB | Normal | 46.9kHz
47 1l | 0=67.70dB | X=89.05dB | Normal | 46.9kHz
48 11l | 0=66.91dB | X=88.69dB | Normal | 46.9kHz
49 IV | 0=64.69dB | X=88.21dB | Normal | 46.9kHz
50 V| 0=64.67dB | X=87.94dB | Normal | 46.9kHz
51 1 0=65.14dB X=89.51dB Normal 46.9kHz
52 I 0=67.70dB X=89.05dB Normal 46.9kHz
53 1l | 0=66.94dB | X=88.69dB | Normal | 46.9kHz
54 IV | 0=64.69dB | X=88.22dB | Normal | 46.9kHz
55 V| 0=64.67dB | X=87.95dB | Normal | 46.9kHz
56 | | 0=64.13dB | X=88.51dB | Normal | 46.9kHz
57 1l | 0=65.69dB | X=89.05dB | Normal | 46.9kHz
58 Il | 0O=67.93dB X=86.69dB Normal 46.9kHz
59 IV | 0=64.70dB X=87.27dB Normal 46.9kHz
60 V | 0=64.67dB X=87.95dB Normal 46.9kHz
61 | | 0O=64.09dB X=88.500B Normal 46.9kHz
62 Il | O=65.67dB | X=89.02dB | Normal | 46.9kHz
63 Il | 0=68.93dB | X=86.69dB | Normal | 46.9kHz
64 IV | 0=64.69dB | X=87.24dB | Normal | 46.9kHz
65 V | 0=65.76dB | X=85.97dB | Normal | 46.9kHz
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66 | | 0=64.13dB | X=87.55dB | Normal | 46.9kHz
67 1l | 0=65.69dB | X=88.05dB | Normal | 46.9kHz
68 Ill | 0=67.93dB X=86.68dB Normal 46.9kHz
69 IV | 0=64.69dB X=87.24dB Normal 46.9kHz
70 V| 0=64.67dB X=88.95dB Normal 46.9kHz
71 | 0=66.100B X=88.49dB Normal 46.9kHz
72 1l | 0=65.69dB | X=89.05dB | Normal | 46.9kHz
73 1l | 0=67.93dB | X=86.69dB | Normal | 46.9kHz
74 IV | 0=64.69dB | X=87.24dB | Normal | 46.9kHz
75 V| 0=64.67dB | X=87.95dB | Normal | 46.9kHz
76 | | 0=66.07dB | X=88.57dB | Normal | 46.9kHz
77 1l | 0=65.69dB | X=90.01dB | Normal | 46.9kHz
78 1l | 0=67.93dB | X=86.67dB | Normal | 46.9kHz
79 IV | 0=64.69dB | X=87.31dB | Normal | 46.9kHz
70 V| 0=64.67dB | X=88.92dB | Normal | 46.9kHz
81 | | 0=64.08dB | X=86.61dB | Normal | 46.9kHz
82 Il | 0=67.67dB | X=9001dB | Normal | 46.9kHz
83 1l 0=68.90dB | X=84.71dB | Normal | 46.9kHz
84 IV | 0=66.79dB | X=87.52dB | Normal | 46.9kHz
85 V| 0=62.69dB | X=86.90dB | Normal | 46.9kHz
86 | | 0O=64.10dB X=88.56dB Normal 46.9kHz
87 1l | 0=65.69dB X=89.05dB Normal 46.9kHz
88 Il 0=67.93dB | X=86.69dB | Normal | 46.9kHz
89 IV | 0=64.69dB X=87.24dB Normal 46.9kHz
90 V | 0=64.67dB | X=87.95dB | Normal | 46.9kHz
91 | | 0=64.15dB | X=87.55dB | Normal | 46.9kHz
92 Il | O=67.69dB | X=89.05dB | Normal | 46.9kHz
93 Il | 0=67.95dB X=86.69dB Normal 46.9kHz
94 IV 0=64.70dB X=87.31dB Normal 46.9kHz
95 V | 0=64.67dB X=88.91dB Normal 46.9kHz
96 | 0=60.23dB X=88.49dB Normal 46.9kHz
97 1l 0=67.63dB | X=89.07dB | Normal | 46.9kHz
98 Il 0=66.91dB | X=86.69dB | Normal | 46.9kHz
99 IV | 0=65.68dB | X=87.24dB | Normal | 46.9kHz
100 V | 0=62.69dB | X=88.93dB | Normal | 46.9kHz
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Table D details the experimental test runs made for the SMALL DEFECT.

