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Abstract

Abstract

Every day, water networks across the developed world are relied on by billions of people to provide them with
a fresh supply of water. Many of these networks are comprised of pipes made from grey cast iron and may
have been in service for up to 150 years. Despite their age, some parts of these networks continue to operate
with little degradation, whereas in other areas they degrade rapidly: more recently laid pipes are being outlived
by their forerunners. In such networks, it is the trunk mains (pipes between 12-60” [300 mm to 1500 mm] in
diameter) that are of great concern, since they pose the greatest risk of failure and are already bursting more

frequently.

Accurate NDE is required to enable the mains in poor health with the highest risk of failure to be identified
and replaced before they burst. A review of the published literature has shown that whilst there are many NDE
techniques to choose from, many are not practical for application to the mains. The review process also
highlighted the kinds of defects present in grey cast iron and an initial stress analysis using strength models
and material data published in the literature has suggested defect sizes approaching 5 mm must be able to be

detected to prevent catastrophic pipe failure.

Ultrasonic inspection has been investigated and shown to work effectively on uncorroded cast iron. Speed of
sound values between 4100 — 4600 m s have been observed across several pipes. A speed of sound of
2950 + 80 m s* has been measured for graphitic corrosion, however, inspection on corroded main has not been

possible.

A complementary magnetic technique, with the potential to scan pipe rapidly in order to identify mains in need
of further investigation, as well as providing supplementary condition data, has been trialled and shown to

detect corrosion layers up to 6 mm thick.

A methodology using a 3D scanner to accurately determine the *“ground truth” pipe condition has been
developed. This methodology proved to be successful and provided corrosion measurements that were
in-keeping with those obtained through standard pit depth measurements. Further, the data showed that
traditional pit depth measurements do not always find the deepest external corrosion pits, particularly where

the surrounding geometry is complicated.

This methodology was used in a live comparison exercise of two, commercially available techniques. This
comparison highlighted problems with the surface preparation required by some techniques, which can be
guite damaging, and with some proprietary post-processing algorithms — the raw data can be more useful.
From this assessment process, it has been possible to specify very detailed schedule for the testing of new NDE

techniques in the future.
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Chapter 1 Introduction

1 Introduction

1.1 Context

Water is a precious resource and it is vital to sustaining life across the planet. Every day, water networks across
the developed world are relied on by billions of people to provide them with a supply of potable water. Each
network comprises sub-networks, providing either local distribution or bulk transportation. The smaller
distribution mains, of the order up to 6” (150 mm) in diameter convey water stored in local service reservoirs,
or water towers, to customers’ homes, places of work or sites of recreation. Much larger diameter trunk mains,
of the order of 12” to 60” (300 mm to 1500 mm) in diameter, transport significant volumes of water to key
assets such as local service reservoirs or water towers. Very often this can be over significant distances (e.g.
tens of kilometres) (Fahimi et al., 2016). Many of the pipes in such networks are made of grey cast iron and
may have been in service for up to 150 years (Jesson et al., 2013). Despite their age, some parts of these
networks continue to operate with little degradation, whereas in other areas they degrade rapidly and more
recently laid pipes are found to be outlived by their forerunners (Rajani and Makar, 2000; Atkinson et al.,
2002). This problem has advanced as these mature networks are stretched further by the connection of new

pipe networks constructed to meet the demands of growing populations.

Trunk main networks across the UK and other developed countries have come into focus as they are failing
more frequently with a significant number of bursts occurring each year, a trend that is set to increase further
(Johnston, 2016; Larter and Duffell, 2017). The consequences of a trunk main burst are significant, as a trunk
main can easily transport many tonnes of pressurised water, and can lead to customers being off supply,
significant quantities of treated water being lost and the surrounding area becoming flooded which has
important implications for nearby assets and infrastructure (Walford, 2012). Consequently, a pipe burst can
result in considerable damage to both the surrounding area and the reputation of the assets’ operator alike. The
consequences can vary in magnitude considerably depending on the location, as a burst in an isolated field
would have relatively little impact compared to one occurring in a heavily populated area. A trunk main failure
in central London typically impacts a significant number of people, both customers and members of the public,
who will be inconvenienced by the loss of supply, flooding and disruption to travel. These consequences must
be examined together with the probability of failure to determine the level of risk each main poses for the
operator. Higher values for risk indicate pipes that must be attended to if these bursts are to be managed and
their occurrence reduced. It is impossible to remove the risk completely but it is important to adopt suitable

mitigation techniques that reduce the risk to an acceptable level.

Thames Water Utilities Limited (TWUL) are the UK’s largest water and waste water operator and are
responsible for running and managing the water network assets across London and the Thames Valley area.

During each 5-year asset management plan (AMP) period, TWUL are allowed to spend an allocated amount
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of money on pipe rehabilitation and replacement?. However, at a cost of £1 — 10 million per km of trunk main
replacement (Scudder, 2013), the amount that can be replaced in any given period is limited. Indeed, at the
current rate of replacement it will take some 800 years to replace the entire network; a period of time
significantly greater than the average life of any individual pipe. Therefore, a targeted approach to pipe
rehabilitation is required to ensure that the money is spent on pipes which present a significant risk of failure.
Identification of trunk main assets that represent the greatest risk to the company finances, supply operations
and damage to the surrounding areas is challenging and can only be done by understanding the true condition
of the network. Consequently, accurate non-destructive evaluation (NDE) is vital for making informed

replacement decisions.

1.2 Scope

Preventing trunk main bursts is of great importance if TWUL is to save water, reduce costs and maintain its
reputation. However, the ability to pinpoint the location of the next burst before it happens is needed if there
is any chance of preventing it. Sophisticated computer models can be developed to determine a pipe’s
likelihood of failing based on its environmental factors and its condition. However, the reliability of the output
from these models is dependent on the quality of the environmental factors and condition data input into the
model. If this data is not representative of the “ground truth” pipe condition, the recommendations it makes

will be unrealistic and TWUL cannot place confidence in them.

NDE technology for the water sector is relatively immature compared to the sister techniques currently
employed in the gas and oil sector and requires development to reach the point where the inspection data
accurately reflect the pipes’ condition. At this point, improved simulations of the mains with high risks are

likely to be achieved and would aid the decision process when selecting mains to be replaced.

A large collaborative project between TWUL and the University of Surrey was undertaken entitled “Trunk
Mains: Developing understanding, tools and models for characterisation, performance assessment and risk
mitigation”. This EngD project formed part of that project and focused on non-destructive methods of assessing

the current condition of a trunk main.
The aims for this work are to:

o Identify the defects associated with the failure of cast iron trunk mains and determine the minimum
size of defect NDE must be able to detect;

e Review the NDE tools currently available and understand their capabilities and limitations in order to
identify those techniques that could be reliably deployed to inspect the 6,000 km of grey cast iron pipe
within the TWUL network;

1 The expenditure proportion for the AMP is decided by the regulator, Ofwat, during the price review prior to the AMP
period starting.
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o Develop, and test, a methodology to give an exposed trunk main an initial “health check” to determine
if more detailed NDE is required.
e Develop a method of accurately capturing pipe geometry for comparison with results obtained by

contractors.

1.3 Thesis Structure

The preceding sections have introduced the background to the problem and the need for accurate information
on the condition of current water mains has been highlighted. The scope of the work presented in this report
has also been discussed and the objectives for the work defined. As the literature presented pertains to several
different topics, it has been kept with the relevant topic chapters to best present it. Thus, Chapter 2, reviews
the structure of grey cast iron and its historical introduction into water pipes. It also examines the reasons why
they experience failure and the defects that are instrumental in reducing the strength of the cast iron. Chapter
3 draws together the reasons for cast iron pipe failure and uses models documented in the literature to calculate
the size of the defects which may lead to catastrophic pipe failure under normal service conditions. This
underpins the requirements for any NDE tool to be deployed on cast iron trunk main. Chapter 4 discusses the
various NDE methods that may be suitable to detect such defects. This includes a discussion on the commercial

techniques that have potential to be applied to in situ cast iron trunk mains.

In Chapters 5 and 6, the experimental work undertaken to investigate ultrasonic and magnetic NDE methods
suggested in Chapter 4 is described and the experimental methods are detailed and the results are presented.
The findings from these two chapters are drawn together to provide a more informed view of their potential
for NDE of a trunk main. They also describe the difficulties that can be faced by any contractor carrying out
NDE on a cast iron main. Thus, whilst Chapters 5 and 6 focus on the tools and their capability to assess a main
in a non-destructive manner, Chapter 7 considers the problem from a standards and calibration perspective and
looks at a method of recording the pipe geometry to understand the actual condition of a main more fully. This
is a significant advancement on the current industry standard of pit depth measurement sampling. The
application of this developed methodology is further demonstrated in Chapter 8 where it is used to evaluate

the accuracy of two current NDE contractors.

The findings from the results given in Chapters 2 — 8 are brought together in the final chapter, Chapter 9, in
which the work conducted for each branch of experimentation is summarised and the key outcomes from these
results are presented. A final section identifies the boundaries of this work and suggests where future research

studies might usefully focus.

Appendix A contains a proof copy of a paper (based on the work presented in Chapters 2 — 4) which has been
accepted for publication in Infrastructure Asset Management.
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2 Cast Iron Pipes and Their Failure Mechanisms

2.1 Context

In the previous chapter, the importance of the trunk main network was described, together with the risks that
TWAUL face in the event of a trunk main burst. Mitigation of these risks to an acceptable level is necessary and
could be achieved through a complete network replacement program. However, in practice this is not a realistic
option due to: the prohibitive cost; significant engineering challenge; the location; and size of many of these
mains. Therefore, a targeted approach to high risk trunk mains in high consequence areas must be
adopted: identification of these assets which present such risks can only be achieved with tools that can
non-destructively assess the condition of in service pipes. This is not a trivial task as grey cast iron is a difficult

material to assess even when it is not buried underground.

This chapter reviews the properties of grey cast iron, providing a brief history of cast iron in the water industry,
describing typical pipe failure modes and summarising the reasons for such failures. With regard to the latter,
failure can be due to underlying defects in the iron, and these defects will be described so that indicators of

deterioration, that would be important to identify during inspection, can be determined.

2.2 CastIron and its Role in the Water Industry

Grey cast iron is formed of an alloy of iron and between 2.5 — 4 wt% carbon (Angus, 1976) with the saturated
carbon forming graphite flakes. The size and shape of these flakes is dependent on the processing route, cooling
rate and various alloying additives and impurities present in the melt. These flakes give the iron its good
machining properties, but, the sharp tips of the flakes act as stress concentrators and also give the iron its brittle
behaviour (Sun and Wang, 1990). As a result, the mechanical properties of the iron are dictated by the graphite
flake size and distribution. The identification and classification of graphite flakes can be carried out using
ASTM standard 247-16a (ASTM International, 2016). Examples of the graphite flake size and distribution

seen in grey cast iron water pipes are given in Figure 2.1.

Although available for many centuries, cast iron came to prevalence in the early 18th century as developments
to the iron smelting process made its production more economical. These improvements include: the
introduction of coke to the blast furnace (rather than charcoal); the addition of a reversing engine to recirculate
driving water for the bellows and, later, drive the air pumps directly; the re-melting of pig iron using a
reverberating furnace; and the introduction of wider furnaces with a larger interior volume (Allen, 2009).
Within years this new ‘wonder material’ was being used in many engineering projects driven by the Industrial
Revolution, as it afforded better mechanical properties than many other available materials (Addis, 2016). Its
widespread use is clear to see, even some 100 years, or more, later in bridges, buildings and canal aqueducts
that still stand.
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Figure 2.1 - Typical microstructure observed in cast iron mains: (a) an example of type B ‘rosette’
graphite flake morphology, (b) detail of (a), (c) an example of type A ‘scythe/sickle’ graphite morphology,
(d) detail of (c), (e) an example of mixture of type A and type B graphite morphology and (f) detail of (e).
After Mohebbi et al. (2009).

The earliest documented use of cast iron for water pipes can be traced to 1664 where it was used to supply
water at Versailles (Sharp, 1914). Its use extended into the water industry and it soon became the material of
choice for pipe manufacture as it leaked less and had a much greater design life than the 20 years afforded by
wooden pipes made of elm (The Stanton Ironworks Company Limited, 1936). Cast iron pipes were
commercially introduced in the late 18th century and continued to be used up until midway through the 20th
century as they proved to be an effective option for water transportation (Cast Iron Pipe Research Association,
1952). In particular, Henry Stilgoe, appointed as the Chief Engineer for the Metropolitan Water Board in 1919,
stated that: ‘I can always say of the Cast-iron Water Main that it is a well-tried, faithful, and honest servant of
the Water Engineer’ (Stilgoe as quoted by (The Stanton Ironworks Company Limited, 1936)). Even so, these
were eventually superseded by ductile iron pipes in the late 1960s (Thomson and Wang, 2009) as they provided
a greater cost benefit due to the reduced thickness of metal needed to withstand typical operational loadings.

At the introduction of cast iron for pipes, there were no standards in place to control the mixture of materials
used in the casting melt or to stipulate the geometry of each pipe. Standards were only introduced in the UK
in 1917 when BS 78 was released (British Standards Institute, 1917). Before this time, the pipes produced
could vary in geometry and mechanical properties between foundries. As a result, it is possible to see
significant variation in geometry in the joint. Unlike steel pipes which are usually welded together, cast iron
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pipes are normally connected by a bell and spigot joint comprising a lead, or in some instances a leadite?, and
hemp seal pressed together to prevent water leaking out, Figure 2.2. Many different bell geometries have been

observed across the network.

Figure 2.2 - A bell and spigot joint. After Harris (2005).

The methods of manufacture of cast iron pipes changed greatly over time. Early pipes were cast horizontally
in a sand mould, however, this was gradually phased out and replaced by vertical casting in 1875 (Cast Iron
Pipe Research Association, 1952). This improved the quality of the iron since more of the impurities could be
removed from the casting. This method was itself gradually replaced in the 1930s by spin casting (Cast Iron
Pipe Research Association, 1952). This further improved the strength as the porosity was reduced, since the
air could escape the casting more easily. Further, this development led to both increasing uniformity of the
wall thickness and a more refined microstructure with smaller graphite flakes, which ultimately improved the
mechanical properties (The Stanton Ironworks Company Limited, 1936). As a result of the on-going
development in pipe manufacture, it is possible to observe significant variation in material strength which can
be seen across a range of studies (Talbot, 1926; Makar and Rajani, 2000; Seica and Packer, 2004; Jesson et
al., 2013). The on-going evolution of production standards and on-going metallurgical research has introduced
great variation in the cast iron pipes produced. Consequently, it is not uncommon to find an assortment of
pipes, each with different material grades, strengths, sizes and of varying bell geometry present in a water

network.

2.3 CastlIron Pipe Failure

Cast iron pipe failure can be split into two different categories, catastrophic and non-catastrophic failures,
where catastrophic failure results in the pipe being replaced as it is no longer capable of performing its
structural role. Catastrophic failures occur as circumferential or longitudinal cracking of the pipe or as a split

or complete shear of the bell (Rajani et al., 1996). Such failure modes can occur across all pipe diameters.

2 ‘L eadite is a plasticised sulphur cement compound that was used as an alternative to lead” definition taken
from EPA report on “Condition Assessment of Ferrous Water Transmission and Distribution Systems™
(Thomson and Wang, 2009).
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However, circumferential fractures are the dominant failure mode for pipes up to 8” in diameter and
longitudinal fractures for all diameters greater than this value (Marshall, 2001). This diameter also marks the

transition from bell splitting to shearing (Makar et al., 2001).

Circumferential fractures propagate a crack around the pipe circumference as the axial stress exceeds the
material’s tensile strength. The increased axial stress can be attributed to poor bedding support or ground
expansion, particularly in clay soils, which can increase the bending stress on the pipe, or to soil frictional
forces which restrict pipe expansion (Rajani et al., 1996). Axial stresses have also been found to be elevated
by decreases in temperature. Such decreases result in tensile stresses as the pipe is restricted from contracting
by the joint at each end. If the stress induced is not sufficient to cause catastrophic failure it can promote joint

slippage and increased leakage (Jesson et al., 2010).

Longitudinal fractures result in the propagation of an axial crack as the hoop stress exceeds the material’s
tensile strength due to a water pressure increase from a surge or through crushing forces applied to the pipe
(Rajani et al., 1996; Makar et al., 2001). Bell splits and bell shearing are a result of increased stress within the
bell and spigot joint. Bell splitting is most commonly associated with joints constructed using leadite. Here the
thermal stresses created by the difference in thermal expansion coefficient between the metallic iron and the
non-metal leadite can lead to the bell splitting as it tries to contract around the leadite seal (Makar, 2000;
Thomson and Wang, 2009). Bell shearing is related to joint movement and the stress associated with joint
rotation under load (Makar, 2000). One further failure to note is the “blow out” where a section of the pipe
wall is driven out by the water pressure and often occurs as the result of a pressure surge. Such a failure is
unlikely to happen in a pipe with uniform wall thickness. Instead it occurs where the pipe wall has thinned.
The reasons for such wall thinning will be described in more detail in section 2.4. Examples of each of these

failure modes can be seen in Figure 2.3.

(a) (b) (c) , (d)

Figure 2.3 - Different failure modes seen in cast iron pipe: (a) bell split and circumferential failure,
(b) blow out and through wall corrosion, (c) longitudinal failure and (d) bell shear.
After Makar et al. (2001).
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2.4 Failure Defects

2.4.1 Context

Section 2.3 introduced the failure modes observed in cast iron pipe. It was alluded to in the previous section
by selective pipe blowouts that a deviation to the thickness of the pipe wall must be present to cause pipes to
fail. Previous stress analysis suggests that increased stress alone does not necessarily cause failure, as the pipe
walls are much thicker than needed to carry the working stress (Rajani and Abdel-Akher, 2012). The stress
must be raised substantially by changes to the geometry or the presence of defects (Makar, 2000). Several
different types of defects are present in cast iron which are created ab initio through manufacturing or
installation as well as defects that develop with time. These defects can act to raise the stress experienced by

the pipe.

2.4.2 Manufacturing Defects

It is well understood that the properties of cast iron are controlled by the graphite flake structure (Angus, 1976).
Improvements in the manufacturing methods have led to smaller graphite flakes, which reduce the stress
intensity around a flake, resulting in significant improvements to the mechanical properties of the cast iron.
These improvements in manufacturing have also led to better uniformity of the pipe wall thickness. Despite
such improvements, it is not unusual to see variations in the wall thickness of pipes. Figure 2.4 presents a
contour map based on physical measurement of a vertically pit cast pipe dating from the 1920s and produced
by the renowned Stanton Ironworks Company. The pipe, which can be considered to be of the highest quality

available at the time, shows some +£10 % variation around a nominal average thickness.

Other possible casting defects, which also diminished as a result of advances in manufacturing techniques,
include voids, porosity, slag inclusions, and so-called cold shuts, where two fronts of molten iron fail to fuse
properly due to premature cooling.

2.4.3 Installation Defects

Following manufacture, the cast iron pipes were transported to site on trucks and trailers for installation, and
would either be rolled down planks of wood from the edge of the truck or be lifted with a crane. It has been
suggested that pipes handled in this way were susceptible to damage from collisions between the pipes and
other external bodies (Rajani and Kleiner, 2011). Not all impacts would produce a visible crack: if a crack
were internal in the bell or spigot, this would not necessarily have been detected by any on-site hammer testing
that was employed at the time. Additionally, the use of chains for pipe handling, rather than canvas slings, is
known to have damaged the protective outer coal tar or bitumen coating leaving areas of bare metal vulnerable

to corrosion attack (Makar et al., 2001).



Chapter 2 Cast Iron Pipes and Their Failure Mechanisms

Circumferential Position (m)

7
‘Wall Thickness
25 3 35 {mm)

15 2
Axial Length (m)

Figure 2.4 - A wall thickness map showing the variation in wall thickness in mm from manual point
measurements, taken with a calliper, around the circumference of a 3.54 m length of 42" diameter vertical
pit cast trunk main sectioned into rings and each ring into quarters. The darkest point represents the thinnest
point and the lightest the thickest. The wall thickness varies by + 4 mm around a mean of 31 mm. After
Rainer et al. (2017).

Once the pipes were in situ, the joint would be packed with hemp to form a seal, filled with molten lead and
finally caulked by hammering the solidified lead into the joint (The Stanton Ironworks Company Limited,
1936; Rajani and Abdel-Akher, 2013b). If the caulking was carried out incorrectly, the lead would be
hammered too far into the joint, leading to an increase in stress around the joint, potentially causing a crack to
initiate. A worst-case scenario would see poor caulking practice growing a crack created during the siting of
the pipe. This could result in a pipe that is structurally flawed and hence has a reduced service life (Rajani and
Abdel-Akher, 2013a).

2.4.4 In-Service Defects

Once in service, pipes are subject to further mechanisms which can cause defects to form and grow until they
are too large for the pipe to sustain. Corrosion is one such defect. Early cast iron pipes would have been buried
without any surface treatment. When bare cast iron is buried in soil, it outer surface is exposed to the water
and oxygen present in the soil. This creates a corrosion cell where the iron is oxidised and can form different
oxides of iron. Further, the interaction of the cast iron with the water it is conveying can lead to internal

corrosion. Here tubercles are commonly seen as the most predominant internal corrosion (Sarin et al., 2004),
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Figure 2.5. Tubercles are the result of bacterial corrosion and produce a bubbles of iron oxide on the pipe wall

which can vary in strength and structure dependent on the water flowing over them (Gerke et al., 2008).