Sensor Enveloped Signal (dB) Variables
Location Amplitude Frequency Defect Type [SM]
X 2D | X () | Small kHz

1 | 0=72.77dB X=89.96dB | Small 46.9kHz
2 |l 0=71.94dB X=89.87dB | Small 46.9kHz
3 1 0=71.83dB X=89.88dB | Small 46.9kHz
4 IV 0=71.80dB X=88.85dB | Small 46.9kHz
5 V 0=71.74dB X=87.95dB | Small 46.9kHz
6 | 0=72.79dB X=89.94dB | Small 46.9kHz
7 |l 0=71.98dB X=89.89dB | Small 46.9kHz
8 I 0=71.85dB X=88.90dB | Small 46.9kHz
9 v 0=71.79dB X=87.87dB | Small 46.9kHz
10 V 0=71.73dB X=87.97dB | Small 46.9kHz
11 | 0=73.78dB X=88.94dB | Small 46.9kHz
12 1l 0=72.95dB X=89.86dB | Small 46.9kHz
13 1l 0=70.84dB X=88.87dB | Small 46.9kHz
14 vV 0=71.76dB X=88.89dB | Small 46.9kHz
15 V 0=71.73dB X=87.99dB | Small 46.9kHz
16 | 0=72.77dB X=89.97dB | Small 46.9kHz
17 1l 0=71.94dB X=89.89dB | Small 46.9kHz
18 1l 0=71.87dB X=86.87dB | Small 46.9kHz
19 Iv 0=71.80dB X=89.88dB | Small 46.9kHz
20 V 0=70.71dB X=86.94dB | Small 46.9kHz
21 | 0=72.79dB X=88.93dB | Small 46.9kHz
22 |l 0=71.98dB X=88.89dB | Small 46.9kHz
23 1l 0=72.90dB X=89.89dB | Small 46.9kHz
34 IV 0=71.80dB X=88.90dB | Small 46.9kHz
25 V 0=71.75dB X=85.93dB | Small 46.9kHz
26 | 0=73.79dB X=88.94dB | Small 46.9kHz
27 1l 0=71.96dB X=89.90dB | Small 46.9kHz
28 I 0=71.87dB X=89.91dB Small 46.9kHz
29 IV 0=72.79dB X=88.87dB | Small 46.9kHz
30 V 0=71.71dB X=87.95dB | Small 46.9kHz
31 | 0=72.80dB X=89.95dB | Small 46.9kHz
32 1l 0=71.98dB X=89.88dB | Small 46.9kHz
33 1l 0=71.83dB X=88.89dB | Small 46.9kHz
34 IV 0=71.81dB X=88.87dB | Small 46.9kHz
35 V 0=72.74dB X=87.96dB | Small 46.9kHz
36 | 0=72.75dB X=90.95dB | Small 46.9kHz
37 1l 0=72.97dB X=89.89dB | Small 46.9kHz
38 I 0=71.88dB X=87.88dB | Small 46.9kHz
39 IV 0=70.74dB X=87.85dB | Small 46.9kHz
40 V 0=71.75dB X=87.97dB | Small 46.9kHz
41 | 0=72.81dB X=88.96dB | Small 46.9kHz
42 1l 0=71.93dB X=90.89dB | Small 46.9kHz
43 1l 0=71.88dB X=87.88dB | Small 46.9kHz
44 IV | 0=71.76dB X=88.89dB | Small 46.9kHz
45 V 0=71.77dB X=89.97dB | Small 46.9kHz
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Table E details the experimental test runs made for the MEDIUM DEFECT.