Figure 2.5 - A view of the inner surface of a water main showing significant tuberculation bubbles lining the
whole inner surface of the pipe. After Swietlik et al. (2012).

To provide a further layer of protection against such corrosion mechanisms, many pipes were coated in a
bitumen or tar coating® to protect them whilst buried (Shell Bitumen, 1995). However, in places where the
coating has been broken (often as a result of the installation process as mentioned above), corrosion processes
are initiated which can further undercut the coating, causing it to spall and expose bare metal which then

continues to corrode.

Of greater concern is ‘graphitisation’, which is a far more damaging corrosion mechanism present mainly in
cast iron. Once initiated, this corrosion can progress through the full thickness of a typical cast iron pipe wall.
Technically, it should properly be termed “graphitic corrosion’ of cast iron (Logan et al., 2014). Graphitic
corrosion is identified by two distinct areas: a passive grey brittle corrosion product and an active transition
zone, typically 2 — 4 mm in depth, bounded by the corrosion product on one side and the virgin iron on the
other, where the corrosion process occurs (Logan et al., 2014). Despite anecdotal assertion, it is not possible
to identify graphitic corrosion reliably by visual inspection in exposed pipes, since the corroded region does
not change in volume (although the density decreases) and so the surface of the pipe appears unaffected to the
naked eye (Fitzgerald, 2007).

Examination of exhumed pipes has found that the graphitic corrosion product has been seen to occur in two
broadly defined topologies: a uniform thickness over large areas, or more localised pits which can give variable
condition along a pipe’s length, Figure 2.6. In some places, it has been seen to extend through the full wall

thickness resulting in a significant loss of strength. However, corrosion over 4 mm in thickness is noteworthy

% Bitumastic or coal-tar coatings were applied to the pipes at the time of manufacture to prevent corrosion
and have proven to be effective at protecting the underlying metal, even after considerable time in the
ground (Reid, 1934).
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as this marks the transition in failure mechanism. Previous work has already shown that the iron possesses
graphite flakes within its microstructure that are between 2 — 4 mm in size. These flakes dominate the failure
mechanism. It is only when the defect size is larger than the flake size, at approximately 4 mm, that the failure
mechanism transitions from a microstructural failure to a failure due to an external defect (Atkinson et al.,
2002).

(@) (b)

Figure 2.6 - Two different morphologies of graphitisation: (a) localised pitting and (b) uniform thickness.
After Rainer et al. (2017).

Despite significant research into the corrosion experienced by cast iron, graphitic corrosion is not fully
understood and no definitive reason for its initiation is given. A parallel workstream in the larger TWUL
collaborative project has investigated the reasons for the initiation and progression of graphitic corrosion.
Logan (2016) has found that graphitic corrosion occurs when a buried pipe is exposed to a favourable
combination of the soil corrosivity, made up from the soils’ water retention properties and its electrical
resistance, oxygen content and the presence of salts in the surrounding soil. The exact combination of these
conditions is not known, however, graphitic corrosion has been found to occur commonly in pipes buried in
saturated soils, such as clay, where the soil corrosivity is high due to its water retention and low electrical
resistance. These soil conditions can vary due to the pipe backfill. Such heterogeneity in the soil conditions

around the pipe can result in variations in the corrosion behaviour seen across the pipe.

The study has also shown that the presence of chloride ions at the active transition zone are important for
corrosion to progress. No, chloride ions were shown to be present in the uncorroded materials and few remain
in the corrosion product. Hence it is likely that these ions have diffused into the pipe from the surrounding soil,
where the conditions permit their migration and concentration, to congregate at the active corrosion interface.
Their enhanced concentration in the soil is likely to stem from external actions such as road gritting. Once
initiated, corrosion rates of between 0.1 — 0.7 mm per year would be expected (Mohebbi and Li, 2011; Logan,
2016). Consequently, corrosion with an average rate of 0.4 mm per year will progress through a 35 mm thick

pipe in less than a century.

This corrosion product does not contribute to the mechanical strength of the pipe and can reduce the residual
strength capacity of the pipe (Yamamoto et al., 1983; Jesson et al., 2013), Figure 2.7. Further, the difference

in morphology can greatly affect the mechanical properties exhibited by the pipe as a uniform loss of material

11
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may result in a slightly reduced loading strength, whereas a non-uniform loss can create points of stress

concentration where it may be possible to form a crack, particularly if the pit has a very rough surface.
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Figure 2.7 — Strength of cast iron samples versus the maximum depth of graphitic corrosion measured on the
fracture surface of that sample. 10 samples were taken from a plate and three plates were taken cut from
each of the nine pipes studied. The plates were taken from random locations along and around the barrel of
the pipe. It is worth noting that in a number of cases the plates taken from a specific pipe exhibit very
different properties. Models for strength based on loss of section and fracture mechanics (values of fracture

toughness, K¢, ranging from 5 — 20 MPa,/m) approaches have also been superimposed.
After Jesson et al. (2013).

In smaller diameter distribution mains, graphitic corrosion has been shown to have a significant impact on the
strength of the pipe and to be in competition with defects that have originated during manufacture (‘a priori’)
and installation (“ab initio”). Further, because of the combination of the size of the pipe and its interaction with
the local environment, it is possible to comment upon the behaviour of the main a significant distance (multiple
casting lengths or ‘sticks’ of pipe, typically 3 — 5 m in length) either side of a sampling point (Belmonte et al.,

2007; 2008; 2009). The size and spread of graphitic corrosion in distribution mains can be seen in Figure 2.8.
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Figure 2.8 - Split section of 4”” diameter distribution main illustrating the spread of corrosion and the
amount of metal that can be lost to the graphitic corrosion process: (a) before shot-blasting and (b) after
shot blasting. After Rainer et al. (2017).

Finally, in terms of service induced defects, it is worth noting that fatigue has been cited as a problem, which
can be induced by operational pressure variations and traffic loading, particularly in connection with the
growth of installation defects (Rajani and Kleiner, 2011) . This assertion is predicated on the presence of a
substantial initial crack (of the order of 20 mm) which needs to grow by only a small amount (1 - 2 mm) to
cause catastrophic failure. Experimental work on the fatigue properties of cast iron presents a somewhat mixed
view. It perhaps seems more likely that fatigue may be a contributory factor when taken in conjunction with
corrosion: these two may combine to cause premature failure (Belmonte et al., 2009). Cast iron is known to
undergo mechanical fatigue (Angus, 1976; Belmonte et al., 2009; Mohebbi et al., 2010) although it should be
noted that a specific mechanism which combines both fatigue and corrosion has not been established.

13
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2.5 Summary of Cast Iron Pipe Failures

In this chapter, the on-going engineering developments that have led to great diversity of the materials and
geometry seen in water networks have been discussed. It is clear to see that significant variation in strength
and geometry is possible across any pipe network. Whilst significant variation has been shown, the failure
mechanism for large diameter mains has been shown to remain constant and will be governed by the graphitic
microstructure and the presence of defects. Many of the defects observed in cast iron pipes can be attributed
to a lack of understanding of casting metallurgy and structural weaknesses that can be introduced with poor
manufacturing practice. The defects induced ab initio can act in combination with other defects, such as
corrosion, to concentrate the stress and cause pipe failure. However, it is worth noting that pipes do not
necessarily fail where defects are present, as the defect may only raise the stress sufficiently to form a crack
and it may take several stress cycles to grow a crack capable of catastrophically failing the pipe (Makar, 2000;
Belmonte et al., 2009; Mohebbi et al., 2010).

Each of these defects could be responsible for the failure of a pipe. However, it is only when it has grown to a
sufficient size that catastrophic failure ensues. Such values for these critical defect sizes are important if
proactive NDE is to have a chance of detecting such defects while they are in a sub-critical state. In the next
chapter, such critical defect sizes are investigated through the use of strength models given in the literature.

These are brought together, along with extant material data, to provide guidelines on the defect sizes of interest.
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3 Critical Defect Sizes for Cast Iron Pipe Failure

3.1 Context

The previous chapter has explained the pipe failures seen and has suggested what defects cause these failures.
However, without an understanding of the size of a defect, the NDE will not be able to provide an informed
view of the health of a pipe section. Further, determining a critical defect size provides boundaries for the

sensitivity that any NDE technique must achieve.

In this chapter, two different approaches detailed in the literature for identifying the maximum tolerable defect
size for a given stress level, and hence the critical defect size, are described. Both approaches have been
developed to suggest values for the effect of corrosion on a pipe’s strength: these two approaches are to
calculate the remaining pipe strength given a uniform loss of section from corrosion or to calculate the stress

intensity factor for a sharp defect, such as non-uniform graphitisation.

Other literature is gathered which provides guidance on the working stress that a pipe may experience under
use. These sources of information are combined to identify the critical defect sizes tolerable for each suggested
defect profile. Finally, this is brought together to give a map which suggests a red, yellow and green scale to
indicate when a defect size may be bordering on, or likely to cause a pipe to fail. These values can be used to
suggest the size of defects that any NDE technique will need to detect if the onset of premature pipe failure is
to be detected early and prevented.

3.2 Loss of Section Approach

The loss of section approach determines the maximum stress that can be supported by a material with a reduced
cross sectional area. Equations developed by Jesson et al. (2013) to determine working stress in the remaining
sound metal, o7, dependent upon the ratio of the uniform layer lost, a, and the original wall thickness, d, are

given in Equation 3.1.

2

a
214.9 (1 _ —) ifo < 160
Org = d Equation 3.1

160 ifo > 160

A diagrammatic representation of this loss of section can be seen in Figure 3.1. In this approach, a yield stress
of 160 MPa is assumed for cast iron as an upper boundary to the working stress that the cast iron can
experience. Equation 3.1 has been plotted in Figure 3.2 and shows the maximum stress that can be supported
for a given loss of section. It can be seen that a defect must grow to about 5 mm before any degradation in pipe
strength with occur. From this graph it is also possible to determine the critical stresses for the loss of section
approach for a given working stress. However, the working stress that the pipe is exposed to must be known.
Each pipe in the network is different and it is very unlikely that any two pipes will experience the exact same

working stress. To overcome this problem, two different values for the nominal operating stress have been

15



Chapter 3 Critical Defect Sizes for Cast Iron Pipe Failure

proposed. Marshall (2001) suggested that a value of 90 MPa should be used for all diameters. This value has
been derived as the largest stress seen for any pipe in a network and is in agreement with values obtained from
discussions with water companies. It suggests a worst-case scenario for the stress that any pipe may see and is
applicable to water pipes of any diameter. However, Rajani and Abdel-Akher (2013b) have suggested a much
lower stress of 30 MPa. This value has been inferred from the values for factor of safety presented by Rajani
and Abdel-Akher (2013b) and the nominal strength of the cast iron described for many of the pipes currently

in service.

Graphitic Corrosion —» i a
d
Sound Cast Iron —»

Figure 3.1 - Diagrammatic representation of the metal lost through a ““Loss of Section’ approach to
graphitic corrosion.

The two working stresses of 30 and 90 MPa have also been plotted to determine the critical defect size at these
stresses. These critical defect sizes are also given in Table 3.1 and it can be seen that a defect less than 12 mm
or 22 mm can be supported at stresses of 30 MPa or 90 MPa respectively. Further material loss would result

in failure.
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Figure 3.2 - A graph showing the critical defect size tolerable at the stress limits given by Marshal (2001)
and Rajani and Abdel-Akher (2013b) for a pipe with an original wall thickness, d, of 35 mm as calculated by
the *““Loss of Section’ approach.
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3.3 Fracture Mechanics Approach

The loss of section approach provides a value of the critical defect size assuming that the corrosion has a
uniform morphology. However, this is not always the case and the loss of section approach may give an
overoptimistic defect size for cases of corrosion with non-uniform morphology. Conlin and Baker (1991)
suggested that fracture mechanics may give a better approximation of the remaining strength where
non-uniform corrosion, or other defects, create points of stress concentration. Grey cast iron exhibits brittle
behaviour that can be characterised by linear elastic fracture mechanics. The fracture mechanics approach
treats corrosion as a sharp crack with a stress intensity factor, K;. This factor can be determined using Equation
3.2.

K; = Yovma Equation 3.2

Where, Y is a geometrical correction factor, o is the tensile stress applied to the pipe and a is the size of the
defect (Hertzberg, 1996). Equation 3.2 can be re-arranged to give Equation 3.3 which relates the maximum

critical stress, o, tolerable for a set material fracture toughness, K., and critical defect size, a.

K.
YVma

o, = Equation 3.3

A simple fracture analysis, modelling the defects as a sharp crack, has been carried out to determine the size
of defect that could be supported for a given working stress. Some of the defects exhibited in pipes may vary
in geometry to a simple crack, but, this analysis serves to identify the size of defect which it would be desirable
to detect in a worst-case scenario. Consequently, a geometric correction factor, Y, of 1 was chosen. This is
consistent with other fracture mechanics analyses that have been carried out on cast iron water pipe (Conlin
and Baker, 1991; Atkinson et al., 2002; Mohebbi et al., 2010)

From the literature it can be seen that cast irons have a fracture toughness that lies in the range of
6 - 20 MPa+v/m (Ashby and Jones, 2005), and which is dependent upon the casting method (Makar, 2000). The
critical stress has been plotted against a corrosion thickness of 0 to 35 mm for 4 different values of fracture
toughness, ranging from 5 - 20 MPa+v/m as seen in Figure 3.3. The two working stresses of 30 and 90 MPa
have also been plotted to determine the critical defect size at these stresses. The critical defect sizes for each
operating stress and fracture toughness are given in Table 3.1. It can be seen that the critical defect size can
range from 1 mm up to 16 mm at a working stress of 90 MPa. However, a much larger defect can be supported,

> 9 mm, if the working stress is 30 MPa or lower.
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Figure 3.3 - Critical defect size tolerable at the stress limits given by Marshall (2001) and Rajani and Abdel-

Akher (2013) as calculated by the “Fracture Mechanics’ approach.

Table 3.1 - Critical defect sizes in mm determined by the “Fracture Mechanics” approach and ““Loss of
Section” approach for the given stress limits by Marshall (2001) and Rajani and Abdel-Akher (2013), for a

pipe with an original wall thickness of 35 mm.

Pipe Fracture Mechanics Loss of
O%i:zzisng K, (MPaym) Section
(MPa) 5 10 15 20
30 9 Greater than wall thickness 22
90 1 4 9 16 12

3.4 Combined Analysis for an Overall Defect Envelope

The critical defect sizes obtained from both the fracture mechanics approach and the loss of section approach

are given in Table 3.1. The analyses show a wide spread of sizes from as little as 1 mm to more than the pipe

wall thickness, however, it is not possible for a pipe to sustain a defect of any geometry greater than 22 mm as

it would fail from a loss of section. Also, it is unlikely that a defect of 1 mm or even 4 mm would be responsible

for pipe failure. As mentioned previously, the external defect size must be greater than the graphite flake size

before the external defect size becomes the reason for failure. Consequently, the critical defects are likely to

be of the order of 9 to 22 mm in size dependent upon the working stress.
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These approaches have been combined to generate an envelope which suggests the size of the critical defects
tolerable and the method by which the pipe will fail, Figure 3.4. Here the green region indicates a combination
of stress and defect size that is survivable by the pipe. The yellow region indicates a combination of stress and
defect size that is likely to be survived by the pipe dependent on the fracture toughness of the pipe. Finally,
the red region indicates combinations of stress and defect size that would lead to catastrophic failure of the
pipe. In this region, the pipe is most likely to fail due to a loss of pipe section capable of supporting the stresses
applied. However, the darker red region on the map indicates an area where the pipe is likely to fail from a

fracture mechanics approach in preference to a loss of section.
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160 [ Pipe Survival
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Figure 3.4 - A map showing the critical defects tolerable at the stress limits given by Marshall (2001) and
Rajani and Abdel-Akher (2013b). The ““Fracture Mechanics™ (solid lines) and ““Loss of Section” (variable
dashed line) analyses, for a pipe with an original wall thickness of 35 mm, have been super imposed to
create regions indicating the likelihood of pipe survival.

The fracture mechanics analysis shows that the tolerable defect size is considerably less than the loss of section
approach. If the worst-case scenario is examined, the fracture mechanics analysis suggests that defects of the
order of 9 mm thick could cause the failure of a pipe. This has been suggested as over pessimistic by
Atkinson et al (2002) as it assumes the pitting behaves as a sharp crack. Consequently, thicker corrosion could
be supported by the pipe than calculated. However, it is desirable to be able to detect these defects as they can
be seen to represent the worst-case scenario. Cracking of this order may be possible as there have been
examples of pipes that have failed without any prior warning and do not appear to be degraded (Rajani and
Kleiner, 2011).
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3.5 Summary of Cast Iron Pipe Critical Defect Sizes

In this chapter, two approaches that seek to identify the maximum stress tolerable for a defect of a given size
in a pipe have been discussed. The working stresses that a pipe may be exposed to have been suggested and
discussed. This information has been combined to give suggested defect sizes that may cause catastrophic pipe
failure. The analysis has suggested that defects as small as 9 mm could cause the pipe to fail by fracture.
Further, if the defect grows to 22 mm, the pipe will yield and fail due to insufficient cross section to support
the loads applied. It should be remembered that these sizes indicate the defect size at which failure will occur.
For proactive NDE and targeted pipe replacement, defects smaller than these sizes must be detected before
they reach critical size. It is suggested that defects approximately half of the size of the critical size must be
detected to ensure the pipe possesses sufficient remaining life to continue to operate in service without failure
while rehabilitation actions for the main are planned and undertaken. As a consequence, a minimum defect

size of 4.5 mm must be able to be detected in order to prevent catastrophic pipe failure.
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4 Non-Destructive Evaluation of Cast Iron Pipes

4.1 Context

In Chapter 2, the legacy materials currently used in the water network were detailed. The main causes of pipe
failure within this diverse network of materials were identified and the defects, or potential indicators of a pipe
being in a state of poor condition, detailed. Ultimately pipe failure is the result of the load capacity of the pipe
being reduced significantly through a combination of inherent material defects and defects induced through
manufacture, installation and service use. In Chapter 3, approaches described in the literature were used to
determine the critical defect sizes at which the pipe would fail catastrophically, under normal loading. It is
clear that several defect types can undermine the structural condition of a pipe and it is important that these
defects can be detected and sized. The need for an NDE technique to be able to detect these defects before they

reach these critical sizes is clear, if the transition from reactive to pro-active pipe replacement is to be made.

NDE has been traditionally used in fields such as aerospace, nuclear, petrochemical and power generation,
where failure can result in a loss of life, environmental disaster or similar intolerable costs (Roberge, 2007).
Many of the current techniques available have been derived from these industries and are described in detail
by (Halmshaw, 1991; Cartz, 1995). However, NDE is becoming more commonly used in applications where
assurance that a system possesses sufficient structural integrity to operate over its design life with a low risk

of failure is needed.

NDE in the water industry is a relatively new concept, although it has become more prevalent, driven by
incentives to reduce the level of leakage from the network. Systems have been developed to identify possible
leaks in water mains through noise correlation. Examples include “Sahara” which comprises a tethered
hydrophone capable of travelling down the inside of a pipe (Bond et al., 2004), or “Trunkminder”, which
comprises a set of hydrophones fitted at specific locations along a pipe (Syrinix, 2017). Such systems have
become fairly advanced and give a good indication of the location and size of leaks in a main, but tools
available for assessing the condition of the pipe material remain limited.

In this section, the techniques for NDE that may be appropriate for the water industry will be considered. The
requirements for NDE are defined together with barriers to application. Finally, the techniques which are most
likely to meet the needs stated will be explained: any that can’t be applied to cast iron trunk mains in the field
will be removed from further investigation. Any technique selected must be capable of being deployed in
potentially busy city streets as well as locating and sizing the required defects. As such, any technique will be
selected on its ability to be commercially deployed, not just its ability to identify defects.

4.2 Non-Destructive Evaluation - Uses and Limitations

4.2.1 Definition of NDE
In its simplest guise, NDE describes any form of inspection or investigation that provides results pertaining to

the condition or construction of an object or objects under inspection without causing any permanent damage
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to the object of inquiry. A simple example is knocking on a wall to see if it is hollow. Here a change in the
sound properties provides a yes/no answer to the question and avoids visual inspection after the demolition of
the wall. As stated, this is a simple example and NDE has moved on greatly to capture more detailed
information on construction and condition, such as the thickness and composition of the wall in our earlier
example. Perhaps the most noticeable area of growth and development is in the medical sector. Typical
examples of NDE used in the medical industry would be X-Ray, ultrasonic or even magnetic resonance
imaging (MRI) scanning. In this industry, the need for non-destructive tools is obvious, particularly where data
needs to be collected on or around sensitive organs such as the heart or brain. These tools reduce the risk of

tissue damage which may be incurred via traditional invasive techniques such as surgical exploration.

It is not only patients that require a periodic health check, but also many engineering structures to ensure that
they are in a condition capable of surviving the design life, which can be lengthy particularly when the fixture
may have been extremely costly or difficult to install. This is true of many civil engineering installations. Cast
iron water pipes are no different. However, unlike their oil and gas relatives that are routinely inspected, and
often designed with inspection in mind, they have experienced less care and attention due to the fact that they

are buried underground where access to them is both disruptive and costly.

It should be clarified that non-destructive evaluation (NDE) and non-destructive testing (NDT) are often used
interchangeably. However, they have similar but subtly different meanings. NDT refers purely to the
acquisition of physical results from testing that identify the presence of a defect. NDE takes this definition one
step further. Whilst NDE also refers to the testing of an object through non-destructive means, the evaluation
provides data that is more quantitative in nature, such as the size and position of a defect (Raj, 2001). Such
data is important for further processing to produce a decision outcome, such as acceptable or unacceptable
defect sizes. The decision making process to determine the suitability of an item based on the outcome of NDE
is a complex process and is influenced by many variables which are dependent on the structure being
investigated. The judgement of and not the judgement of the potential of such defects for failure falls outside
of the scope for this thesis. Further information on this decision making process can be found in Fahimi (2017).
The focus for this thesis is on non-destructive methods that are capable of not only finding defects within a
cast iron pipe, but also able to determine their size, shape and position to support the decision making process.
Consequently, the term NDE is most relevant and is used throughout this thesis to describe any non-destructive

measurements.

4.2.2 Mechanisms of NDE

As it has already been alluded to in the hospital environment, NDE can come in different variants in industry.
This is driven by the data being sought from the inspection but also the ability to apply the technology. This
can be broken down into many different areas and hence into different criteria for acceptance, depending on
the evaluation being conducted. A simple form of NDE on cast iron pipes would be to undertake leak testing
on a system of pipework to ensure that a system performs its function without losing fluid. However, when

talking about material properties, it is more common to use NDE to evaluate the remaining strength within the
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material to state whether or not the component can continue to perform its function. Both inspections are
seeking indicators of a failure however, the two are very different and will require significantly different tools
to detect them. To meet such requirements different methods of NDE are used: Acoustic, Visual, Electrical,
Dye Based, Magnetic, Ultrasonic, Radiographic, Thermographic, Chemical, Electromagnetic or a combination
of several methods. This list is by no means exhaustive. Many of the techniques can be broken down into
further subsets and newer techniques are constantly being developed as applications demand enhanced

assurance of their ability to function.

4.2.3 Continuous or Instantaneous Monitoring
When applying NDE to a pipeline, it is important that the method of application is carefully selected. Two

different options exist which can provide different results:

Continuous Monitoring — The component is instrumented with sensors which continually record the changes

over a set period of time. These systems look for changes that are exhibited over time, very often from passive
emission by the material, that would be highly unlikely to be experienced during a planned inspection.
Examples include: Acoustic emission testing on the Forth Bridge suspension cables or leak noise correlation.
Ultimately it could be argued to be the most comprehensive method of conducting NDE as it can be configured
to detect a problem at its onset and allow it to be resolved at a very early stage. However, in doing so, there is
a significant setup cost and a considerable overhead to monitor the data being produced by the sensors. In
many applications, this type of monitoring is not practical and it is reserved for mission critical components or

components with a high likelihood of failure.

Instantaneous _inspection — When continuous monitoring is considered an unnecessary expense,

instantaneous inspection is opted for on a single one-off event or as part of a regular maintenance program.
The component is inspected using the desired technique at a point in time to determine if any indicators are
present which might indicate that it will not perform satisfactorily. This could be immediately after
manufacture as a quality assurance inspection or later on in life to ensure that the component or system will

continue to perform as expected, such as ultrasonic weld examination during manufacture for example.

It can be seen clearly that the choice of NDE used for inspection and their applications is vast. Each technique
available is suited to particular applications and defects. The choice of NDE for application to cast iron water
mains will be determined by the environment in which they are expected to operate and the indicators that are

being sought.

4.2.4 Principles of Application of NDE in the Water Industry

In Chapter 2, the different ways in which a cast iron pipe section can fail were described and the underlying
defects which can cause such failures were described. Whilst the defects mentioned previously could all
contribute to failure, some are more likely to cause failure than others. Corrosion has been shown to reduce
the structural performance of the cast iron severely and must be a priority for inspection. It is also important

to establish the level of metal remaining in the pipe, especially as geometric disparities such as wall thickness,
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variations not necessarily known about beforehand, can further concentrate the forces around the corrosion
site and so further reduce the pipe’s capacity. Following on from corrosion, cracks also present a significant
risk to the structural performance of the pipe as they have the potential to grow until failure through fatigue
loading (Rajani and Kleiner, 2011). It would be beneficial to be able to identify the location and dimensions
of any cracks particularly if there is the potential for them to interact with another defect present. Finally, it
would also be beneficial for asset management if the presence and location of porosity, inclusions, cold shuts
and other such defects could be determined, to characterise the condition of a pipe fully. However, if the defect
populations introduced at manufacture have not led to early failure, they are likely to be in a stable state and
may not lead to failure in the near future, unless combined with newer defects. Hence, the detection of cracks

and corrosion, both of which can worsen over time, are of much greater importance.

Finding these defects is challenging as there are several barriers which inhibit the use of NDE, not least, their
buried nature. It is an aspiration that the condition of a buried asset could be assessed from above ground
without the need to excavate the pipe, thus saving time and expense. Engineering and Physical Sciences
Council (EPSRC) funded UK research programmes “Mapping the Underworld” and, more recently,
“Assessing the Underworld”, have been working to determine what underground assets can be successfully
inspected without being exposed. Whilst progress on identifying the location of a buried asset has been made,
no methods of NDE have shown the ability to detect the defects discussed here either from above ground or

by using point assets, such as valves or hydrants, as access points (Hao et al., 2012).

Where above ground inspection is not possible, the ideal deployment would be via an inspection system which
can pass along the inside of an in-service main (such a tool often being referred to as an intelligent pig, smart
pig, or inspection pig). In principle, this would allow large portions of the network to be inspected without
disruption to supply. However, in practice, this is problematic as the physical contact of the sensor and/or the
carrier with the pipe wall is likely to cause surface deposits to be dislodged or in the worst-case may damage
corrosion prevention measures (e.g. bitumastic coatings). In a worst-case scenario protruding corrosion
features (known as tubercles, Figure 4.1) can be damaged by internal NDE, leading to chronic water quality
issues and potentially accelerate internal corrosion due to the removal of the passivated layer. Tubercles are
the result of bacterial corrosion and produce bubbles of iron oxide on the pipe wall which can vary in strength
and structure dependent upon the water flowing over them (Gerke et al., 2008). Hence, the use of an inspection
pig is likely to require the main to be taken out of service during inspection and subsequently flushed.
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Figure 4.1 - Example of tuberculation build-up on the inner surface of a cast iron trunk main.

The use of this approach would also require a significant amount of network modification to enable a pig to
be inserted and retrieved from the network, and a device or a collection of devices that could cope with the
range of mains diameters in use (12” to 60™). Lastly, the pig must be capable of traversing a trunk main which
may change direction or depth along its length, and could have off-takes. Given that many parts of the pipe
network are not always easily accessible if the device should become stuck, this presents a significant challenge
(Vickridge and Lau, 2000; Dingus et al., 2002).

As a consequence, conducting NDE from the outer surface of the pipe is currently preferable, even if it means
that the pipe must be excavated for NDE to be conducted. Very often mains are exposed for routine work,
which may present sufficient opportunity to assess the main’s condition whilst the excavation is still open.
However, this is still not without challenge. An excavation creates a muddy trench and may only expose a
small section of main, (approximately 1 m in length), which is not significantly wider than the pipe’s diameter.
This can leave limited access to the surface of the pipe, particularly underneath the pipe, Figure 4.2. Any NDE
method will need to be capable of operating within the clearance around the pipe afforded by the excavation

and the neighbouring utilities.

Any technique must be capable of dealing with an outer surface which is often hidden by a well adhered layer
of surface encrustation which is formed from the soil and aggregates around the pipe and, in some
circumstances, iron leached from the pipe may react with the soil and the aggregates to form a binder,
increasing the tenacity of the encrustation to cling to the surface, Figure 4. 3(a). Whilst this encrustation can
be removed, it must be done carefully so that the pipe is not compromised or the rate of degradation accelerated.
Even once removed, the surface can be seen to be heavily pitted. This is a long way from the typically smooth
surfaces seen in the aerospace industry where NDE techniques are routinely used. Finally, NDE must be
capable of penetrating thick sections of cast iron, of the order of 30 - 40 mm. This is further complicated as
cast iron pipes have a heterogeneous microstructure and so can be difficult to inspect with many established
techniques. The graphitic corrosion product, that forms over time, can also be very difficult to inspect as it is

also heterogeneous and can greatly attenuate any signals being put into it (Logan et al., 2014). Not all of these
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surfaces are of simple geometry. The pipe joints also limit the use of NDE as they can have varying geometry
of which the inner profile is not always known, Figure 4. 3(b). Consequently, it may be difficult to distinguish
between a geometrical variation and a genuine defect. It also makes accessing the spigot very complex as it is

hidden by the pipe bell. Effective NDE will cover the whole pipe section including the pipe joint where the

geometry can become significantly more complicated.

Figure 4.2 - Exposed 20" trunk main in situ at Regent Street in central London with several other pipes and
services crossing it showing the restricted space available around a main.

@ (b)

Figure 4. 3 - Barriers to NDE on cast iron trunk main: (a) surface encrustation and (b) variable geometry.
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The water industry is subject to strict controls and measures for the prescribed concentrations and values for
chemical and bacterial content in the treated water (UK Government, 2016). Any NDE technique deployed to
the network, either internally or externally, must not have an adverse effect on the water quality. Further, any
NDE technigue must not affect the supply of water to the customers. Any change to either is likely to attract

negative attention for the company, not least from the water regulator and so must be avoided.

4.3 NDE Currently Used in the Water Industry

Every NDE technique has strengths and weaknesses: there are several excellent reviews on such techniques
and their specific capabilities (Jackson et al., 1992; Dorn et al., 1996; Dingus et al., 2002; Costello et al., 2007;
Thomson and Wang, 2009; Prinsloo et al., 2011; Hao et al., 2012; Liu and Kleiner, 2013): the key features of
these reviews are summarised in Table 4.1. All of these papers review the literature regarding NDE and explain
the operation of each technique. In some cases, the results of field tests that evaluate each NDE technique’s
efficacy on cast iron main are given. However, such reviews, whilst providing an insight into potential NDE
techniques that may be applicable to cast iron, rarely consider the different types of defect and the challenges
in finding such defects in a buried pipe in-service (‘live”), in the field. Where field results have been obtained,
the results only consider inspection carried out internally on small diameter pipes. Little consideration has been
shown for techniques that can be applied to the outside of the pipe, nor on the techniques that could be used to
inspect much larger trunk main. Ultimately, many of the reviews identify very similar tools for potential use
on cast iron pipes, rather than describing how their methodology may be applied to the pipe or locating specific

defects.

Aside from studies in the literature, TWUL are not new to NDE and have trialled a number of different
approaches including an in-house project which developed the “Super-pig” (Thomson and Wang, 2009). The
Super-pig was a free-swimming PIG capable of inspecting 8 — 12” main with an array of ultrasonic transducers
as it travelled along the main. The prototype was successfully trialled, but funding priorities changed before it
could be developed further into a commercial tool for large diameter cast iron mains (Evans, 2017). Externally,
many contractors currently offer NDE on trunk mains as a service. Companies such as JD7 and Hydrosave
offer inspection using an ultrasonic tool. JD7 use a tethered probe that travels down the inside of small diameter
cast iron mains and captures condition data using a rotating ultrasonic transducer (JD7, 2017). Hydrosave use
a single transducer that is hand-scanned over the outer surface to capture condition data (Hydrosave, 2017).
Other NDE companies are also known to use ultrasound to inspect cast iron, although TWUL have had little
exposure to some of the other ultrasonic offerings. Ultrasound is suggested to be one of the most useful tools
for inspecting cast iron, however it is not the only technique. One other company, Advanced Engineering
Solutions Ltd (AESL), use magnetic flux leakage (MFL) to inspect cast iron main (Advanced Engineering
Solutions Ltd, 2016). Their E-Cat tool is rastered over the surface of the pipe to assess the corrosion. Further

thickness measurements are carried out using an ultrasonic probe.
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Table 4.1 - A summary of the literature comparing NDE on cast iron water pipes in chronological order. Although each paper may describe NDE for more than one material, any technique which is not applicable to cast iron, or which is only
used to evaluate the environment around a pipe, is not considered in the table. (N/S — not specified, N/A — not applicable)

Pipe
Reference Format Materials ] Wall Field NDE Techniques Discussed Defects Considered Comments
Considered Diameter | Length Thickness | Conditions
Physical Acoustic Emission:; Wall thinning;
Study Cast Iron; 456" Upto 3.175 - Sections of Magnetic Phase Shift; Man-made defects
(Laboratory | pyctile Iron ~ 549m | 8.76 mm | jointed pipe | Remote Field Eddy Current (RFEC); | (10 - 40% of the wall
Testing) Ultrasonic; thickness)
F’hyS(leal 7" 80m ~8mm bandoned Magnetic Phase Shift; | thinning: This review shows the start of NDE of cast iron pipes and comprises a
Study Cast Iron Abandone RFEC: Wall thinning; literature review and a physical study split between the laboratory and the
(Field 6" 65 m N/S Pipeline Ultrasonic; Graphitic Corrosion | fie|q. potential NDE techniques were identified from the literature of
Jacksonet | Testing) well-established techniques present in the oil and gas industry. These
al. (1992) ] techniques were then applied to laboratory pipe samples and buried pipelines.
Visual; _ Here the RFEC test show potential for inspection, however this study is
Penetrant Flaw Detection; limited to internal inspection of small 4.5 - 7" diameter mains which is not
LRJ?t?;angizi Cracking: reflective of the true sizes of pipe present.
Literature Sf[eel; Magnetic Flux Leaka’ge (MFL); Breaks in Lign’ing'
Ductile Iron; | Up to 36" N/S N/S N/A VT ' e '
Study Cast Iron Eddy Current Testing; Pitting;
Potential Drop Inspection; Wall thinning
Acoustic Emission;
Thermography;
Holography
The paper reviews techniques for assessing a pipe's condition and then
CorroLe Eddy Current: suggests methods of inspecting this cond_ition usi_ng l_\lDE. The _review
Dorn et al. Literature Materials: Radiographic: Graphitic Corrosion; recognises the many_defects that can cause pipe deterlorat_lon, but the size and
(1996) Study Cementitio'us > 150 mm N/S N/S N/A Ultrasonic: : Wall Thickness | importance of detec_tlon are not given. It then suggests yvhl_ch NI_DE te_c_hnlques
Materials Visual ’ could work on cast iron. _The paper goes on to suggest |nd_| rect identifiers that
’ can be used to identify pipes that may be susceptible to failure based on other
data that can be gathered non-destructively, such as soil corrosivity.
Impact Echo; Cracking;
Literature Metallic N/S N/S N/S N/A Remote Field Eddy Current (RFEC); | Graphitic Corrosion; S o _ _
Study Pipes Ultrasonic; Pitting; This review is split into two parts and initially reviews the current literature
Visual: Wall Thinning to identify NDE that could be useful for cast iron mains. The paper continues
by showing the results of field trials which used NDE selected based on the
50" information provided in the literature review. All cast iron pipe inspection
Dingus et 6" Aggndlgned RFEC was conducted using internal inspection pigs. RFEC was shown to be the best
al. (2002) 300" Ipeline at inspecting metallic pipe for thinning but could not find any cracks or voids.
' Physical Cracking; Whilst the_results show _potentlal for inspecting cast iron they are _Ilmlted as
Study 10" 1080" Graphitic Corrosion: only two dlffereqt techniques were tested on cast iron pipes, covering only a
(Field Cast Iron N/S Man-made Grooves: small range in diameter when compargd to the 60 cast iron mains that are
Testing) In Supply _ Wall Thinning present in the UK. Further the paper did not explain the sizes of defects that
) ' Pipeline Electromagnetic were important to detect.
16 1000
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Pipe
Reference Format Materials Diameter | Lenath Wwall Field NDE Techniques Discussed Defects Considered Comments
Considered g Thickness | Conditions
The review covers methods of NDE that could be used to locate buried
Eddy Current; utilities or to conduct condition assessment of known utilities. The mode of
Impact Echo; operation is explained for each technique and some known potential problems
Costell Laser Profiling; with each technique are given. Many of the techniques listed are for use in
ostello et I jrerature MFL; Cracking; sewers. However, as the focus of the paper is not specifically on buried cast
I. (2007 N/S N/S N/S N/S N/A
al. ( ) Study RFEC; Pitting iron water pipes but buried utilities in general, the review of each technique
Sonar; does not suggest how each technique would cope when being applied to an
Ultrasound; aging cast iron pipe and tasked with finding the specific deterioration
Visual; mechanisms present in cast iron. Further, there is no mention of the size of
the utilities these techniques are applied to.
- This paper reviews the published literature on cast iron mains failures and
Visual; . . . .
- Corrosion; methods of conducting condition assessment on them. It recognises the
Ultrasonic; o . . : .
Thomson et Literature Ferrous Eddy Current: Pitting; different types of cast iron manufacturing and the defects that each pipe
al. (2009) stud Pines <6 - >48" N/S N/S N/A MEL: ' Cracking; suffers, before going on to describe the possible failure modes and detailing
y P g Remaining Wall the indicators that should be detected to prevent a failure. The capabilities of
RFEC,; . . S
) . Thickness some techniques are suggested but not for all. Further, the practicalities of
Radiographic : - . X
conducting this inspection are not considered.
Prins] Acoustic Emission; The paper reviews the current techniques available for internal inspection of
rlmszoo et | Literature Metallic > 100 N/S N/S N/A Visual; Corrosion large diameter mains but not specifically to water. The defects that cause
al. (2011) Study Pipes mm MFL,; deterioration to cast iron water mains, and the NDE ability to detect these
RFEC types of defects, are not mentioned.
Eddy Current;
Impact Echo; This paper provides an updated review of the techniques mentioned in
H | MFL; Costello et al. (2007). However, the focus of the paper is still on the tools that
a;oitza ' Literature N/S N/S N/S N/S N/A Rapid Magnetic Permeability; Cracking; can be applied to the buried utilities in general and whilst some areas have
( ) Study RFEC; Pitting been updated as new technologies have become available, the fundamental
Sonar; defects affecting deterioration in cast iron pipe and their chances of being
Laser Profiling; detected are not discussed.
Visual
Eddy Current;
Metallic Imp:/flt:Echo; The paper reviews the latest NDE technologies that can be used to conduct
. Pipes; o . NDE. It covers many more techniques than have been mentioned in previous
Liu and Laser Profilometry; . . .
| . Pre-stressed . i _— papers. Whilst the paper covers the techniques that could be applied to all
Kleiner Literature Radiography; Corrosion; . . . o . ! .
2013) Study concrete N/S N/S N/S N/A RFEC: Pitting buried pipes, |_t_d_oes not suggest the specnflc defects of interest in cast iron
( pipes; Sonar: and the capabilities of the NDE for assessing these. Further the paper does
Polymeric o not consider the difficulties of implementing any of the methods suggested
A Thermography; . . .
Pipes; i on a buried cast iron main.
Ultrasonic;
Visual
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4.4 Unsuitable Techniques

4.4.1 Context for Unsuitable Techniques

The literature reviews on the techniques have shown that a reasonably comprehensive list of NDE techniques
might be expected to include: ultrasonic, magnetic flux leakage (MFL), eddy current, acoustic, radiographic,
dye penetration, visual and pit depth measurements. Whilst it is vital that any NDE technique being deployed
on the water network can detect the defects of interest, it is also paramount that they can be deployed to network
given the space around an asset and operate in a safe fashion. The techniques mentioned above have been
evaluated and some have been found to be inapplicable to the water network for such reasons. These techniques

and their reasons for being unsuitable are given in this section.

4.4.2 Constrained by Safety

Dye penetration testing requires the use of a fluid dye which must not enter the water supply but could be
drawn in through a through-wall crack. Radiographic inspection with gamma rays or X-rays carries immediate
health risks and would require an extremely powerful source and lengthy exposure time to penetrate the thick
cast iron. Given the small exposure area, this process would need to be repeated several times to build up a
complete image of the pipe successively. Furthermore, the inspection would only have access to the outer
surface of the pipe which would mean that the radiation source and detector would be sited either side of the
pipe, effectively doubling the material that the rays would need to penetrate. Hence more powerful X-rays with
longer exposure times would be needed, increasing the health & safety risks. Finally, there is a public
perception issue regarding the deployment of radiographic equipment, and associated shielding, barriers and

signage, in urban areas.

4.4.3 Constrained by Working Space

Remote field eddy current technigues have been shown to assess the level of corrosion on a main well but it
would be impeded by the available space in the excavation (Dingus et al., 2002). Hence, the technique is suited
to an inspection pig application since it requires a substantial separation, of the order of two pipe diameters
(Hao et al., 2012), between the exciter and the detector. This is unlikely to be possible in an excavation where
space may be limited.