Sensor & Enveloped Signal (dB) Variables
Test No. Amplitude Frequency Defect Type [MD]
X G | X, L (2 | Medium | Hz/kHz
1 I 0=87.95dB X=83.96dB Medium | 46.9kHz
2 Il 0=81.88dB X=85.96dB Medium | 46.9kHz
3 0=86.89dB X=82.87dB | Medium | 46.9kHz
4 IV 0=83.87dB X=89.88dB | Medium | 46.9kHz
5 V 0=83.95dB X=87.96dB Medium | 46.9kHz
6 I 0=88.97dB X=84.98dB Medium | 46.9kHz
7 |l 0=81.90dB X=85.98dB | Medium | 46.9kHz
8 |l 0=86.89dB X=82.89dB | Medium | 46.9kHz
9 IV 0=84.88dB X=88.85dB | Medium | 46.9kHz
10 V 0=83.95dB X=88.98dB | Medium | 46.9kHz
11 | 0=88.96dB X=82.96dB | Medium | 46.9kHz
12 1l 0=81.88dB X=85.97dB | Medium | 46.9kHz
13 1l 0=86.87dB X=82.89dB | Medium | 46.9kHz
14 1V 0=83.87dB X=88.85dB | Medium | 46.9kHz
15 V 0=83.95dB X=88.97dB | Medium | 46.9kHz
16 | 0=89.97dB X=82.96dB | Medium | 46.9kHz
17 1l 0=81.85dB X=85.96dB | Medium | 46.9kHz
18 Il 0=86.89dB X=82.89dB | Medium | 46.9kHz
19 IV 0=83.87dB X=88.850B | Medium | 46.9kHz
20 V 0=84.95dB X=87.97dB | Medium | 46.9kHz
21 | 0=89.95dB X=81.95dB | Medium | 46.9kHz
22 1l 0=81.88dB X=85.98dB | Medium | 46.9kHz
23 I 0=86.88dB X=82.88dB | Medium | 46.9kHz
34 IV 0=84.87dB X=88.85dB | Medium | 46.9kHz
25 V 0=83.99dB X=87.97dB | Medium | 46.9kHz
26 | 0=88.93dB X=82.97dB | Medium | 46.9kHz
27 1l 0=81.89dB X=85.96dB Medium | 46.9kHz
28 Il 0=87.90dB X=82.88dB | Medium | 46.9kHz
29 IV 0=83.87dB X=88.87dB | Medium | 46.9kHz
30 V 0=83.95dB X=87.97dB | Medium | 46.9kHz
31 | 0=89.98dB X=82.97dB Medium | 46.9kHz
32 |l 0=82.88dB X=86.97dB Medium | 46.9kHz
33 I 0=86.87dB X=82.89dB | Medium | 46.9kHz
34 IV 0=83.88dB X=87.84dB | Medium | 46.9kHz
35 V 0=83.95dB X=87.98dB | Medium | 46.9kHz
36 | 0=88.94dB X=82.97dB Medium | 46.9kHz
37 |l 0=81.90dB X=85.95dB Medium | 46.9kHz
38 I 0=87.89dB X=82.86dB | Medium | 46.9kHz
39 IV 0=83.90dB X=88.86dB | Medium | 46.9kHz
40 V 0=83.95dB X=88.97dB | Medium | 46.9kHz
41 | 0=89.95dB X=82.96dB Medium | 46.9kHz
42 0=81.87dB X=85.98dB Medium | 46.9kHz
43 1l 0=86.90dB X=82.88dB | Medium | 46.9kHz
44 IV | 0=83.87dB X=89.85dB | Medium | 46.9kHz
45 VvV 0=83.95dB X=88.97dB | Medium | 46.9kHz
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Table F details the experimental test runs made for the SEALED HOLES.

Sensor & | Enveloped Signal (dB) Variables Defect
Test No. Amplitude Frequency Type [Fatigue]