4.4.4 Constrained by Damage to the Asset

It is feasible to gather visual condition data on the level of external corrosion by mechanically removing
corrosion products and measuring with more or less accuracy the pits which are revealed. However, this is a
partially destructive method which, whilst providing a useful measure of corrosion, could lead to problematic
situations for an in-service main. If through-wall corrosion is present, disturbing it may lead to a leak or, worse,

failure of the pipe.

4.4.5 Constrained for Other Reasons
Passive acoustics are used in water mains to detect leaks but can also be employed to listen for mechanical

deterioration in a structure, such as the wires breaking inside a pre-stressed concrete pipe (Travers, 1997). This
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method can only be applied to situations requiring continual monitoring and not inspection as it can only
measure the deterioration since it was installed rather than providing a complete instantaneous picture of
condition (Makar and Chagnon, 1999). It is questionable whether such an approach is relevant in the context
of the subcritical growth of a crack. Pre-supposing that such a crack has been identified and a sensor placed at
an appropriate location to monitor ongoing crack growth, such a detector would need to be capable of detecting
the energies associated with crack growth of the scale of the order of 1 um per cycle (Mohebbi et al., 2010),
whilst also subjected to a range of other events found in live main, particularly those under busy roads. Active
acoustic methods such as modal analysis, where the frequencies at which an object resonates are monitored
and compared to a known reference, as in the traditional tapping test of a train wheel to identify a flaw, have
also been suggested. For a buried water pipe, the different volumes and types of earth which surround it, and
the large volumes of water within it, can affect greatly the resonances of the pipe wall (Leinov et al., 2015).
Such environmental variations may be very difficult to factor into the reference and, hence, the results obtained
may be negated. At higher acoustic frequencies, shorter range guided waves might be used to inspect trunk
mains. This technique is often used to inspect long lengths of welded pipes where the waves can progress
between lengths of pipes. However, the bell and spigot joint between pipes on trunk mains would limit the

wave progression between adjacent sticks.

Non-contact strain measurements which use interference optical methods, such as holography and
shearography, may be challenged by the environment when used to perform measurements on a large pipe.
Preparing the surface sufficiently well to use precision optical equipment would be very demanding and it is
doubtful that an excavation on trunk main could provide a suitable environment for such optical based NDE

methods to function.

Visual inspection may not be sufficient on its own but would be a precursor to any other technique, allowing
information, such as casting marks and the environment in which the pipe sits such as the presence of other
utilities or traffic loadings to be assessed. All this information can contribute to a “health check’ of a pipe. If

the pipe is badly deteriorated to the naked eye, then this may negate the need to proceed with further inspection.

4.5 Potentially Suitable Techniques

4.5.1 Context for Suitable Techniques
Several of the techniques detailed in these review papers have the potential to operate in the environment
around a trunk main and have not been discounted. These techniques are detailed here and their applicability

is discussed further.

4.5.2 Magnetic Flux Leakage

Magnetic Flux Leakage (MFL) shows some potential for the inspection of cast iron and is already
commercially available as an inspection technique (Liu et al., 2012). However, there are some questions over
the efficacy of the method in characterising defects in the pipe wall. In particular, the often poor surface

condition present on an exhumed trunk main can make it challenging to ensure that the tool is in full contact
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with the pipe wall. Failure to maintain full wall contact does not ensure that the magnetic field generated by
the magnets is coupled into the pipe wall consistently and can lead to difficulties with accurately determining
the size and shape of the defect. This is as the tool’s capacity to capture the flux leakage around a defect is
linked to the spacing between the tool and the pipe wall. Further, the sensitivity of the tool is reduced for
greater wall thicknesses as it becomes progressively harder to detect magnetic flux leaking from the distant
wall with a system stationed at the proximate wall (De Silva et al., 2002). Given its operating principles it
seems very unlikely that narrow cracks will be detected because it is debateable whether the crack will provide

a sufficient discontinuity for the flux to leak out of the pipe.

4.5.3 Eddy Current Testing

Eddy current technology, using low frequency alternating electromagnetic fields, is another possible method
for corrosion detection in a trunk main. Conventionally, AC fields, in the 5 — 60 MHz range, are applied to
find surface-breaking cracks in metallic objects with good surface finishes. However, the inspection of thick
sections with this technique is limited by the depth to which the eddy currents can penetrate. This is dependent
on the induced frequency (Rizzo, 2010), e.g. skin depth of 3 mm in a steel pipe exposed to a 50 Hz AC field
(Hao et al., 2012). Reducing the frequency to the order of 10 — 100 Hz can enable the skin depth penetration
to be increased (Jackson et al., 1992); however, full coverage of a 35 mm wall still may not be possible. The
challenge for a field-deployable system will be to achieve the required resolution of cracks and other defects,
although this will be aided by the technique’s tolerance of a variety of surface conditions.

4.5.4 Ultrasonic Inspection

Finally, ultrasonic inspection may prove to be of great use as, in principle, it can be applied in different ways
to search for different defect populations from one surface of the trunk main (Liu et al., 2012). Configured in
its simplest pulse-echo mode, with ultrasonic signals travelling normal to the pipe wall, it can measure the
degree of corrosion thinning in a wall. It can also be arranged for the ultrasonic pulses to travel into the pipe
wall at an angle to search for cracks in more remote locations within the bulk of the wall material. As with
most NDE methods, raw waveforms from these tests must be post-processed to ascertain the condition of the
pipe, and this requires a good understanding of the propagation of ultrasound within corroded iron to arrive at
a robust determination of pipe condition. A key factor in accurately determining defect sizes is how fast the
ultrasound travels in corroded and uncorroded areas of the pipe wall. In uncorroded cast iron the speed might
range from 3500 m/s to 5600 m/s (Berens, 1989). This large velocity range covers all types of cast iron, but
for the types of cast iron in trunk mains the range is likely to be narrower as a result of the relationship between
velocity and modulus. For the trunk mains investigated by Jesson et al. (2013), the variation in modulus
between the ten different pipes was less than a factor of two which would give a much narrower velocity range.
Ideally the speed of sound should be determined for the particular pipe being inspected, but only having access
to one surface of the pipe provides little opportunity to make speed measurements on a section of known
thickness, unless a calibration coupon is available. There is then the added complication that the speed of sound
may vary through the pipe wall due to a priori variations in microstructure. Improved accuracy could be
achieved if the date and place at which the pipe was cast is known, thus allowing pipes of a similar provenance
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with known properties to provide a closer estimate for use in an inspection. Also, the graphitic corrosion
products of cast iron have been shown to be highly attenuative and so greatly impede the passage of ultrasonic
wave (Dorn et al., 1996) and there remain issues with respect to the compensation for this in the
post-processing of field data. In principle, as with many techniques, a good surface finish is required for
reliable contact between the sensors and the pipe and this may necessitate cleaning the pipe surface (Thomson
and Wang, 2009). However, this may be mitigated through the use of ultrasonic immersion testing: in such
systems, a thick layer or column of water is used between the sensor and the pipe wall to couple the ultrasound

to the pipe.

Despite these potential issues, tools using ultrasound have been developed to inspect cast iron trunk main and
it is commonly offered as a method of characterising a pipe’s condition. Finally, ultrasound has the potential
to detect the defects discussed previously and as progress on its performance is made, it may be capable of
giving sufficient corrosion data for both internal and external corrosion. The possibility of operating NDE
techniques in tandem, so that one may fill in the gaps where another technique struggled, could be beneficial
in providing a better overview of a pipe’s condition. However, it is worth noting that it is highly unlikely that
truly non-destructive evaluation of a pipe can be carried out, as in most situations some surface cleaning to

facilitate an inspection will be required, and this will inevitably have an impact on the remaining life of the

pipe.

4.6 Summary of NDE on Cast Iron Pipes

NDE is regularly deployed in a number of industries for the purposes of quality control, inspection and lifetime
assessment. The methods used to perform NDE on materials and engineered systems are diverse, relying on a
wide range of physical techniques. NDE is a mature industry in its own right, but it is a long way from being
able to field a handheld device capable of determining all critical defects in any material with significant partial

accuracy from a distance: this remains the reserve of science fiction, such as Star Trek’s tri-corder.

There are several very helpful reviews that consider NDE as a whole, specific branches of NDE, or NDE in a
particular context. Many of these papers are based on desk studies comparing the application of such
technologies. Where previous NDE reviews for water mains have been less helpful is in applying the filter of
the field environment: otherwise ideal techniques are limited to the laboratory and are unlikely to be practical
in the field.

Ultrasonic inspection, whilst its application is challenged by the poor surface condition present on the exterior
of many mains, has been suggested to be the most applicable techniques for NDE on exhumed trunk mains.
However, significant work is required to overcome the current barriers corrosion creates to the gathering and
interpretation of informative condition data. NDE data collection can be further improved by conducting
consecutive inspections using one or more complementary NDE techniques, who’s operation is reliant on a

different physical principle, such as MFL. The incomplete datasets gathered from each of these inspections
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can then be fused together to give a fuller picture of a pipe’s condition. Here the gaps in the condition data

provided by one technique could be filled from data from another technique that captured data successfully.

Given the potential length of water networks and the range of soil environments in which they are situated,
external NDE conducted in small excavations can only give a snapshot of the local pipe condition. Statistical
analysis can allow these data to predict the condition of nearby sticks, and asset managers can use further
analysis to consider cohorts of similar pipes using data from across the network to make a decision about a
specific stick. However, ultimately, greater (contiguous) lengths of the pipe network must be inspected to
understand its condition more fully. At present, a device capable of characterising the defects mentioned to the
resolution suggested does not exist. Further developments in this area must be made if any certainty on the

condition of the trunk main networks is to be obtained.

Building on this introduction to NDE the remainder of this thesis investigates two potential techniques in more
detail (Ultrasonic inspection in Chapter 5 and Magnetic Force testing in Chapter 6) and presents a methodology

for assessing and calibrating new developments and techniques (in Chapter 7 and 8).
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5 Ultrasonic Inspection of Cast Iron Pipe

5.1 Introduction

In the previous chapters, the need for an NDE technique capable of evaluating cast iron mains for potential
indicators of failure has been demonstrated. In Chapter 4, these needs were evaluated and the requirements of
a tool, and the main barriers which it would have to overcome, were described. When compared against the
NDE tools that are currently available commercially, ultrasonic inspection stood out as the most likely tool
capable of capturing data on corrosion and cracking. The successful use of ultrasound on pipelines made from
steel and ductile iron is described in the literature given in Chapter 4. However, further examination of the
published literature showed that there was little convincing evidence that demonstrated the effectiveness of
ultrasonic methods when used on cast iron pipelines. This is particularly true for its capabilities of inspecting

graphitic corrosion.

Ultrasound has been shown to propagate through cast iron, however, the frequencies that can be used
effectively are limited dependent on the grain size. There is a strong link to the degree of attenuation and the
graphite flake size, and Kamigaki (1957) has suggested a transducer frequency for cast iron of 0.5 -2 MHz. It
is recognised that the presence of graphite flakes and porosity have a significant effect on the properties of the
ultrasonic waves that propagate through the iron (Biswas et al., 2015). Further, Viens et al. (1996) showed
some progress in the inspection of cast iron water mains using ultrasonic inspection, however, the methodology
used to conduct the inspection, and also the post-processing, was not fully documented. As such it shows

potential for the use of ultrasonic inspection to cast iron pipes.

It is clear that cast iron trunk mains have NDE requirements, and obstacles to overcome, which are different
from those applied in other pipelines. However, little literature exists for the direct application of ultrasonic
inspection to cast iron for in situ defect detection. In this chapter, the capabilities of the ultrasonic inspection
will be evaluated for use on cast iron against typical inspection scenarios. These will begin with the simplest
requirements and progress to evaluate scenarios that are more complex. The aim is to understand whether

ultrasonic inspection has the capability to gather the data of interest.

5.2 Principles of Ultrasonic Inspection

A standard approach to ultrasonic testing involves an electro-mechanical piezo-electric disc transducer,
designed to produce a specific motion such as compression of the disc thickness or shear along a diameter at
a specific frequency (typically in the 1 — 10 MHz band), being energised with a short high voltage pulse
(100 - 200 V). An instrument called a flaw detector, specifically designed for this type of work, is used to
receive and process data returning from the sample. The resulting mechanical pulse from the transducer, either
in compression (longitudinal) or shear (transverse), is coupled to the surface of the object being inspected
through a thin fluid layer, such as a water-based gel for compression waves or a highly viscous, honey-like,

fluid for shear waves. Often the object will be placed in a bath of water so that coupling can be readily achieved
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at all points over the surface. Other methods, such as laser excitation can also be used to conduct ultrasonic
inspection, however, these are reserved for more specialist inspection (Monchalin et al., 1998). On
encountering an interface, such as that provided by a crack, within the body of the object, a portion of the
ultrasonic waves are scattered from it and some travel back toward the transmitter, which now acts as a
receiver. Hence the presence of the defect can be sensed. There are two key methods that can be used to conduct
ultrasonic testing (Krautkramer and Krautkramer, 1977; Szilard, 1982). Further, each method can be applied
in direct contact to the material under inspection or through immersion, as mentioned above. This results in

four different configuration options that can be used when conducting ultrasonic inspection:

e Contact pulse-echo
e Contact through-transmission
e Immersion pulse-echo

e Immersion through-transmission

The two simplest methods of conducting ultrasonic inspection use one or two contact transducers in the
pulse-echo or through-transmission configurations as illustrated in Figure 5.1. Pulse-echo testing is often used
when it is difficult to access the opposite side of the material being examined. It uses a single ultrasonic
transducer to emit the ultrasonic pulse and to detect the returned pulse. Through-transmission testing can be
used when it is easy to access both sides of a material section. It uses two ultrasonic transducers to conduct
inspection. One transducer introduces the ultrasound into the material and the other detects the ultrasound
pulse on the other side of the material. For accurate results these transducers must be lined up and well coupled

to the material surface.

(@ (b)

—— Ultrasonic contact transducer ——

—1} Target section ——

—— Ultrasonic contact transducer

Figure 5.1 - Diagrammatic illustration of contact ultrasonic inspection: (a) through-transmission testing
and (b) pulse-echo testing.
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In both cases the elapsed time between the sound leaving the transmitter and arriving at the receiver can be
related to material thickness by equation Equation 5.1, where d is the material thickness, t is the time between

transmission and reception and v is the velocity of sound in the material.

d=vt Equation 5.1

In Equation 5.1, the thickness is calculated from the time taken for the pulse to travel through the object,
provided that the speed of sound for the material is known. Examination of standard values of the speed of
sound of many common materials shows that a range of possible speeds for each material (Berens, 1989; Kaye
and Laby, 2015). Clearly for accurate measurements, the speed of sound in the material under inspection is
needed. If the speed of sound in the material being inspected is not known, it is possible to re-arrange this
equation and use it to calculate the speed of sound in the material provided that the material thickness is known.
This enables the thickness readings to be calibrated from reference sample of the relevant material. This is
important for cast iron, as the variation of the inhomogeneous graphite flake structure between different pipes
can cause significant variation in the speed of sound in a pipe (Berens, 1989; Kaye and Laby, 2015). Visibly
from Figure 5.1, for the case of the first arrival at the receiver, the pulse-echo arrangement requires double the
time taken for the first arrival at the receiver to a through-transmission arrangement as the pulse must cover

twice the distance.

In some cases, it is difficult to get a good contact to the material surface, particularly on rough surfaces such
as those which are corroded. Immersion testing can be used to overcome this problem as the water can provide
a good coupling layer between the ultrasonic transducers and the sample being investigated. This allows
pulse-echo and through-transmission testing to be carried out. Figure 5.2 illustrates a typical set up for
pulse-echo immersion testing. It illustrates the extra reflections displayed due to ultrasound reflection in the
water gap. The separation of this gap may need to be adjusted to ensure that the reflected waves arrive at the
transducer at the same time. If this happens, it will not be possible to determine the time of flight through the

material and hence determine its thickness.

Water
Ultrasonic transducer
Water gap reflection
Internal back
wall reflection Tl, — Target section

Figure 5.2 - Diagrammatic illustration of immersion ultrasonic testing showing a pulse-echo inspection
configuration.
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Through-transmission can be carried also out in immersion and can be very helpful when working on strongly
attenuative materials, i.e. materials which tend to dampen the ultrasonic pulse, as the first arrival is less strongly
attenuated as it passes only once through the material. Figure 5.3 illustrates the typical set up for a
through-transmission test in immersion. In both of the immersion examples, Equation 5.1 can still be used to
determine the thickness of the material under inspection, however, the extra journey time due to the pulse

travelling through the water must be allowed for.

Water  Target section Initial wave
T~ / transmission
Ultrasonic > ¢ > Ultrasonic
transmitter > receiver
- /
Internal wave reflection
.

Figure 5.3 - Diagrammatic illustration of immersion ultrasonic testing showing a through-transmission
inspection configuration.

5.3 Example Outputs using a Low Density Homogeneous Material

In order to understand the results observed for cast iron, it is important that waveforms from a less problematic
material are observed for comparative purposes. Perspex is such a material. Whilst it is not perfect, since it is
not fully crystalline, it is possible to propagate an ultrasonic wave through it with little loss of signal. As such,

it provides useful service as a material on which to demonstrate the use of ultrasound.

An example of a waveform captured for pulse-echo contact ultrasonic inspection of a Perspex block, from
henceforth referred to as the “Test Block”, with a nominal thickness of 20 mm, is given in Figure 5.4. It
illustrates when the internal reflections from the back wall are received. Further reflections are received as the
sound wave continues to oscillate in the material. From Figure 5.4 it can be seen that the time taken for a wave

to travel through the block and return is 14.4 £ 0.2 ps.

An example of a waveform captured for through-transmission testing of the Test Block is presented in Figure
5.5. In through-transmission, the first pulse received is the wave that travels through the material in a single
pass. The wave then reflects internally and produces further internal reflections which make two passes each.
The time between subsequent reflections can be used to determine material properties. In this example, the
time between internal reflections can be seen to be 14.5 £ 0.2 us which is similar to the value obtained through

contact pulse-echo testing.

Figure 5.6 shows the waveform received for pulse-echo immersion testing of the Test Block. It illustrates the
locations of the extra waveforms that were not present during contact testing. It also indicates the extra features

detected due to reflections inside the tank and other water gap reflections interfering. The time taken for an
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internal reflection from the Perspex to be produced is 14.8 + 0.2 us. This is still consistent with the previous

value for time obtained.

Finally, Figure 5.7 illustrates the waveform received when carrying out through-transmission testing in
immersion for the Test Block. It can be seen that the wave shape changes and, in some instances, can be seen
to have a long pulse width. These changes in shape are thought to be due to constructive and destructive
interference in the reflections arriving at the transducer at each interval. Here the time taken for the wave to
travel through the Perspex block is 14.4 £ 0.2 us which remains consistent with other measurements taken
previously. This waveform indicates the extra signals that can be detected when carrying out immersion testing.
It emphasises the point that it may be difficult to identify succinct reflections after the first reflection as the

further reflections in the material and the water gap can overlap and cause destructive interference.

The Perspex block was measured to be 20 mm thick. Equation 5.1 has been re-arranged to calculate the speed
of sound for the material. Speeds of the range 2700 - 2780 m s** were obtained based on the times of flight
measured by each testing configuration. These values are consistent with those quoted in the literature (Berens,
1989; Kaye and Laby, 2015). Further, these values can now be used during an inspection to determine the

thickness for an object made from the same material but with unknown geometry.

These simple experimental examples illustrate the typical modes of ultrasonic inspection and the potential
areas of interest that would appear on an oscilloscope. The examples have shown how the time of flight through
a material of known geometry can be used to determine the speed of sound in that material. This, in turn, can
then be used to determine the material’s thickness using measurements of the time of flight of ultrasound

between two points.
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Figure 5.4 - An example contact pulse-echo ultrasonic waveform for the Test Block.
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Figure 5.5 - An example contact through-transmission ultrasonic waveform for the Test Block.
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Figure 5.6 - An example immersion pulse-echo ultrasonic waveform for the Test Block.
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Figure 5.7 - An example immersion through-transmission ultrasonic waveform for the Test Block.

These examples assume that the back wall of the material is creating a simple reflection. Thickness
measurements are only one practical use of ultrasonic testing. If a sizable defect was present, further reflections
would be visible which would not match up with the known locations of the water gap or back wall, Figure
5.8. Further, by altering the angle and configuration of the transducers, it is possible to examine a material for

defects at other angles.

(@ (b)

—— Ultrasonic contact transducer ——

— Target section ——

A N

t t

Figure 5.8 - Diagrammatic illustration of contact pulse-echo ultrasonic inspection of being used to

identify the presence of a defect and the typical variation in waveforms that would be expected on an
oscilloscope: (a) defect free material and (b) material with a defect present.
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5.4 Materials and Methodology

5.4.1 Materials

In order to obtain cast iron samples with known geometry, a selection of blocks were cut from the pipe flange
of atrunk main as it contained the largest amount of material. Samples of cast iron of nominal thickness 20 mm,
were cut from the flanges of 4 different cast iron pipes of different ages. Initial cutting was trialled using a
water-jet cutter to ensure that there was minimal heat transferred to the material as a result of the cutting.
However, the water jet cutter proved to be too slow with a cutting speed of approximately 4 mm min for large
sections. It also did not give a smooth enough cut finish which would allow a transducer to be coupled to it.
The striations created in this fashion can be seen in Figure 5.9(a). Further samples were cut using a
reciprocating saw which proved to be quicker at cutting whilst giving a slightly smoother surface. These blocks
were machined to set thicknesses to ensure that they were parallel and had a good surface finish. An example
of a finished block can also be seen in Figure 5.9(b).

Graphitisation is also a key material to investigate, although, it is difficult to obtain as it is brittle and breaks
when being removed from iron sections. However, a thick section of graphitisation was removed successfully
from a corroded pipe as shown in Figure 5.10. The sample was gently sanded on both surfaces to give parallel
flat sides to enhance the chances of allowing ultrasound to pass through the material. It was not possible to
sand both sides to a perfectly smooth layer as one side was heavily pitted and would result in large amounts of

graphitisation being removed. The final sample had an approximate nominal thickness of 13 mm.

@ (b)

-“

Figure 5.9 - Samples taken from cast iron flange: (a) water-jet cutting finish and (b) as machined surface

Aside from clean samples, a selection of other samples with layers of graphitisation and tubercles were cut
from the barrel of the available cast iron trunk main stock. Figure 5.11 shows an example of a section of

iron with a layer of surface graphitisation that was used for testing.
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Figure 5.11 - Sample of cast iron trunk main with graphitised layer

5.4.2 Equipment

A selection of ultrasonic testing equipment comprising a Sonotron ultrasonic flaw detector and 3 different
ultrasonic transducers had been acquired previously by TWUL. However, after initial experimentation it
became clear that these transducers were not well matched with the flaw detector and could not provide low
noise signals. A selection of higher quality high and low damped Olympus ultrasonic contact and immersion
probes were acquired to replace the initial probes, however, these also showed a degree of electrical “ringing”
when coupled to the Sonotron, albeit much reduced. The ultrasonic signals captured must contain as little noise
as possible if high quality results are to be obtained, as a degree of noise can hide any small signals that may
be present.
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As a consequence of the need for high quality signal generation and accuracy, a new Tektronix MSO 2014
oscilloscope and two Olympus ultrasonic pulser/receiver boxes, a PR 5072 and PR5077, capable of inducing

a square wave or spike driving pulse, were acquired to match the transducers better.

5.4.3 Contact Testing

Contact testing was used whenever the surface permitted it as it minimised the energy losses through coupling
and also simplified the analysis of the signals. However, the machined surfaces were the only surfaces suitable
for contact testing. Low frequency* large diameter 1” transducers were used to maximise the ultrasonic signal
transmitted to the iron and were arranged in a single-sided pulse-echo configuration or through-transmission
configuration as required. A range of Olympus transducers were used in these configurations, however, a single
Olympus A102s 1 MHz 1” Accuscan contact transducer in a pulse-echo configuration gave adequate results.
This was driven by an Olympus PR 5077 square wave pulser/receiver and Tektronix MSO2014 oscilloscope.
The devices were connected together to achieve a pulse-echo format. The pulser/receiver was set to 100 V
transducer voltage, 100 Hz pulse repetition frequency (PRF) and pulse-echo mode with minimal damping.
Ultrasonic couplant was applied to the surface of the iron and the transducer was pressed down in the centre
of the sample, ensuring that it was sufficient distance away from the edges to minimise edge effects as seen in
Figure 5.12. The pulser/receiver was switched on and the pulser gain was adjusted such that the signal shown
on the oscilloscope was not being clipped by the internal pulser amplifier. The signal was then adjusted on the
oscilloscope such that the first back-wall echo was vertically spread across the screen to ensure that there was
sufficient level for digitisation. The signal was recorded by a computer linked to the oscilloscope running
National Instruments Signal Express v3.0. The raw waveform was captured using a time averaging method of

32 samples to remove any shot noise from the signal.

In order to measure ultrasonic velocity, multiple back-wall echoes are needed. The oscilloscope was then
adjusted to ensure that the second back-wall reflection was spread vertically across the screen to ensure that it
was well digitised. The waveform was recorded using the time averaging method of 32 samples, to remove

any shot noise from the signal, and repeated for each echo.

5.4.4 Immersion Testing

Because contact transducers can only be used on relatively smooth surfaces, immersion testing was used where
surfaces were much rougher and could not support a contact transducer. This arrangement was used for
inspecting the sample of corrosion products and when investigating the effects of surface geometry. The
sample being inspected was placed in an ultrasonic immersion tank (41 x 25 x 25 ¢cm) and stood upright on its
side to allow the probe to inspect the surface in question whilst ensuring there was sufficient water cover. The
probe was arranged in a pulse-echo format shown in Figure 5.13. An Olympus A303S 1 MHz 0.5 Accuscan
immersion transducer was used to inspect the iron in combination with an Olympus PR 5077 square wave
pulser/receiver and Tektronix MS02014 oscilloscope. The devices were connected together to achieve a
pulse-echo format. The pulser/receiver was set to 100 V transducer voltage, 100 Hz PRF and pulse-echo mode

4 Low frequency transducers operate at a frequency of the order of 1 — 2 MHz
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with minimal damping. The transducer was positioned over the site of interest and held in position by a stand,
ensuring that it was not close to an edge of the sample. The pulser/receiver was switched on and the pulser
gain was adjusted such that the signal shown on the oscilloscope was not being clipped by the internal
amplifier. The signal was then adjusted on the oscilloscope such that the first back-wall echo was vertically
spread across the screen to ensure that there was a sufficient level for digitisation. The signal was recorded by
a computer linked to the oscilloscope running National Instruments Signal Express v3.0. The raw waveform

was captured using a time averaging method of 32 samples to remove any shot noise from the signal.

Figure 5.12 - Contact ultrasonic transducer being used to measure the velocity of sound in a machined
section of cast iron

Figure 5.13 - Ultrasonic pulse-echo testing carried out in immersion on a section of graphitised cast iron.
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5.5 Results and Discussion

5.5.1 C(Clean CastIron

Figure 5.14 illustrates a typical waveform captured from pulse-echo testing of a section of clean cast iron. The
waveform shows that the two strong reflections can be seen from the back wall of the iron. The time difference
between these reflections is 9.5 + 0.2 ps and indicates the time taken for a wave to reflect from the opposite
side. Given that the material had a nominal thickness of 20 mm, this suggests a velocity of sound in the cast

iron of approximately 4210 + 90 m.s™.

When compared to a similar wave captured on a Perspex Test Block of similar thickness, Figure 5.4, the signal
can be seen to attenuate strongly after the first two reflections. Further, the noise in the signal, between the
reflections is significantly greater. It is possible to see locations where a reflection would be expected, albeit
that the signal is less clear than the previous reflection. These waves are likely to have been attenuated by the
microstructure, in particular the graphite flake structure, and other defects within the iron. The pulse distortion

seen on the later reflections is also due to the waves being scattered within the iron and causing destructive

interference.
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Figure 5.14 - An ultrasonic waveform captured from a clean piece of cast iron

5.5.2 Ultrasonic Velocity Measurements

Figure 5.14 showed a wave trace of ultrasound being passed through a machined sample of cast iron. This
allowed a simple velocity measurement to be taken based on the time for the wave to travel and the material
thickness. When carrying out ultrasonic inspection, it is crucial to have accurate material constants as these

will affect the results when post-processing the raw data. Current literature shows that the speed of sound in
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cast iron can vary by as much as 2100 m.s%, with a lower limit at 3500 m s and an upper limit of 5600 ms?,

dependent upon the grade of cast iron (Berens, 1989; Olympus Corporation, 2013; Kaye and Laby, 2015).

Table 5.1 shows the results for the velocity of ultrasound determined for four different trunk main samples.
The results show that there is a degree of variance in velocity between pipes; as much as 480 m.s can be seen
between the upper and lower speeds measured. A pipeline inspection company who have been inspecting cast
iron main for TWUL, have advised that they use an ultrasonic velocity of 4800 m.s™ for cast iron. It is important
that the correct velocity is used for the pipe being examined otherwise any post-processing carried out on the

raw data will produce incorrect results.

For example, a 20 mm thick cast iron section may have an ultrasonic velocity of 4100 ms* for a wave
reflection time of approximately 10 ps. However, if the data was processed with a different velocity, such as
4800 m.s%, then a thickness of 24 mm would be obtained. This is clearly wrong and would lead to false belief
of increased wall thickness by approximately 20%. Consequently, it is very important that the right velocity is
used. This will become even more important when sizing a defect as it could influence whether or not the

defect meets the critical defect size.

Table 5.1 - Ultrasonic velocities measured for different trunk mains.

Pipe Origin Approximate_Year of | Velocity of U_ltrasound
Installation (ms™h)
Devonshire Road 1924 4270
Original Bench Sample (Origin Unknown) Unknown 4580
Olympic Park Finsbury Main 1890 4180
Olympic Park Woodford Main 1920 4100

5.5.3 Uneven Pipe Surface

The initial testing carried out on small machined sections showed that ultrasound will travel through cast iron,
however, it was not truly representative of the real geometry that must be encountered when carrying out
inspection in the field. Here the ultrasound must travel through a curved surface which is often covered in a
corrosion product. A section of cast iron pipe was investigated using pulse-echo immersion testing to see
whether it was possible to introduce ultrasound into a real piece of cast iron. The internal tuberculation was
removed and the surfaces were lightly sanded to remove any flaking corrosion products. No graphitisation was

present in the section that was investigated.

An example waveform from this test is shown in Figure 5.15 and shows that reflections from the back wall of
the iron can be seen. The iron had a nominal thickness of 20 mm and the time for the back-wall reflection can

be seen to be 9.5 £ 0.2 ps which means that the speed of ultrasound in the materials is approximately
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4210 + 90 m.s™™. This is consistent with the other values obtained for cast iron shown in Table 5.1 and confirms

that the reflection is being obtained from the back wall of the iron.

The reflections seen are greatly reduced in amplitude compared to the initial waves seen in the water gap. Part
of this reduction is due to the attenuation processes in the cast iron. The majority of this may be due to the
graphite flake structure. However, the curved geometry of the pipe sample adds further complications. This
curved back wall increases the ultrasonic beam spreading and reduces the amplitude of the wave returning to
the transducer. Also, the phase of the wave may change and result in a delayed arrival at the transducer. This

shows why the pulses become less clean and have a ringing® nature.
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Figure 5.15 - An ultrasonic waveform captured from a pulse-echo test of a non-graphitised piece of cast iron
trunk main

5.5.4 Graphitisation Interaction

Graphitisation has been a large concern as the published literature has not demonstrated clear results when
inspecting areas of graphitisation. Consequently, it is important to understand the effect of graphitisation on
ultrasonic signals. In the first instance, a section of graphitisation was investigated to determine the speed of
sound in the material. The results show that a reflection from the back wall of the graphitisation is visible,
however, it is greatly attenuated in comparison to the initial reflection seen from the water gap, Figure 5.16.
Further the graphitic corrosion pulse reflections are considerably noisier that those obtained for cast iron pipe,
Figure 5.15. The time taken for the ultrasound to pass through the 13 mm thick graphitisation is 8.8 £ 0.2 ps.
Hence, the velocity of ultrasound through graphitisation is approximately 2950 + 80 ms™. This value is

significantly less than the lowest speed of sound in cast iron in the literature. Despite its nominally similar

5 Ringing is the overlapping of ultrasound pulses such that they produce a longer wave that gradually attenuates.
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speed of sound to Perspex, graphitic corrosion can be seen to attenuate the pulse reflections significantly more

than Perspex, Figure 5.6.

These experiments have shown that it is possible for an ultrasound signal to travel through cast iron or
graphitisation. In order to carry out effective non-destructive examination, the ultrasonic signal must be able
to pass through a piece of cast iron, which may have graphitised layers, and produce a thickness value for both

the iron and the graphitisation layers.
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Figure 5.16 - An ultrasonic waveform showing the interaction with a sample of graphitisation, taken in
pulse-echo immersion mode

A section of iron with a graphitised layer was inspected using pulse-echo ultrasonic inspection in immersion
to see whether the interface between the graphitisation and iron could be seen (from the external face) in
addition to the reflection from the back wall of the sample. Figure 5.17 shows the reflections expected from a
graphitised section of iron being inspected from the external surface. If the ultrasound is capable of
investigating the graphitisation thickness and the iron thickness, three distinct reflections will be seen in the

wave signal.

The graphitised layer had a nominal thickness of 8 mm and the remaining iron had a nominal thickness of
13 mm. This would result in the graphitised layer producing a reflection at a time of approximately 5 pys and
the iron would produce a reflection time of approximately 6 ps. Consequently, a reflection should be seen 5 ps
after the first arrival of the water gap reflection and then a reflection for the iron should be seen 11 ps after the
first arrival of the water gap reflection. The wave form captured during this testing is given in Figure 5.18 and
it shows a clear first reflection for the water gap. However, the signal for the graphitisation and cast iron are

not clear. A distortion to the signal train could indicate the presence of the graphitisation, however, it is not
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sufficiently distinct to allow an acceptable assessment. Here the reflection from the iron cannot be seen. It is
likely that the attenuation of the graphitisation attenuates the signal sufficiently that any signal becomes too

weak to be seen.

External pipe Internal pipe

surface / surface

Ultrasonic / lE!:

transducer

Graphitisation Cast iron

Figure 5.17 - Diagrammatic representation of the reflections expected from a graphitised section of iron
when inspected from its outer surface.

4
Driving Pulse Water Gap Reflection
3 pd P
2 {
Iron Reflection Expected

1 {

0 AN -
S 30 40 50 60 70 80 90 100
o -1 - | | - : - | -
©°
£
B2
<

-3 - e

Graphitisation

4 | | Layer Reflection

-5 +

-6 - =

Time (ps)

Figure 5.18 - An ultrasonic waveform showing the interaction with a graphitised section from the outside of
cast iron trunk main in pulse-echo immersion

This test allowed the graphitisation thickness to be seen, however, it did not show the residual iron thickness

to be seen. This test was repeated from the internal side of the pipe to see whether a better signal could be

obtained. The order of the reflections seen would be slightly different from before, as illustrated in Figure 5.19,

whilst an example waveform for this test is given in Figure 5.20. It shows a strong water gap reflection and

one further, less distinct reflection that overlaps. It is now possible to establish the thickness the iron from the
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inside, provided there are no corrosion products that would inhibit the progress of the ultrasound. However, a

third reflection was not visible and as a result it is not possible to detect the graphitisation that is present.
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Figure 5.19 - Diagrammatic representation of the reflections expected from a graphitised section of iron
when inspected from its inner surface.
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Figure 5.20 - An ultrasonic waveform showing the interaction with a graphitised section from the inside of a
cast iron trunk main in pulse-echo immersion

5.5.5 Tubercle Interaction

Tubercles present a further challenge to inspection, particularly if any inspection is being conducted from the

inside of the pipe. Current ultrasonic inspection systems have reported difficulty when encountering tubercles

as they may not allow a signal to penetrate. An initial investigation into the effect of tubercles on an ultrasonic

signal has been carried out. Figure 5.21 shows a waveform captured from the pulse-echo test carried out on a

tubercle. Initial experiments have shown that the ultrasound pulses reflected from a tubercle are not distinct
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and are very noisy. It is possible to see the reflection from the front of the tubercle in the water gap, however,
it is not possible to see any further reflections inside the tubercle as these reflections are not sufficiently
separated and overlap with the first reflection. The geometry of the tubercle is also likely to cause problems as
the rounded shape of the tubercle will cause the ultrasonic beam to spread resulting in many staggered
reflection arrivals at the transducer. Consequently, these effects cause an overlap of sighals and a distinct
reflection cannot be identified. The presence of tubercles on the internal surface of a cast iron pipe would make
internal ultrasonic inspection difficult and further work is needed to better understand their effects and if they

can be overcome.
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Figure 5.21 - An ultrasonic waveform captured from a pulse-echo test of a tubercle in immersion

5.6 Summary

This chapter has presented test results for experiments carried out on cast iron trunk main using off the shelf
ultrasonic equipment. Cast iron is not an ideal material to apply NDE to, especially ultrasonic inspection, as
the inhomogeneous graphite flake structure tends to attenuate the signal. The surface of the pipe further
complicates inspection due to surface irregularity as well as the corrosion products that attenuate the ultrasonic
signal, in particular, graphitisation. A further issue is that since there is a range of potential flake structures,
there is a range of speeds of ultrasound that must be considered. This range is usually accepted to be between
3500 and 5500 m s, In the current work, the range of speeds was found to be of the order of 4100 to 4600 m s™.

Whilst this does indicate a need to be cautious, it does show that the technique has potential.

One aspect in particular that is worth noting is that at a recent demonstration of an ultrasonic technique, a
default figure of 4800 m s was used for cast iron. This could lead to (commercial) assessments of uncorroded

cast iron wall thicknesses which are more than 10% inaccurate and significant issues when attempting to assess
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graphitisation thickness and conformation, and it is recommended that where ultrasonics are carried out by a
third party, either a figure for the speed of ultrasound is supplied by TWUL or TWUL undertake its own
post-processing calculations. Despite the issues surrounding the use of ultrasonics, these tests have been very

positive and further investigations are certainly warranted.
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6 Magnetic Force Testing Investigation on Cast Iron

6.1 Introduction

In Chapter 5, ultrasonic inspection was investigated as a non-destructive evaluation method for use on cast
iron trunk mains as it is a mainstream technology that is currently available. It demonstrated an ability for
measuring the thickness of uncorroded cast iron, however, the method failed to gather meaningful data when
applied to cast iron with graphitic corrosion present. Ultrasonic inspection requires trained inspectors to carry
out any meaningful inspection and relies on appropriate calibration and standards. Further, it takes time to
deploy the technique, and requires suitable surface preparation of the pipe that will be inspected. Undertaking
an inspection at an opportune excavation using ultrasonics can then add significant time to the excavation
being open. This is undesirable as any excavation costs money to initiate and more money to keep open,
particularly if the inspection does not provide further information on condition. A need was identified for a
technique that can be applied quickly to identify pipes which are significantly corroded and need a more

detailed inspection.

One idea that has often been put forward as a simple approach to determining the profile of the corrosion layer
on a cast iron pipe is to measure the force on a permanent magnet as it is methodically scanned over the pipe.
Simple hand scanning of a magnet over a corroded pipe is often used to find graphitised areas and, by
extension, it may offer a useful tool to characterise the depth and extent of any surface corrosion. A similar
technique has been used in the coating industry to measure the coating thickness of zinc on galvanised steel,
however, the magnet is placed in direct contact with the surface and the force required to detach it is recorded
(ASTM International, 2014).

As well as identifying mains that need an in-depth health check, a tool that provides condition data for a pipe
and which can then be used to validate data captured by other techniques is of benefit. The ability to inspect a
trunk main with more than one technology is particularly important, especially if the main technique fails to
inspect areas of a trunk main reliably, for example highly graphitised layers. The availability of a
complementary technique, or techniques, may be able to suggest why this is and fill in the possible gaps in the

data, if brought together successfully.

In this section, the development of a technique that uses a permanent magnet to identify sites of corrosion is
presented. The graphitisation product is generally considered to be non-magnetic and so should appear
transparent to the magnetic lines of flux produced by a magnet. It was not possible to obtain samples of cast
iron with a well-defined and characteristic shape detail of graphitisation to conduct testing. Instead air has been
used as a substitute. Based on work by Atkinson et al. (2002), to be of maximum use, a tool that can identify
graphitic corrosion layers greater than 4 mm would be particularly useful as it would identify the point at which

the failure mode transitions to graphitic corrosion.
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6.2 Principles of Magnetic Force Testing

The technique relies on the difference in magnetic properties exhibited by the iron and its corrosion product.
Iron displays strongly ferromagnetic behaviour. The magnetic properties of the corrosion product have not
been characterised in the literature, however, given that corrosion can be identified using a simple magnet with
little if any magnetic force felt, it can be thought of as being transparent to magnetic flux and has little or no

residual magnetic properties.

When a magnet is brought close to the surface of the iron, the lines of flux interact with the magnetic domains
within the iron and align them to produce a force of attraction between the magnet and the iron. If the spacing
is reduced and the magnet is moved into closer proximity to the iron surface, the lines of flux can interact with
more domains to align them and produce a greater force of attraction. However, at sites where graphitic
corrosion is present, the lines of flux have few if any magnetic domains to interact with, and consequently no

force of attraction is created.

As with atomic force microscopy there are then three modes in which such a system could operate, but of most
relevance to the current context is contact mode i.e. where constant deflection is maintained and the subsequent
change in force is measured. Here, instead of the change in the forces of attraction and repulsion between an
atomically sharp ‘tip’ and the surface, the force of attraction between a magnet and an iron object within the
magnetic field is dependent on how many ferromagnetic domains within the iron can be pulled into alignment.
Clearly with a magnet at a set position, the uncorroded surface would represent a baseline and the reduction of
magnetic domains due to the dissipation of iron and its transformation to other phases (i.e. oxides) caused by
corrosion, should reduce the force on the magnet. Figure 6.1 illustrates the concept. One factor that will need
to be assessed during calibration is the effect of variability in the wall thickness, which has been seen to vary
by several millimetres from a nominal average. However, such variations should give a very different kind of

response to even a limited amount.