A LGy | X, (#» | Large Hz/kHz
1 I 0=88.95dB X=85.98dB Large 46.9kHz
2 Il 0=85.88dB X=88.99dB Large 46.9kHz
3 1 0=87.82dB X=86.79dB | Large 46.9kHz
4 IV 0=85.83dB X=88.82dB | Large 46.9kHz
5 V 0=84.93dB X=88.97dB | Large 46.9kHz
6 I 0=89.95dB X=85.97dB Large 46.9kHz
7 0=85.87dB X=87.99dB Large 46.9kHz
8 I 0=86.81dB X=86.80dB | Large 46.9kHz
9 v 0=85.82dB X=89.81dB | Large 46.9kHz
10 V 0=84.91dB X=88.950dB | Large 46.9kHz
11 1 0=89.95dB X=85.98dB | Large 46.9kHz
12 1l 0=86.87dB X=87.97dB | Large 46.9kHz
13 1l 0=88.81dB X=86.77dB | Large 46.9kHz
14 vV 0=84.81dB X=89.84dB | Large 46.9kHz
15 V 0=85.92dB X=88.97dB | Large 46.9kHz
16 | 0=89.95dB X=85.98dB | Large 46.9kHz
17 1l 0=86.88dB X=88.98dB | Large 46.9kHz
18 1l 0=87.81dB X=86.78dB | Large 46.9kHz
19 Iv 0=83.80dB X=89.85dB | Large 46.9kHz
20 V 0=84.90dB X=87.96dB | Large 46.9kHz
21 | 0=89.95dB X=85.96dB | Large 46.9kHz
22 |l 0=86.87dB X=87.98dB | Large 46.9kHz
23 1l 0=87.83dB X=87.79dB Large 46.9kHz
34 IV 0=84.82dB X=89.82dB | Large 46.9kHz
25 V 0=84.93dB X=88.98dB | Large 46.9kHz
26 | 0=89.95dB X=85.97dB | Large 46.9kHz
27 1l 0=85.85dB X=87.95dB Large 46.9kHz
28 Il 0=87.81dB X=87.78dB Large 46.9kHz
29 IV 0=86.82dB X=80.83dB | Large 46.9kHz
30 V 0=86.91dB X=89.96dB | Large 46.9kHz
31 | 0=89.95dB X=84.98dB | Large 46.9kHz
32 1l 0=86.87dB X=87.97dB Large 46.9kHz
33 1 0=88.81dB X=85.77dB Large 46.9kHz
34 IV 0=84.82dB X=89.85dB | Large 46.9kHz
35 V 0=85.91dB X=88.96dB | Large 46.9kHz
36 | 0=89.95dB X=84.97dB | Large 46.9kHz
37 1l 0=85.89dB X=87.98dB | Large 46.9kHz
38 I 0=85.80dB X=86.78dB | Large 46.9kHz
39 IV 0=85.82dB X=90.84dB | Large 46.9kHz
40 V 0=84.91dB X=89.97dB | Large 46.9kHz
41 | 0=89.95dB X=84.97dB Large 46.9kHz
42 1l 0=84.86dB X=87.98dB Large 46.9kHz
43 I 0=87.81dB X=86.78dB | Large 46.9kHz
44 IV | 0=85.83dB X=89.83dB | Large 46.9kHz
45 V 0=83.91dB X=88.96dB | Large 46.9kHz
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Table G details the experimental test runs made for the FAILURE CONDITION.

Sensor & | Enveloped Signal (dB) Variables Defect
Test No. Amplitude Frequency Type [Failure]

X e €22 | X, (&) | Failure | Hz/kHz
1 1 0=88.79dB X=86.41dB | Failure | 23.4kHz
2l 0=83.00dB X=87.96dB | Failure | 46.9kHz
3 0=75.26dB X=85.55dB | Failure | 46.9kHz
4 IV 0=83.85dB X=88.71dB | Failure | 46.9kHz
5 V 0=86.91dB X=83.03dB | Failure | 11.7kHz
6 | 0=89.84dB X=86.46dB | Failure | 23.4kHz
7 |l 0=83.04dB X=88.98dB | Failure | 46.9kHz
8 0=72.24dB X=86.45dB | Failure | 46.9kHz
9 IV 0=84.87dB X=87.76dB | Failure | 46.9kHz
10 V 0=86.92dB X=82.01dB | Failure | 11.7kHz
11 | 0=88.82dB X=85.42dB | Failure | 23.4kHz
12 1l 0=84.01dB X=88.98dB | Failure | 46.9kHz
13 1l 0=75.25dB X=84.45dB | Failure | 46.9kHz
14 1V 0=84.88dB X=87.77dB | Failure | 46.9kHz
15 V 0=85.90dB X=83.04dB | Failure | 11.7kHz
16 | 0=88.85dB X=86.52dB | Failure | 23.4kHz
17 1l 0=84.02dB X=87.88dB | Failure | 46.9kHz
18 Il 0=72.23dB X=87.45dB | Failure | 46.9kHz
19 IV 0=83.90dB X=87.69dB | Failure | 46.9kHz
20 V 0=87.93dB X=84.07dB | Failure 11.7kHz
21 | 0=88.85dB X=86.42dB | Failure 23.4kHz
22 1l 0=82.03dB X=87.97dB | Failure | 46.9kHz
23 I 0=74.30dB X=83.45dB | Failure | 46.9kHz
24 IV 0=85.86dB X=88.73dB | Failure | 46.9kHz
25 V 0=86.97dB X=82.03dB | Failure | 11.7kHz
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Table H: Comparison of Three Means and Standard Deviation of Steady State