Permanent Magnet

Position with strong Position with lower
attraction force attraction force

Constant separation
from surface

Iron Pipe Wall Corrosion Pit

Figure 6.1 - A diagrammatic representation of the magnetic force testing concept.
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6.3 Materials and Methodology

6.3.1 Materials
Samples of cast iron were obtained from two different cast iron pipes. Sample A is a section of cast iron trunk
main with a uniform layer of external graphitic corrosion that could be seen to vary in thickness between

0 - 12 mm. The origin of this sample is unknown, Figure 6.2.

Figure 6.2 - Sample A, which was used for feasibility testing the magnetic force testing principle.

Two further samples were taken from a of cast iron distribution main obtained from the TWUL pipe and soil
technical archive (PASTA). This pipe was chosen as it displayed minimal corrosion, twist and eccentricity.
This main had previously been split into two halves longitudinally. Each half was prepared differently, Figure
6.3:

e Sample B had two different sets of mechanical defects machined into it. On one side, a selection of
five equally spaced external 20 mm flat-bottomed holes of various depths, ranging from 2 mm deep to
through wall in 2 mm increments, were machined into it. On the other side, four holes of various

diameters, ranging from 5 mm to 20 mm in 5 mm increments, were drilled into it.

e Sample C had a selection of equally spaced internal 20 mm flat-bottomed holes of various depths,

ranging from 2 mm deep to through wall in 2 mm increments, machined into it
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Sample C

Sample B

Figure 6.3 - Samples B and C after preparation for magnetic inspection showing internal and external
machined defects.

6.3.2 Equipment

A custom rig was designed and built in order to test the magnetic attraction principle scientifically, Figure 6.4.
In order to minimise the rig size, it was designed to take cast iron distribution main sections. The rig allowed
a magnet to be scanned longitudinally across a section of distribution main at a set height above the surface.

The pipe can also be rotated to change the circumferential position inspected.

Figure 6.4 - Test rig used to investigate the magnetic attraction principle.
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Three high strength neodymium pot magnets, of different diameters (5 mm, 13 mm and 20 mm), were used to
investigate spatial resolution. The magnets were mounted onto a 50 N DBCR load cell from Applied
Measurements (Aldermaston) which was used to monitor the force of attraction between the magnet and the
cast iron section. The load cell has an accuracy of + 0.025 N. The DBCR load cell was connected to a matching
amplifier and digital display also supplied and calibrated by Applied Measurements. An analogue voltage
output from the amplifier was connected via a National instruments DAQ breakout box, and matching input
card, to a PC running National Instruments Signal Express. This ensured that the maximum force measured

could be recorded as a function of position.

To ensure that a minimum spacing between the magnet and the pipe could be achieved, a 1 mm plastic spacer
was bonded onto the bottom of each magnet to provide a set thickness whilst not affecting the magnetic field
around the magnet. The separation could be adjusted at each point to ensure that a 1 mm separation was

observed.

6.3.3 Feasibility Testing

Initially the technique’s feasibility was tested by inspecting Sample A. The 20 mm magnet was mounted on
the end of the load cell and an initial force reading was taken from the load cell to record the load cell force
reading when no magnetic force is being applied. The edges of Sample A were inspected to identify sites of
varying graphitic corrosion thickness. These sites were marked and their thickness was measured using a ruler.
The section of graphitised iron was mounted in the rig such that the magnet could be positioned over the sites
of varying graphitic corrosion thickness identified. The magnet was lowered into contact with the sample until
the load cell began to decrease due to the contact force with the magnet compressing the load cell. The magnet
was then moved away from the surface very slowly, until the force reading peaked. At that point, the magnet
was no longer in direct contact with the sample and the peak load reading was recorded. The iron was then
repositioned such that another reading could be taken from another site of interest. The thickness of the
graphitisation at these sites was then measured and recorded.

6.3.4 Separation Testing

Sample B was clamped in the rig and positioned such that the 20 mm magnet was directly above an area of
un-machined smooth iron in the centre of the section. A vertical separation of 20 mm between the pipe surface
and the magnet was then set and the initial reading on the load cell was taken as the zero reading. The magnet
was moved progressively closer to the surface by a millimetre each time and a recording of the force measured
by the load cell was taken at each point. This was carried out until the magnet touched the iron surface. The
iron was then repositioned such that another point of similar condition could be investigated and the testing

procedure was repeated.

6.3.5 Magnetic Interaction Volume
Experiments to determine the depth of penetration of the magnetic field were carried out to determine the level
of graphitic corrosion that might potentially to be detected. Further experiments were conducted to determine

the area of inspection that the magnetic force interacted with. The 20 mm magnet was mounted on the end of
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the load cell and an initial force reading was taken from the load cell to mark the zero reading. Sample B was
positioned such that the magnet was directly over the centre of a site of interest. The magnet was then moved
longitudinally 30 mm away from the defect centre. The magnet was lowered into contact with the sample until
the force read by the load cell began to decrease due to the contact force with the magnet compressing the load
cell. The magnet was then moved away from the surface very slowly, until the force reading peaked. At that
point, the magnet was no longer in direct contact with the sample and the peak load reading was recorded.
After the recording was captured, the magnet was moved longitudinally 1 mm closer to the defect centre. This
process was repeated until the magnet was 30 mm past the defect centre to create a linescan over a machined
defect, Figure 6.5. Once the linescan was complete, the magnet could be changed and the process repeated to
determine the effect of each magnet. This testing process was repeated for each of the machined defects in
Sample B. When Sample B was complete, it was removed from the rig and replaced with Sample C. The

measurement process was then repeated for that pipe section.

/‘ ______ N

Magnet starting position Magnet finishing position

Figure 6.5 - Diagrammatic representation of a linescan conducted across a machined hole

6.4 Results and Discussion

6.4.1 Feasibility Testing

Anecdotal evidence suggests that magnets have been used for some time to locate patches of graphitisation on
the external surface of metallic pipes. However, they do not appear to have been used to characterise the
thickness of the corroded layer. This is likely to be due to the need for a calibrated system rather than a simple
“good judgment”. A sample of graphitised cast iron was examined at various locations of differing graphitic
corrosion thickness to determine the simple variation in magnetic force compared to graphitic corrosion
thickness. The results obtained from this testing show a correlation between reducing corrosion thickness and
increasing magnetic force, Figure 6.6. It can be observed that there is a sharp change in the magnetic force of
attraction between 2 and 4 mm of graphitic corrosion. Corrosion of a thickness between these values was not
available for testing. Consequently, further testing would be beneficial to provide further data points that
reduce the spacing between such data points. However, the initial feasibility testing suggests that this concept

could possibly provide a useful NDE technique.
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Figure 6.6 - Strength of the magnetic force for the 20 mm magnet compared to the thickness of the
graphitisation layer captured during the initial feasibility testing.

6.4.2 Separation Testing

It has been suggested that regions of graphitisation have no magnetic properties and should be transparent to
magnetic lines of flux. However, it proved difficult to find suitable sections of graphitisation or customise the
thickness. Consequently, it was necessary to use a substitute material. Air was used as a substitute as it also

possesses Nno magnetic properties.

Initially the effect of an air gap between the magnet and a smooth iron surface was investigated. This testing
was initially carried out to determine the effect of a change in separation and its effect upon the magnetic force
of attraction. A graph showing the magnetic force measured at each separation for each point can be seen in
Figure 6.7. It shows that, as expected, there is a non-linear relationship between force of attraction and
separation. It indicates that the technique may be able to detect graphitisation layers up to 7 — 8 mm in depth,
provided that the magnet could be sufficiently close to the surface of the pipe. The change in force beyond
10 mm deep appears to be very small and may not be significant enough to measure confidently. In order to
achieve the highest range of magnetic force, the magnet would need to be able to get within a millimetre of

the pipe surface. Good surface preparation would therefore be needed to allow this to happen.

Figure 6.7 shows two trends similar in shape, although offset in the distance from the surface. This change is
unlikely to be a variation in material as the pipe was of approximately uniform dimensions throughout. This
offset is likely to be due to inaccuracy in the method of measuring the distance above the surface of the pipe.
If improved, it is likely that the offset would disappear and the curves would be in closer agreement.
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When comparing the results given in Figure 6.7 with those given in Figure 6.6, similar trends regarding
separation thickness or corrosion thickness and the magnetic force measured can be observed. The results

indicate that air would make a suitable substitution material in place of graphitic corrosion.
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Figure 6.7 - Results of the separation testing carried out with 20 mm magnet

6.4.3 Depth of Interaction

The initial separation testing showed that the maximum corrosion thickness that could be investigated was
7 -8 mm; beyond this the magnetic force of attraction becomes too small to measure and accurately
distinguish. Further testing was carried out to see whether defects in a cast iron pipe could be detected as deep.
In this test, a sample of cast iron distribution main with flat-bottomed holes machined in to the outside of it
was used. Here the air gap in the hole represented the graphitisation. Figure 6.8 - Figure 6.10 illustrate the
results obtained when performing a longitudinal linescan over the flat-bottomed holes of varying depths. In
each figure, it can be seen that the magnetic force of attraction drops off dramatically for each magnet as it
passes over the hole. The force of attraction levels out once the magnet is at the centre of the hole. It then rises
sharply as the magnet begins to move away from the hole. This is in agreement with the results in Section 6.4.2

which show a sharp decay as the distance between the magnet and the iron is increased.

On further comparison of the graphs, it can be seen that the shape of the curves is different. It is suggested that
the magnetic field around the 5 mm and 13 mm magnets has a smaller diameter than the 20 mm holes.
Consequently, the field lines do not expand enough radially to cut through any iron when it is over the centre
of the flat bottomed holes, whereas the magnetic field of the 20 mm magnet is likely to have a larger diameter
than the 20 mm holes. Consequently, the magnetic field lines for such a magnet expand enough radially and
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still cut some cast iron when it moves over the flat-bottomed holes and provides a force of attraction, even if
the hole is deep enough to be outside of the axial magnetic field.
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Figure 6.8 - Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 20 mm diameter flat bottom hole 2 mm deep
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Figure 6.9 - Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 20 mm diameter flat bottom hole 4 mm deep
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Figure 6.10: Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 20 mm diameter flat bottom hole 6 mm deep.

The results show that the magnetic force of attraction for the 5 mm, 13 mm and 20 mm magnet is greatly
reduced by an air gap of 2 mm, 4 mm and 6 mm respectively. It is unlikely that significant magnetic force,
capable of distinguishing further layer thickness, would be produced for larger air gaps. Hence, the maximum

thickness that would be able to be classified with the current magnets would be 6 mm.

6.4.4 Hole Diameter

In section 6.4.3 the depth of magnetic penetration was investigated and three depths were suggested as the
limit for each magnet. It was also noted that residual magnetic force was present even if the hole depth was
deeper than the magnet could detect. It was suggested that this was due to the diameter of the magnetic field
around the magnet being larger than the hole. As a consequence, experiments were conducted to determine the
approximate diameter of the magnetic field around the magnets. This is important to know as a larger magnetic
field will reduce the spatial resolution of the technique. The three magnets were scanned across four
through-wall drilled holes ranging in size from 5 mm to 20 mm in 5 mm increments. The results are given in
Figure 6.11 - Figure 6.14. It can be seen that the magnets produce a very narrow field whilst maintaining a
strong force of attraction. Figure 6.11 shows that the 5 mm hole does not have a significant effect on the
magnetic force of attraction. A more noticeable effect can be seen in Figure 6.12 which depicts the results for
the 10 mm hole. Here all three magnets showed a drop in magnetic force of attraction. Most importantly, the
5 mm magnet shows no magnetic force when it is at the centre of the hole. Consequently, the magnetic field
around the 5 mm magnet is likely to be less than 10 mm in diameter. Figure 6.13 shows a further drop in
magnetic attraction force for each of the magnets. Here the 13 mm magnet has also lost all magnetic force and

must have a magnetic field no larger than 15 mm in diameter.
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Figure 6.11 - Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 5 mm diameter through-wall hole.
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Figure 6.12 - Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 10 mm diameter through-wall hole.
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Figure 6.13 - Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 15 mm diameter through-wall hole.
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Figure 6.14 — Linescans showing the magnetic force of attraction against the distance of magnet centre from
hole centre for the three magnet diameters for a 20 mm diameter through-wall hole

In the last linescan, Figure 6.14, both the 13 mm and 5 mm magnet have lost all magnetic force when they are
over the hole. However, the 20 mm magnet has a small amount of residual force left. Given that the 13 mm
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and 5 mm magnets had a magnetic field that only extended to a few millimetres greater in diameter than the
magnet diameter, it is likely that the magnetic field for this magnet extends to 23 - 24 mm in diameter. These
results have shown that the magnets have a narrow magnetic field and so would provide a spatial resolution

not much greater than the diameter of the magnet.

6.4.5 Maximum Volume of Interaction

The experiments carried out in sections 6.4.3 and 6.4.4 have provided approximate areas and depths for
magnetic interaction with graphitised layers, represented by air, with each of the magnets. These values have
been used to give a theoretical maximum cylindrical volume of interaction beneath the magnet. These values

are given in Table 6.1.

Table 6.1 - Volumes of interaction for each of the magnets with a layer of graphitisation

Magnet Diameter Depth of Penetration Area of Influence VVolume of Interaction
(mm) (mm) (mm?) (mm?d)
5 2 79 158
13 4 177 708
20 6 314 1884

It can be seen that the maximum values for volume of interaction increase cubically (and the area squarely) as
the magnet diameter is increased. However, the depth of penetration also increases as the magnet size and
strength is increased. It is undesirable to increase the volume of interaction as it results in a lower spatial
resolution. However, it is desirable to increase the depth of penetration to encompass thicker layers of graphitic

corrosion. Hence, a balance must be struck for optimum inspection.

6.4.6 Internal Metal Loss

The previous tests have shown that there is a correlation between the theoretical graphitic corrosion thickness
and the magnetic force of attraction. The testing suggested that each of the magnets could investigate corrosion
layers up to 2 mm, 4 mm and 6 mm thick. This testing relied on the corrosion being on the external surface of
the pipe. Testing carried out with flat-bottomed holes has proved that it is possible to approximate the

theoretical corrosion layer based on the magnetic force of attraction.

Further testing was therefore carried out to see whether it is possible to detect metal loss or corrosion on the
inner surface of the main. In order to do this, flat bottomed holes were drilled on the inside of a main sample
(Sample C). The magnet was then scanned over the unaltered surface of the sample and the magnetic force
measured to see whether it is possible to detect the change in wall thickness. Even though the thinnest part of
the wall was 3 mm and the 20 mm magnet had proven that it could investigate graphitic corrosion layers up to
6 mm thick, it was not capable of detecting metal loss under cast iron. It is suggested that the magnetic
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properties of iron are significantly different from that of air, and hence graphitic corrosion, and does not allow
the magnetic lines of flux to penetrate as deeply. Consequently, it is unlikely that internal metal loss could be

detected without increasing the size of the magnet further such that the iron is magnetically saturated locally.

6.4.7 Magnetic Properties of Graphitic Corrosion

Initial thoughts suggested that graphitic corrosion would be diamagnetic due to its inheriting the properties of
the graphite flake structure. However, experimentation has proven this to be incorrect. Fragments of the
corrosion product have been passed under each of the magnets. As they passed under the magnets they became
attracted to the magnet surface. Simple pull off testing estimates the magnetic force of attraction to be much
less in comparison to that of cast iron. However, the assumption that the corrosion is transparent to magnetic
lines of flux is demonstrably not correct. Further investigation would need to be carried out to determine the

effect of the air gap being replaced with a graphitic corrosion layer.

Other techniques that involved the use of magnetics to inspect cast iron may also be affected by the weak
ferromagnetic behaviour of the graphitisation. In particular, MFL as the magnetic force will saturate the

corrosion where possible and result in less flux leaking out of the pipe.

6.5 Magnetic Force Testing Investigation Summary

The literature indicated that whilst there are many NDE techniques to choose from, many are not practicable
for commercial or other reasons. Ultrasonic inspection was chosen as a relatively mature technology for which
off the shelf equipment is readily available. However, its application requires trained operators and can add
significant extra time to an excavation. This is far from ideal and cannot be conducted on every pipe that is
excavated. Further, it has shown difficulty inspecting areas of graphitic corrosion. An alternative technique
was required to be used to triage pipes and identify the corroded ones that could need more in-depth testing.
Magnetic force testing was chosen for further investigation since it has the potential to be applied by untrained
operatives in a swift fashion to decide if a pipe requires greater investigation. Furthermore, the additional data

gathered could help to fill in gaps in the data gathered by ultrasonic inspection.

The principle is very simple, in that where there is extensive graphitic corrosion, the force due to attraction
between a magnet and a sample of cast iron will decrease. There is, however, no literature detailing the
magnetic properties of graphitisation and so it has been necessary to start from first principles. Using a
purpose-built test rig, experiments have been conducted to evaluate the feasibility of this technique for the
characterisation of graphitic corrosion thickness. The experiments focussed on the force of attraction generated
from various sizes of magnets, the effect of an air gap on the force generated (which is essential for a less
complicated contactless methodology) and the resolution that can be achieved. This testing has been very
successful and suggests that this technology could be used to identify graphitic corrosion over 4 mm in
thickness and up to 6 mm. There remains potential for thicker corrosion to be identified. However, the use of
larger magnets of the same type would result in degradation to the spatial resolution of the technique. It may
be possible to increase the depth of penetration by using a magnet with a higher flux density. This may be

achieved using as an electromagnet or an improved magnetic material and would remove the need for a larger
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diameter magnet, thus maintaining the spatial resolution. The technique is limited to external corrosion only
and has shown that any magnetic testing would struggle to measure internal defects without saturating the cast
iron. Further, it has shown that the graphitic corrosion product possesses some, if only weak, magnetic

properties which need to be considered by any NDE technique using magnetic principles on cast iron.

In the next chapter, the focus is shifted from understanding the fundamentals of pertinent NDE approaches to
evaluating commercial NDE techniques. Here a methodology is proposed to improve the current industry
methods of capturing the “ground truth” pipe condition data. This will aid the company in understanding the
accuracy of the NDE currently being conducted but also in visualising the problems with any ultrasonic or

magnetic methods that have been found in the research documented in Chapters 5 and 6.
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7 NDE Inspection Verification by 3D Scanning

7.1 Introduction

Previous chapters have focused on detailing the causes of failure of large diameter cast iron trunk mains, such
as defects created during manufacture and installation, or through in-service degradation, and identifying NDE
techniques capable of being applied to such mains. Tests conducted under laboratory conditions have identified
numerous problems that make it extremely challenging to carry out informative inspection of cast iron pipes
with conventional NDE techniques. The rough surface finish and accreted material can make it very
challenging to maintain a sensor position or, where necessary, to couple a sensor to a pipe physically without
significant surface preparation. Where it has been possible to couple an ultrasonic transducer to a cast iron
pipe, it can be difficult to measure the wall thickness accurately due to the considerable variation in
microstructure and, consequently, speed of sound in the material. Even if this can be achieved and the wall
thickness measured, the ability to use a tool can be inhibited by the strong attenuation of an ultrasonic signal
at sites of graphitic corrosion. Even if such problems can be overcome, there remains the issue of standard
calibration methods and samples which has not yet been addressed by any of the commercially available

techniques for cast iron.

Despite such problems, TWUL uses commercial NDE to assess their cast iron trunk mains whenever an
opportunity presents itself, such as through a planned excavation to install an asset or during emergency
maintenance. These inspections have been carried out by NDE contractors using a MFL or ultrasonic tool. A
significant number of surveys (of the order of 1400) have been conducted over the past two AMP periods®.
Given the challenges mentioned previously, it is important that the capability of these techniques, and any
future techniques employed, are understood so that confidence levels can be placed on data collected. In order
to interpret NDE surveys appropriately, a baseline of the true condition of the pipe being used for calibration
is needed. This baseline is often termed “ground truth” and details the remaining iron thickness compared to
the original pipe surface. This chapter will discuss “ground truth”, why it is important and how it can be

determined.

3D scanning has the potential to capture the geometry of a pipe accurately at any stage in an inspection or
verification process. Hence, the pipe can be compared pre and post-assessment, or at intermediate stages, as
required. This chapter presents the use of a 3D scanner as a tool for gathering “ground truth” condition data
for a pipe section. The trial compares “ground truth” with corrosion measurements gathered by destructive
means. Initial tests investigated the possibility of determining the “ground truth” baseline from a single scan
of the pipe geometry captured after the pipe has been shot-blasted. The chapter then progresses to evaluate a

different methodology which seeks to compare the recorded pipe condition before and after shot-blasting was

® Surveys were collected during AMP 4 and AMP 5.
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conducted. In the first instance, this was trialled on a small pipe section before the trial progressed to a full-size

section of trunk main. Finally, a robust methodology for use on a trunk main section is developed and tested.