(Test Series 1)

Test No. Sensor  Amplitude  Frequency Amplitude Frequency Amplitude  Frequency

1 | 65.12 82.56 65.14 85.51 64.13 88.51

2 T 67.7 86.07 64.7 87.07 65.69 89.05

3 m 64.91 87.59 67.91 88.69 67.93 86.69

4 v 65.82 85.33 65.92 86.21 64.69 87.24

5 v 62..91 84.89 62.76 85.95 64.67 87.95

Total 326.46 424.44 326.43 433.83 327.77 439.44

Mean 65.292 85.288 65.286 86.686 65.422 87.888

SD 1.269419 1.837993 1.873014  1.256455 1511 0.948167

Condition and

Measurements @ Steady State ~ 11.7kHz Steady State  23.95kHz 46.9kHz Steady State

Table I: Mean/SD Amplitude and Frequencies at 5 Different Conditions
(Test Series 2 in Frequency Domain)
Amplitude _ Frequency Amplitude Frequency Amplitude Frequency Amplitude Frequency Test No.
72.77 89.96 88.95 82.97 88.95 85.98 88.79 86.41 1
71.94 89.87 81.88 85.98 85.88 88.99 83 87.96 2
71.83 89.88 86.89 82.89 87.82 86.79 75.26 85.55 3
71.8 88.85 83.87 88.85 85.83 88.82 83.85 88.71 4
71.74 87.95 83.95 87.97 84.93 88.97 86.91 83.03 5
360.01 446.51 425.56 428.66 433.41 439.55 417.81 431.66 Total
72.016 89.302 85.108 85.732 86.682 87.91 83.562 86.332 Mean
0.427703 0.883442 2.794194 2.761235 1.649051 1.422797 5.192858 2.226324 SD
Medium 46.9kHz Large 46.9kHz Failure 46.9kHz

Small Measured
Damage 46.9kHz @
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Table J: Test Series 2 Results in the Time Domain

Test
No. Sensor Xmax Xmin XO=mV V-Peak Xmax Xmin XO=mV V-Peak
1 | 6 6 12 0.0658 | 6258 9 9 18 16.33
2 1l 6 9 15 14.38 10 10 20 13.98
3 11 7 6 13 13.77 9 10 19 13.75
4 [\ 6 5 11 13.15 8 8 16 13.11
5 \% 5 5 10 12.87 8 7 15 12.75
6 | 6 6 12 0.0658 | 6259 9 9 18 16.32
7 1l 6 9 15 14.39 10 10 20 13.97
8 11 7 6 13 13.76 9 10 19 13.76
9 v 6 5 11 13.14 8 8 16 13.12
10 V 5 5 10 12.88 8 7 15 12.74
Total 60
Mean 6 6.2 122  10.847 6258.5 8.8 8.8 17.6 13.983
SD 156 1.46969 1.720465 5.4159 0.5 0.748 1.17 1.8547 1.2509

Table2Defect
—Failures

Enveloped Signal(dB); Amplitude Xmax Frequency Xmin

voltage measured at 20ms

TablelDefect

—Large

Figure A.1: Changes in Performance Shown to Be Linear with Condition (Test Series 2)

16

Changes in Preformance Linear with Condition [Mean and SD Plot shows]

14

Mean Voltage for_Large defect 14.9

decreased at Failure to 10.4

10

Gitage for Large defect
<

decreased at Failure to 10.§

hao

Voltage at Failure

SD Voltage increased from 1.2p to
N

y=-4.165x+ 9.581
RZ=1

SD Voltage increased from 1.25 to
5.42
T

Defect

1.5

2

Linear (SD Voltage increased from 1.25 to 5.42)

—#— SD Voltage increased from 1.25 to 5.42

—@— Mean Voltage for Large defect 14.9 decreased at Failure to 10.8

The overall test results are summarised here in Table J and Figure A.1. When the waveforms from

all the nodes were integrated, the effect was to merge the individual resonances together. It

produced a twofold response: small-defect (at sensor 1) and medium-defect (at sensor II)

frequencies appeared to be linear and predictable in most test runs; but as the defect progressed the
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spread of frequencies increased and resonance peaks became somewhat erratic although linear, and

it appeared as though the flow damping, or the pipe wall condition factor, had decreased.

Figure A.2: Overall Test Results Comparison

Overall Test Result Comparison

20 — 7
——  Condition Normal
0  —*—Normal State %Error A % Errar o - o oo v.oc
B %Error | C i ==t i Y
20 1 %Error D 5
S 40T 4
L]
E 60 3
=4
€ -80 + 2
<
-100 ¢ == Condition Normal Tt
%Error % Errar
-120 + e———Nofmal-States- = :#EC_ H =it =§ *V +0
%Error D
-140 -1
Condition Normal
Normal State Y%Error A % | 1] n \% \%
Error B
— -0.135 -0.136 -0.139 -0.153 -0.152
—— 0 0 -0.102 -0.11 -0.106 -0.106 -0.101
e 0 -0.237 -0.246 -0.245 -0.259 -0.253
— 0 0 0.035 -0.024 0.024 -0.028 -0.023
— 0 -0.1 -0.16 -115 -0.181 -0.175
—— 0 0 0.012 -0.012 5.89 -0.022 -0.029
- X= 0 -0.123 -0.148 5.751 -0.175 -0.181
—%— 0 0 0.014 -0.029 -0.07 -0.022 0.028
—— 0 -0.121 -0.165 -0.209 -0.172 -0.124

Frequency Errors; Normal State Vs Defect A, B, C, & D

Convolution - that is, the intertwining of vibration and acoustic emission response and
excitation — is clearly evident in Figure A.2 from the shift in the frequency of maximum
amplitude. The maximum response in the received signal occurred at 5.58 from -0.115 and
back down to -0.07, corresponding to the signal generator set at 5kHz on a time base of
7.5kHz with 2ms by 10mV x5 (see Table 4.3). The estimated severity of the defect
characteristics (small, medium, sealed holes and failure, against the normal state), in terms of
the sizes of the nails drilled into the pipe, was equivalent to the damage shown in Tables K-N
below: it always increased with increasing damage, so the progress of the degradation was

monitored.
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Table K: Measured Averaged Natural Frequencies; Sensor Location | (Test Series 1)

Test

Scenarios
Sensor

1 |

2 |

3 |

4 |

5 |
Average

Amplitude Frequency
35.2dB 1.66Khz
37.7dB 1.67Khz
34.1dB 1 .50KhZ
32.2dB 11.53Khz
32.1dB 1.89Khz
| | 4.66Khz

Table L: Measured Averaged Natural Frequencies; Sensor Location 111 (Test Series 1)

1

2
3
4
5
I

Test No.

Sensor
1]
1]
1l
1]

i
I Averaae

Amplitude Frequency

35.0 4.59

36.9 .67

33.7 .52

32.2 4.50

30.9 4.83
33.74dB | 5Khz

Table M: Measured Averaged Natural Frequencies; Sensor Location IV (Test Series 1)

Test No.
1

2
3
4
5
I

Sensor
|
|
|
|

|
I Averaage

Amplitude Frequency

35.2 .66

37.7 4.67

34.1 .59

32.2 .53

32.1 4.89
34.260B | 4.66Khz

Table N: Measured Averaged Natural Frequencies; Sensor Location V (Test Series 1)

Test No. Sensor

1

o~ W DN

I
| Average

Amplitude Frequency
35.2 4.66

37.9 4.69

34.2 4.58

32.2 4.54

321 4.89
34.320dB | 4.67Khz
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