7.2 Background and Literature

7.2.1 Industry Standard Method of Destructive Baseline Collection

As current NDE techniques for the assessment of cast iron pipes remain unproven with no agreed calibration
standards available, many water companies continue to rely on destructive analysis of pipe samples exhumed
across the network to identify the condition of the network. A procedure documented by Dempsey and Manook
(1986) is commonly used to conduct any destructive condition assessment of pipes. The procedure describes
the splitting and shot-blasting of pipe samples to allow internal and external corrosion pits to be made visible
and accessible for manual measurement. Further, guidelines on measuring the depth of these pits successfully
by hand using a depth micrometer are given. Conducting pit depth measurements by hand for each of the pits
present on a section of shot-blasted pipe is time intensive and may not yield a complete picture of the pipe’s
condition. To combat this problem, the method detailed by Dempsey and Manook (1986) assumes a worst-case
condition scenario where the largest internal and external pits coincide on the pipe, thus reducing the cross
sectional area significantly and leading to a severely increased localised stress. Consequently, it is not
necessary to measure the depth of all the pits present. Only the deepest internal and external pits require
measurement. Typically, the 10 deepest pits on each surface, as judged by the inspector through unassisted
visual inspection, are identified and their depth is measured using a pit gauge. Ten (10) pits are chosen to
ensure that the depth of the deepest pit is captured whilst allowing for any error in the judgement of the
inspector. This method of capturing the extent of the pipe condition has become the industry standard for

assessing the real condition of an exhumed main in a destructive fashion.

7.2.2 TWUL Previous Comparison Exercises

Previous attempts by Thames Water to evaluate the efficacy of any NDE contractor have seen contractors
conducting inspections on lengths of exhumed trunk mains under supervised conditions. An initial comparison
exercise was conducted in 2012 on a selection of 42” diameter cast iron pipes. It was undertaken to select an
NDE contractor to carry out routine external NDE inspections. The exercise focused on an NDE contractor’s
ability to detect defects, such as artificial notches and slots machined into the inner surface of the pipe (Evans,
2014). However, these are not necessarily representative of the defects that are responsible for pipe failure. In
reality, the literature review on cast iron pipe deterioration presented in Chapter 2 has shown that in-service
defects, namely graphitic corrosion on the external surface of the pipe, can intensify the stress effects of
underlying manufacturing defects in the pipe, such as wall thinning due to eccentricity in the pipe bore, to
cause failure. Consequently, it is important that these techniques must accurately identify and size these

corrosion defects.

Further comparison exercises were conducted in 2014 on sections of 36” diameter cast iron pipe. These
exercises focused on finding existing defects in each pipe. No additional defects were machined into the pipe

wall and each contractor was tasked with identifying the existing defects within the pipe. The pipe condition
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was subsequently ascertained by shot-blasting the pipe to remove the graphitic corrosion. The corrosion
thicknesses were measured at the deepest points of the pits using a depth micrometer to give individual pit
depths. This method of capturing the extent of the corrosion follows that described in Section 7.2.1. To gaina
better understanding of the spatial alignment between results, the axial and circumferential position of each pit
was also captured for spatial reference. The method described by Dempsey and Manook (1986) is most
commonly applied to small sections of distribution main. Experience suggests that there are often many more
than 10 pits present on the surface of deteriorated trunk main. Whilst it would be desirable that any NDE
technique can find every pit present in a pipe, it is unlikely, particularly where the corrosion is very thick. This
makes comparing NDE data to the baseline 10 pit depth measurements complicated and may result in little
spatial agreement. Consequently, the number of pit depth measurements taken for the comparison exercise was
increased to provide a better sample of the corrosion thickness. These manual pit depth measurements do not
seek to measure all the corrosion present. Instead, they seek to identify a selection of the most damaging pits
which would be of key importance and which any NDE contractor must be able to capture accurately. These
points provide a sufficient number of reference pits which any contractor must be able to identify if the

technique used is to be of use.

Despite the increase in the number of pit measurements, it was only possible to capture pit depths for the top
few hundred pits (Cruz, 2014). This work was extremely time intensive and required a skilled individual
consistently to identify the deepest corrosion pits through visual inspection. Also, whilst the axial and
circumferential location of each pit depth measured is recorded, it does not provide any insight into the
geometry of each pit. This is because a single pit depth measurement that is recorded could be representative
of a large or small pit: for example, many of the larger corrosion patches present on trunk main appear to be
the result of several individually nucleated pits growing together to form a larger agglomeration of pits. Hence,
measurements do not always accurately represent the extent and distribution of corrosion and, when comparing
these measured values to the condition reported by the contractors, it has been challenging to find agreement,
Figure 7.1. This problem can be exacerbated by inconsistencies in each contractor’s reporting of the position
and thicknesses of measurements (Scudder, 2014).

In addition to the pit depth measurements, contractors were also asked to provide wall thickness measurements
and internal corrosion measurements. Internal corrosion, whilst less damaging than external corrosion, is still
important to record, particularly if the worst-case scenario detailed by Dempsey and Manook (1986) is
assumed. The actual internal corrosion was also measured using a pit depth gauge and was prone to the same

geometric and spatial issues as mentioned for external corrosion.

Aside from the corrosion thickness, the remaining metal thickness is also of key importance. In current
comparison exercises, it is only possible to measure the wall thickness of the pipe directly near the cut ends.
Consequently, many of the comparison exercises struggle to compare the wall thickness measurements
provided by contractors with the actual value. Further work would be required to section each pipe into smaller

rings where the wall thickness could then be measured across the whole section.
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Figure 7.1 - Contour map detailing the external corrosion measured by an ultrasonic NDE contractor on a
section of 36 cast iron pipe during an in-house comparison exercise run by TWUL. Each of the black
contours highlights corrosion pits greater than 2 mm deep. The blue crosses indicate the sites of discrete pit
depth measurements measured by hand.” The white bands at the edge of the plot indicate areas masked by
the pipe supports where inspection was not conducted.

As a result, it has not been possible to judge a contractor’s performance to any degree other than through
statistical analysis comparing the spread of the corrosion depths measured by each contractor and the manual
pit depth measurements, Figure 7.2. However, this is not without challenge. It is clear that the corrosion depths
reported by each contractor do not mirror the results provided from the baseline pit depth measurements. In
fact, the spread shows that one contractor appears to be over estimating the pit depths whereas the other is
underestimating it. Further, the distribution of measurements appears to be different for each contractor. Given
that the NDE data gathered from the network is used to inform the network rehabilitation strategy, an under or
overestimation can lead to an inaccurate identification of the pipes in need of replacement, and hence, money
will be spent replacing the wrong pipes. Meaningful conclusions for targeted replacement can only be made if

the NDE data is accurate and represents the true network condition.

" Contour Map data supplied by TWUL but plotted by the author.
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Finally, it is recognised that many of the NDE techniques employed require smooth surfaces to operate
properly. All contractors are allowed to conduct surface preparation to enable effective NDE, however, it has
been observed that the surface preparation of some contractors can be overly aggressive leading to graphitic
corrosion being eroded from the pipe surface, Figure 7.3. This can lead to underestimation of the corrosion
thickness measured. The current method of evaluating an NDE contractor can be seen to have problems which
prevent information detailing their performance being gathered. Consequently, an improved method of
destructive analysis is needed that can provide the internal and external corrosion thickness, and any loss during

surface preparation, as well as the remaining wall thickness.
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Figure 7.2 - Corrosion depth measurements taken from a trunk main section in a previous comparison
exercise: (a) MFL Contractor, (b) Ultrasonic Contractor, and (c) Manual Pit Depth Measurements®

8 Corrosion data supplied by TWUL but plotted by the author.
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Figure 7.3 - Corrosion pit after the graphitic corrosion has been partially removed during surface
preparation.

7.2.3 Use of 3D Scanners for Geometric Metrology

The problems of gathering accurate baseline pipe condition data have been experienced during previous
comparison exercises (Scudder, 2014). Consequently, accurate and rapid methods of gathering more
representative, “real” condition data through destructive analysis have been sought. For some considerable
time, 3D scanners have been used to conduct verification exercises for quality assurance or for the purpose of
reverse engineering. However, more recently, their capabilities have been directed at gathering condition data.
Their ability to acquire geometry accurately over large surface areas rapidly and to record geometry from
difficult to measure surfaces makes them the ideal tool to use when evaluating an object’s condition. Examples
of their use can be seen in the measurement of deformation of structural retaining walls (Oskouie et al., 2016),
in corrosion mapping of a pressure vessel (Allard and Fraser, 2013), or in the condition mapping of sewers
(Kmpfer and Ziehl, 1996).

This technology has been transferred to the assessment of pipes and 3D scanning is available as a commercial
tool for inspecting steel pipes in the oil & gas industry for corrosion defects or other geometric irregularities.
In this application, the 3D scanner is being used directly as a tool for carrying out NDE, since the corrosion
product spalls from the pipeline leaving corrosion pits visible and capable of being measured. Its application
to these pipes has resulted in a significant reduction in the time taken to conduct a corrosion inspection
compared to that conducted using manual methods. This reduction could be of the order of days, dependent on
the size of the pipe being inspected. The technology also allows for more complete coverage of the surface
(Prewitt, 2016).
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Bruce et al. (1997) have demonstrated the use of a laser scanning tool to measure the loss of section due to
outer surface corrosion on a section of deteriorated pipe. This approach relies on the pipe section having
smooth ends to support the theory that the original pipe section is perfectly round. Further work, conducted by
Reichert et al. (2001), has recognised that there are problems with assuming that a pipe was perfectly
cylindrical and has described the use of an algorithm which can determine the external corrosion without
assuming that the original pipe was perfectly circular. However, the details of this algorithm have not been

published.

More recently, a manufacturer called Creaform has investigated the benefit of using their 3D scanners for
inspecting corrosion. Allard (2012) demonstrated the use of a Creaform 3D scanner and Pipecheck software
to map the corrosion on the outer surface of a pipe successfully. The methodology recognises that pipes can
suffer from ovality as well as areas of flatness and suggests that a cylinder cannot be purely fitted around all
of the scan model. Instead, a reference cylinder is generated from the unaffected areas of pipe model around
the corroded areas. From this, “corrosion maps” can be generated for a pipe section. Examples of the

application of the Creaform 3D scanner and software can be seen elsewhere (NACE International, 2013).

Modern steel pipelines have good quality assurance and it can be safely assumed that the pipe being inspected
would have been almost perfectly cylindrical when first made. Hence, the 3D scan data of the pipe’s outer
surface can be compared to a perfect reference cylinder of the same diameter to ascertain the level of damage
present. However, the same assumption cannot be applied to cast iron trunk mains, especially those that were
made prior to the adoption of centrifugal casting. Here, significant ovality in the outer surface of the pipe can
be present and would prohibit a suitable cylinder being fitted. As such, simply fitting a cylinder to the outside
of a pipe section may yield inaccurate corrosion thickness measurements. Furthermore, the effect of removing
the corrosion from a cast iron trunk main is unclear. However, it is not beneficial and as such it would not be
possible to apply the scanner in this direct methodology. These issues limit the usefulness of a 3D scanner in
the field for the determining the current condition of corroded cast iron main. However, the ability to measure
the corrosion pits during a destructive analysis would greatly increase the coverage and speed of any validation

exercise.

The National Research Council (NRC) in Canada have been investigating pipe failures for some time and have
built an in-house scanning system capable of measuring the external corrosion on sections of cast iron
distribution main. The system comprises a motor-driven chuck capable of holding and rotating a distribution
main section in front of a laser line scanner. The laser scanner is able to traverse along the pipe and hence the
outer surface of pipe section can be built up from scan strips. As part of this work, a set of algorithms were
developed for the scanner which allowed the external pipe corrosion to be gathered. The use of this scanner
can be seen in several of the papers published by the NRC (Liu et al., 2008; Kleiner and Rajani, 2011; Kleiner
etal., 2012; Kleiner et al., 2013; Kleiner and Rajani, 2013). In these papers, a scanner has been used to measure
the geometry of the corrosion pits on a shot-blasted section of main. From this it has been possible to suggest
the corrosion pit depths, corrosion areas and volumes. The literature does not explicitly state how the original
pipe surface for comparison is generated, however, the cylindrical coordinate system applied to each strip scan
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suggests that the system models the reference surface as a perfect cylinder fitted to the outer surface of the
scan. On small diameter pipes, outer ovality may be less of a problem and the assumption that the pipe was
originally a perfect cylinder may be acceptable provided that sufficient uncorroded area areas remain visible

in the scan model to determine the original cylindrical geometry.

Due to the equipment size, this system is limited to sections of distribution main no longer than 1 m in length
(Wu et al., 2012). A much larger scanner would need to be built if sections of trunk main were to be inspected.
Given that the current system can take of the order of 40 mins to conduct an inspection, it is likely to take
many hours to complete an inspection on a full-size trunk main. Work to reduce the level of detail captured,
without detriment to the system’s resolution, has brought the scanning time down below 10 minutes for a
distribution main (Wu et al., 2012). Despite the potential to reduce the scan time, the results produced are
based on the assumption that the pipe is perfectly cylindrical. However, a system such as this would be difficult

to construct and operate for a much larger pipe section.

The Advanced Condition Assessment & Pipe Failure Prediction (aka Critical Pipes) Project is a research
project operating in Australia, involving a number of water companies and universities (Advanced Condition
Assessment and Pipe Failure Prediction Project, 2015). The project seeks to improve the way the pipe assets
are managed for rehabilitation. To do this, several activities have been undertaken in order to gain an improved
understanding of the reasons for pipe failure and associated deterioration mechanisms. The work also seeks to
determine how to assess effectively the deterioration and current condition of a main and decide how to predict
effectively a failure before it occurs using a decision support tool running on improved data gathered by the
project. This work has been conducted on a number of trunk main including abandoned runs of pipe. The cast
iron pipe found in Australia is similar to that used in the UK, however, there are two notable differences: the
pipe walls are thinner, with many of the order of 20 — 25 compared to the 30 — 35 mm seen in the UK, and the
inner surfaces are coated with a cement lining to minimise the internal corrosion. The literature produced by
this project mentions the use of a 3D laser scanner to capture the “ground truth” condition of a pipe and its
data is then used for assessing the onset of corrosion (Petersen and Melchers, 2012; Petersen et al., 2013;
Dafter and Petersen, 2013; Shannon et al., 2016) or improving the sensors used to detect these defects (Miro
et al., 2013; Ulapane et al., 2014; Falque et al., 2014; Falque et al., 2015). Part of the work undertaken by the
critical pipes project has sought to compare the capabilities of current NDE contractors. Several of the papers
make reference to examination of their capabilities, however, the results presented are focussed towards
refinement of the techniques and associated data post-processing. Here, the data gathered by the contractors
and the 3D scanner is fed into a machine learning algorithm which suggests improvements to the sensing
algorithms. Few results have been provided, if any, that compare the contractor’s predicted values against the

“ground truth” condition.

Not all work has focused on assessing corrosion only. More recently Vidal-Calleja (2014), of the “Critical

Pipes” project, has applied 3D scanning to cast iron pipelines to determine the remaining wall thickness. The

inner and outer surfaces of a cast iron pipe were scanned to capture their geometry. It appears that each surface

was scanned separately without any link. The surfaces were later concentrically aligned using reference values
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for wall thickness of a standard pipe of such diameter. The work has shown that 3D scans captured on the outer
surface have been used to create external corrosion maps and identify mechanical damage. Later developments
in corrosion and wall thickness measurements have shown improvement due to the implementation of a ray
tracing method (Skinner et al., 2014). The paper does not confirm the analysis software used to generate these
maps, however, it is known that Creaform Pipecheck was purchased to complement the Creaform 3D scanner

bought to capture these surface profiles (Shepherd, 2014) before new algorithms were developed in-house.

One further example of optical metrology has been demonstrated by (Prewitt, 2016). Here the ability to
measure the exposed corrosion seen on a bent pipe section has been demonstrated and shows that the 3D
scanner provides more flexibility in inspecting complex geometry as opposed to current manual pit depth
measurements. In that paper, the measurement of wall thickness is also mentioned as a possibility but no further

mention of the methodology is given.

Much of the work described has focussed on determining the original pipe surface from the scan captured of
the corrosion. In some heavily corroded iron pipelines, it may not be possible to construct a sensible original
profile due to the deformation induced by heavy corrosion. A brief mention of capturing the starting pipe
condition as a baseline is mentioned by Petersen and Melchers (2012). However, there is no written
methodology explaining its application. This may be a further option to consider, to ensure that any

measurements taken are reliable.

7.2.4 Baseline Pipe Condition Literature Summary

The literature has shown that there is a potential disparity between NDE data and the actual pipe condition
which cannot be effectively compared due to the lack of a method capable of accurately mapping the real
condition of a pipe. 3D scanning has shown that it is possible to evaluate corrosion, however, no utilisable
method has been described in the literature. Several other methods have been described but their efficacy on
cast iron is questionable. In the next section, the work to understand the capabilities of 3D scanning for “ground

truth” measurement is described.

7.3 Equipment & Core Methodology

7.3.1 Equipment

All pipe scans were captured using an Artec Eva structured white light scanner supplied by Artec 3D, Figure
7.4(a). This scanner was connected to a Dell M6800 laptop, with Artec Studio v10 by Artec 3D installed,
which drove the scanner and captured the scan files whilst in use. Whilst the scans were captured using a Dell
laptop, all scans were processed using a custom built Intel i7 desktop computer. This computer was used as it
provided greater system resources capable of meeting the demands of the intensive computational
post-processing of the scans. All scan data was transferred to this machine after the data had been acquired.

Verify, by Geomagic, was used to aid Artec Studio with 3D model manipulation.

The scanning of distribution main sections did not require any further equipment as they are light enough to

be moved by hand and are small enough to be scanned on a laboratory worksurface. However, much larger
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trunk main sections, of the order of 1 — 2 tonnes in mass, required much more careful handling and sufficient
space in which to do it. A bespoke pipe rotator was manufactured by Spectrum Welding Supplies (Chesterfield)
to allow large sections of pipe to be rotated safely for scanning. The rotator comprised a standard five tonne
capacity motor driven rotator pair on a bespoke frame that could be repositioned using a forklift truck. This
rig enabled sections of trunk main, up to one complete pipe “stick’ long, i.e. 5 m in length including the bell
and spigot, to be safely positioned and manipulated for 3D scanning, Figure 7.4(b). This is believed to be a

unique facility.

(@) (b)

Figure 7.4 - Equipment used to conduct the pipe scanning: (a) the Artec Eva structured white light
scanner (Artec, 2016) and (b) the specialised pipe rotator used to manipulate the sections of trunk main
loaded with a section of 42°” main.

7.3.2 Data Acquisition

3D pipe models comprise one, or more, 3D scans which are aligned and fused together to leave one 3D mesh
which represents the original object. All scans were captured utilising the same settings: the scanner was
instructed to use texture and geometry to track its position. Scans were captured at the maximum frame rate
possible. This was nominally 15 frames per second, however, the bandwidth available on the USB port of the
associated laptop can reduce this to closer to 12 frames per second. Prior to recording the geometry, a trial
scan was undertaken to ensure that the texture brightness setting was correct. Here, the scanner was moved to
the minimum working distance from the pipe of approximately 0.4 m. It was then moved out to the maximum
working distance of 1 m. The image on screen captured at these working distances was reviewed to ensure that
the colours could be clearly defined and were not excessively bright. Where necessary, the texture brightness
was increased or decreased and the test was run again until the optimum brightness setting was achieved.
During scanning it was necessary to keep a working distance of ~ 0.7 m between the scanner and any pipe
surface to ensure that the optimum scanning conditions were observed. Both scans of distribution mains and
trunk mains were captured using this scanner with the acquisition settings mentioned above; the methods of
hand scanning vary, dependent on the size of the pipe. The methodologies utilised to ensure full surface

coverage of each of these pipe types are described later.
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7.3.3 Data Post-Processing

In order for a full 3D model of a pipe section to be generated, the scans captured required cleaning and aligning
with other scans to form a complete “rough” model before being fine-tuned and finally fused together to give
a final pipe mesh. These operations were undertaken using Artec Studio v10 which was also used to drive the

3D scanner during data acquisition.

The following steps were carried out sequentially on the scans captured for a given pipe section to produce a
complete 3D model of the pipe section. The steps highlighted in blue are not mandatory and only need to be

used if the scan data requires further cleaning or editing.

1. Rough Serial Registration
The default rough serial registration algorithm in Artec Studio v10 was run to ensure that each scan

which had been captured was correctly assembled by the computer and adjusted where necessary.

2. Scan Editing
It is not uncommon for unwanted background geometry, such as supporting surfaces, to be captured
by the scanner. Each of the scans captured was individually edited to remove any traces of the floor
or any other supporting geometry. This was carried out in Artec Studio v10 using the in-built editor.
A combination of the manual selection tool and a cutting plane were used to select and then remove

the unwanted geometry.

3. Scan Alignment
All of the scans were aligned using common points to form an outline of the pipe scanned. The
model was built up in the order that the scans were captured. Each scan was individually aligned to
the previous scans and a completed model was built up in Artec Studio v10. A 3-point alignment

was used to align common points on the overlapping geometry on concurrent scans.

4. Global Registration
Once all of the scans had been aligned and a rough model had been created, the global alignment
tool, built into Artec Studio v10, was run to fine-tune the position of each scan point until a complete

model was created. The global registration tool was run using its default settings.

5. Fast Fusion
Once a completed model made up of refined scans had been achieved, the scans were then fused
together using the fast fusion tool to produce one geometric volume. The resolution for this model

was set to the default value of 1 mm. All other settings were kept to the default settings.

6. Hole Filling
It was common to find small holes in models where the scanner was unable to illuminate the
geometry fully in order to capture the surface well. These points are no more than a few millimetres
across. At these points, the in-built hole filling algorithm was used to construct mesh geometry

between the edge points.
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7. Fused Model Cleaning
Once any holes on the model had been removed and the geometry was whole, a further algorithm

was run to remove any hanging geometry that was not part of the model.

8. Mesh Size Reduction
The final step in creating a reliable 3D model was to reduce the file size to make the model more
manageable. Each model was reduced to a maximum number of 5 million triangles. This step was

not necessary on sections of distribution main as their meshes did not exceed this threshold.

9. Pipe Model Texturisation
For visual presentation, the coloured texture on the surface of the pipe was applied to the meshed
model to provide a realistic looking pipe, Figure 7.5(a). This step is not strictly necessary since it is
the geometric model that is interrogated to determine its health, Figure 7.5(b). However, it can aid

with future pipe alignment operations if markings on the pipe are visible on the model as well.

During model processing, global registration and fast fusion were automated to run overnight when sufficient
time was available for the computers to conduct the processing operation. Post-processing of data gathered for

a distribution main was much quicker and did not need such periods of time.

a) b)

Figure 7.5 - Digital images showing the same 3D model: (a) with texture (b) without texture

7.3.4 Shot-blasting

Shot-blasting is an accepted method used by those in the water industry for removing any graphitic corrosion,
as well as adhering encrustation or other oxides. The result of this process is a pitted cast iron pipe with several
indicators of the position of any graphitic corrosion. Two different companies were used during experiments
to abrade both pipes. Distribution main sections were sent to R D Cox and Son (Reading) who are the preferred
shot-blaster for TWUL Innovation projects. However, they were unable to handle sections of trunk main due
to their size and weight. The trunk main sections used in these experiments were sent to Hydrosave (Walsall).
Both contractors are experienced in the shot-blasting of pipes and follow a similar procedure using chilled iron

shot to clean the pipes of their corrosion without unnecessary abrasion of the underlying metal.
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7.3.5 Pit Depth Measurement

Pit depth measurement is the current industry standard method of characterising the extent of the corrosion
present on a trunk main. Pit depth measurements are conducted on shot-blasted sections of pipe where the
corrosion has been removed to reveal the pit. All pit depth measurements were conducted in-house by the same

inspector to ensure consistency in the method.

Prior to any measurements being conducted, the crownline of the pipe was marked on the outer pipe surface.
Where the position of the crownline was not known, an arbitrary line was marked on the pipe for reference
purposes. The pipe section was examined by the inspector and the deepest pits, as judged by eye, were
identified. The positions of these pits were marked with a paint marker. The circumferential position of each
pit was measured from the crownline using a tape measure. The measurement was taken in the same positive
circumferential direction as that used by the algorithm that interprets the 3D pipe models to ensure that the
results could be easily compared. The axial position of the pit was measured from a designated end of the pipe

using a tape measure.

Once the circumferential and axial position of each pit had been recorded, the corrosion thickness was inferred
by measuring the pit depth using a depth micrometer. The micrometer was placed over the pit and the probe
was extended to measure the deepest part of the pit. The placement of the depth micrometer had to be carefully
chosen to ensure that an accurate measurement was captured. A sensible corrosion thickness measurement can
only be made using the depth micrometer where a consistent, flat surface around the periphery of a corrosion
pit is present, Figure 7.6(a). At any sites where this criterion is not met, the corrosion measurement captured
can be skewed by the angle that the depth micrometer forms as it conforms to the uneven surrounding surface,
Figure 7.6(b). As a result, the measurement made is not representative of the original geometry and it is not
captured. Measurements for pits of such geometry were not taken.

(@) (b)
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Micrometer

Figure 7.6 - Diagrammatic representation of two different surrounding geometries present when making pit
depth measurements: (a) ideal and (b) impossible surrounding geometry. The red arrow indicates the
corrosion thickness being measured.

This process can be used for distribution main sections or trunk main sections. Typically, an inspector will
measure the top 10 pits on a distribution main pipe section, as this is considered sufficient to identify the
deepest and most damaging pits. However, this number of measurements should be increased for a trunk main
to account for the much larger surface area and the variety of corrosion formations observed (Jesson et al.,
2013).
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This process can also be used to characterise the deepest internal pits, provided that the inspector has sufficient
access. In the case of a large diameter trunk main this is not a problem. However, if the diameter is significantly
reduced, access to the inner surface of a whole pipe is not possible and the pipe section must be split in half
for successful measurements. It should be remembered that this process can only be used during a destructive
analysis as mains in service offer poor accessibility, particularly to the inner surface, and may require the

removal of significant, potentially damaging, volumes of material to make any pits visible for inspection.

7.4 Initial 3D Scanner Trial

7.4.1 Methodology

In this work, a section of shot-blasted 36” trunk main, nominally 1 m in length, was used. This is referred to
as Specimen One. Specimen One had been shot-blasted for use in a previous comparison project and was
selected as it did not require any further surface preparation before it could be scanned. As inspection was
conducted before the pipe rotator had been procured, Specimen One was rested on chocks and sleepers to allow
the pipe to be rolled by hand and repositioned as needed. The inner and outer surfaces of the specimen were
marked up with an array of arbitrary symbols using yellow chalk to ensure the scanner could track its position
across the smoother inner surface. The shape of these symbols is not important. However, it is advised that
any markings should have lines that cross to provide points that cannot slide and can lock each frame captured
together. Symbols such as # or + are good examples of such markings. Further, each shape must be unique and
randomly placed to ensure that the scanner can accurately determine its position. Ideally, the shapes should be
between 50 - 100 mm in size and there should be a spacing of 100 — 150 mm between them to ensure that more
than one symbol is visible to the scanner at each time. Numbers were also drawn on each cut end of Specimen
One to ensure there were common identifiable features that could be aligned between scans of the inner and

outer surfaces.

The specimen was scanned using the Artec Eva, with the settings described in Section 7.3.2. A 3D model was
built up in successive scans which sought to capture approximately one quarter of the specimen each time
including the cut ends. After each scan, the specimen was rolled to allow successive sections of the specimen
to be illuminated by the scanner. The inner and outer surfaces were captured independently as the scanner
could not maintain tracking when moving from the outside to the inside of the specimen. The same procedure
was repeated for the inner geometry. Once the scanning was complete, the scans were processed as described
in Section 7.3.3 to give a 3D model of Specimen One. Geomagic Verify was used to fit a cylinder wall to the
outer surface of the model to represent the original outer pipe surface prior to shot-blasting. Areas of the
shot-blasted model that looked nominally uncorroded, Figure 7.7(a) and representative of the original pipe
surface were highlighted and a “best-fit” cylinder was fitted through these areas. As many areas across the
surface of the pipe as possible were chosen to ensure that the cylinder could achieve an optimum fit. The
cylinder was set as the reference surface and the scanned model as the scan surface. Areas where the corrosion
pitting was extensive, Figure 7.7(b) were not used during the fitting process. The minimum 3D deviation

between these two surfaces was determined using the 3D deviation tool built into Geomagic Verify.
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Figure 7.7 - Screen capture from Artec Studio showing the different surface morphologies present on the
model: (a) Smooth Flat Areas Determined to be uncorroded and (b) Large Corrosion Pits

7.4.2 Complete 3D Pipe Section Models

Figure 7.8(a — d) show views from four angles around the pipe’s central axis of the completed 3D scanned
model of Specimen One as captured by the Artec3D Eva scanner. It can be seen that the graphitic corrosion
pitting across the outer surface is extensive and is present around the whole outer surface. However, the level
of pitting can vary greatly between angles. In Figure 7.8(b) and Figure 7.8(c), it is possible to see areas that
are uniform and do not appear to contain any pitting. It is possible that these areas are uncorroded and represent
the surface of the original pipe before the corrosion set in. The regions of the scan deemed nominally
uncorroded were used as a guide to fit a reference cylinder over the pipe to represent the suggested original
outer surface. Figure 7.8(e) shows the fitted cylinder in red over the scanned shot-blasted section in blue.
Whilst the cylinder provides a good fit to the areas nominally selected as uncorroded, it can be seen that it does
not fully encompass all parts of the model. There are other areas of the model which have a greater diameter
and protrude through the fitted cylinder. Here, any corrosion measurements made are likely to underestimate
the corrosion thickness. This is most prominent if the areas where the nominal uncorroded pipe sections lie at
each end of the minor axis on a potentially elliptical pipe. Here, each end of the major arc has the potential to
protrude through the fitted cylinder. Since the original external surface would have encompassed all of the
geometry visible after shot-blasting, the cylindrical fit must be altered to encompass all of the scanned

geometry.

A new cylinder was generated based on the requirement to encompass all of the scanned outer geometry. This
cylinder has a larger diameter to incorporate these regions. Whilst encompassing all geometry, the fit is reduced
and it is possible to see significant gaps, up to 10 mm, between the new fitted cylinder and the 3D model,
Figure 7.8(f). As a result, any corrosion measurements made using this modified fit would contain a significant
error. This is due to ovality and a fitted perfect cylinder is unable to account for this, and there will be

significantly more error in the corrosion thickness measurement.
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Figure 7.8 - a) — d) Digital models of Specimen One viewed from 90 degree angles about the central
pipe axis. €) The shot-blasted section with a cylinder fitted to the possibly uncorroded sections of the
main. f) A partial view along the length of the section showing the difference due to ovality between the
3D scan (blue) and the modified larger fitted cylinder (grey line).
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7.4.3 Summary

A method has been trialled which uses a 3D scanner to build a model of a pipe after various inspections. It has
significant potential, due to its ability to be applied to pre-existing pipe sections that would require little, if
any, further preparation. Whilst the scanner has performed well and produced coherent models of a section of
trunk main, the testing has shown several problems which mean that this method is impractical for use on

sections of cast iron trunk main.

This method fails as it relies on a pipe being perfectly cylindrical, which is demonstrably not the case.
Consequently, inferring corrosion thickness measurements from a single 3D model of the pipe after
shot-blasting incurs significant error. To improve on the measurements captured here, a scan of the pipe must

be captured before shot-blasting to provide a true representation of the original surface.

Such a model would not suffer from the error of approximating the original geometry and would allow for a
more accurate comparison. A methodology trialling this assumption and the results obtained from it are
detailed in Section 7.5.

7.5 Development of a new scanning method on a distribution main

7.5.1 Pipe Sample

Previous comparisons conducted by Thames Water have used exhumed 36 and 42” pipes as the test samples
to be inspected by NDE. These pipe sections provide ample surface area for a contractor to evaluate, however,
the logistics involved in the cutting, shot-blasting and transportation of a large section of trunk main are
complex and can take a significant amount of time. Given these difficulties, it was decided that the first trial
of a new method should be conducted on a more manageable distribution main before progressing to the more
complicated trunk main section. A section of 4” distribution main, nominally 14 in length, was cut from a
longer main that had been exhumed previously from Henshaw Street in South East London. This is referred to
as Specimen Two. It was chosen as previous testing of the remainder of the pipes exhumed from this area had
shown that the main was in poor condition and was very likely to have corrosion present around the wall. The
main was cleaned of external encrustation during a previous exercise using a wire brush and did not require

any further preparation.

7.5.2 Methodology

Reference markers were cut into Specimen Two to ensure that the scans could be aligned once the geometry
had been altered by the shot-blasting. A v-notch was cut into one end of the specimen using a petrol disc cutter,
Figure 7.9(a). Two slots, no wider than the cutting disc thickness (~ 4 mm), were cut at the opposite end of the
specimen along the same axial line, Figure 7.9(b). Both marker geometries were chosen due to the ease of
creation using a disc cutter. Other shapes could be used but they may be more complicated to machine into the
sample. To ensure there were sufficient markers to allow the scans to be aligned during the post-processing
stage, 10 mm holes were drilled into the specimen: Three holes diametrically opposite the v-notch, Figure
7.9(a), a further two holes were drilled approximately 120° around the circumference from the two slots and

one further hole was 240° around the circumference from the two slots, Figure 7.9(b).
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Once Specimen Two had been prepared, it was scanned using the Artec Eva following the settings described
in Section 7.3.2. As Specimen Two was considerably smaller than Specimen One used in the previous

experiment, the data scanning methodology was adapted.

(@ (b)

v-notch
Two slots
Two holes
Three
One hole
holes

Figure 7.9 - Reference markers were cut into Specimen Two: (a) a v-notch at the bell end and (b) two slots at
the spigot end.

Specimen Two was light enough to be moved by hand and small enough to be scanned on the work-surface in
the laboratory. Here the specimen was positioned horizontally. The specimen was raised on two iron blocks,
sufficient to lift it off the work-surface. The geometry of these blocks is arbitrary but, they must be narrow
enough not to be visible during scanning. This ensures that any of the work surface captured by the scanner
can be easily removed from the scans during post-processing.

The scans of Specimen Two were captured in several passes. Initially, a scan was captured of the specimen
lying horizontally. Here the scanner was held normal to the pipe surface and moved around the specimen in a
continuous fashion. The specimen was then rotated around its axis to reveal geometry that had not been visible
previously. A sufficient overlap of visible geometry was maintained to allow the future scans to be stitched to
the former scan during post-processing. The degree of overlap was typically 50% of the area. This process was

repeated to capture a sufficient number of scans to cover the pipe barrel.

Once the barrel sections had been scanned, the specimen was stood vertically and the ends of the specimen
were also individually scanned in the same fashion as the barrel to capture the cut edges and thus ensure that
a complete model of the pipe could be generated. This allowed a small fraction of the inner surface to be
captured. However, it was not possible to capture the full inner surface using this method. To enable full

coverage of the inner surface, the specimen would need to be split in half and then each half scanned
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individually following a similar process. Once the individual scans had been captured, they were processed to

give a complete 3D model of Specimen Two as described in Section 7.3.3.

After producing the first 3D model, approximately 50 mm at each end of the specimen was protected using an
adhesive cloth based tape, Figure 7.10(a). The protection was extended at the end of Specimen Two with two
slots, as the pipe diameter increased due to a reinforcing band. The purpose of protecting these ends was to
maintain a record of the original outer surface prior to shot-blasting, which is often used when capturing pit
depth measurements. However, the reinforcing band does not represent the original barrel diameter. Extending
this protection protected further pipe that was in keeping in diameter with the rest of the pipe. Once Specimen

Two was fully protected by cloth tape, it was sent for shot-blasting, Figure 7.10(b).

(@ Reinforcing band (b)

Figure 7.10 - Specimen Two protected with adhesive cloth based tape. (a) before shot-blasting and (b)
after shot-blasting.

When Specimen Two arrived back in the laboratory, the cloth tape was removed and any tape residue removed.
The specimen was scanned in the same way as described above and a 3D model of the specimen’s geometry,
after shot-blasting, was created. Finally, to determine how accurate the measurements taken using the 3D
scanner were, the shot-blasted section was also evaluated using a pit depth micrometer, as described in

Section 7.3.5. The axial and circumferential positions for each pit, relative to the v-notch, were also noted.

7.5.3 Completed 3D Models and Data Presentation

Figure 7.11(a) and (b) show 3D models created from 3D scans of the outer surface of Specimen Two before
and after shot-blasting respectively. It can be seen that before shot-blasting, the specimen has a nominally
smooth outer surface with minor undulation. However, once the graphitic corrosion is removed by the
shot-blasting process, it becomes evident that there are significant corrosion pits present across the specimen.
By aligning these scans and comparing them, it is possible to measure the changes in the specimen’s geometry
due to the shot-blasting. In Figure 7.11(c), the raw differences between each 3D model, as measured by
Geomagic Verify, and hence the external corrosion removed during the shot-blasting process, is graphically
represented as a colour-map conforming to the surface of the specimen. Here the red indicates no change in

geometry whereas the yellow, green and blue indicate increasing changes to the geometry.

Whilst this format is desirable for graphics presentations, it is very difficult to work with in comparison
exercises. A format that can be compared between scans is needed. It must be simple to understand and can
represent a range of different pipe radii. Furthermore, inspection of the raw results produced by Geomagic

Verify has shown that the minimum distance deviation measurement methodology employed by Geomagic
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Verify does not provide a reliable representation of the corrosion, particularly around through wall corrosion.
At these points, it has been found that the deviation vector is not being measured normal to the pipe surface,
as a conventional radial pit depth measurement would be. An improved methodology that can make more
representative measurements and present them in a format more conducive to comparison was developed and

is described in Section 7.5.4.

(@) (b)

Figure 7.11 - 3D model of Specimen Two from Geomagic Verify at different stages of the processing: (a)
Raw pre-shot-blasting, (b) Raw post-shot-blasting and (c) A deviation map showing the difference
between the two models and hence, the external corrosion.

7.5.4 Revised Measurement Methodology

In order to manipulate and finally display the data collected by the 3D scanner in a more comparable way that
could be interpolated and processed as necessary, the data was resolved to create a rectangular array that could
be contour plotted with the circumferential position against the axial position whilst allowing numerical
analysis to be conducted. To make the data easier to work with, and eradicate the need to translate complex
coordinate geometry, the 3D models were given a complementary XYZ coordinate system. A reference
cylinder was fitted to the outside of the smoother pre-shot-blasting scan. This was used to align both scans to
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the origin such that the Z axis ran along the axis of the pipe and the X and Y axes sweep across the circular
cross-section of the pipe. This is a more convenient polar coordinate system which allows direct comparison
of similar angular points on a surface regardless of the radius. The coordinate system described can be seen in
Figure 7.12. It has already been stated that a cylinder is unlikely to be able to make a fit to the outer surface
sufficient for pit depth measurements to be made and the use of a further cylinder to align the scans could raise
further questions. However, here the reference cylinder is not used as the original pipe surface, but rather it is
used to align the imperfect scans to a perfect coordinate system as well as possible. It is important that this
stage is carried out as it simplifies the coordinate geometry and makes it much easier to work with the data.
Once the 3D model was adjusted to this position, any point on the 3D model, P, can be described by the angle,

0, and axial position, z, from the datum axis, Figure 7.12.

Figure 7.12 - Diagrammatic representation of a cylindrical coordinate system applied to a pipe section.

After all scans had been aligned to the new global coordinate system, each 3D model was trimmed to remove
the cut ends and any internal geometry. Individual outer surfaces from the pre- and post-shot-blasting 3D
models were compared, to determine a revised corrosion thickness measurement. However, the edited 3D
scans were not compared directly. Instead each model was compared to an arbitrary cylinder which ensured
that true radial measurements for the difference in thicknesses were made. This comparative process can be
seen in Figure 7.13 where the distance to each point on the grey 3D model to the red arbitrary cylinder is
calculated as D1 or D2, dependent on the models being compared. The distance d, which represents the
thickness of the condition data being requested, which in this case is the external corrosion thickness, for a
given angular and axial position can be found using Equation 7.1 for values of D1 and D2 with the same

angular, 0, and axial, z, position.

The number of measurements made axially and circumferentially was controlled by the outer reference
cylinder. This cylinder is formed of a cylindrical mesh with 720 facets around the cylinder by 465 along it.

Here, each measurement compares the normal distance from each facet on the reference surface to the pipe 3D
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model. This gives a spatial resolution of approximately 1 mm along the z axis and 0.5 mm around the
circumference for this distribution main section. The radius of the reference cylinder is arbitrary, however,

the cylinder must be sufficiently large that it encapsulates either 3D model without touching it at any point.
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Figure 7.13 - Diagrammatic representation of the radial defect measurement: (a) outer 3D model before the
corrosion been removed and (b) inner model captured after the corrosion has been removed. The red
cylinder indicates the arbitrary cylinder used during processing.

doz =D19z— Dagz Equation 7.1

The individual values for D1 and D2 for all angular and axial points was calculated using a custom plug-in for
Artec Studio v10. The software measures the normal distance from the centre of each facet of the reference
mesh to the point where it intersects the scan mesh. Unlike Geomagic Verify, Artec Studio v10 does not require
the measurement to intersect a node on the scan mesh. Where the normal intersects a facet on the scan mesh,
Artec Studio v10 will calculate the intersection coordinates from the surrounding nodes on the mesh to produce

a distance measurement to that point exactly.

The two appropriate text files, detailing the XYZ position of each reference measurement, needed to compute
the condition defect of interest were fed into a custom Matlab program. Provided that the reference cylinder
has been aligned correctly, all measurements carried out with the same arbitrary cylinder will share a common
set of XYZ coordinates over which measurements were made, thus allowing direct comparison to be made.
The Matlab program calculated the difference between common axial and angular points between the text files
to produce data on the condition defect of interest, Figure 7.13 and Equation 7.1. Furthermore, Matlab was
used to produce contour maps of these condition defects as required. Given that the most extensive corrosion
is often found at the invert of the pipe, it was decided that the contour plot should easily report the corrosion
thickness across the invert and hence it was decided that the pipe data should be cut along the crownline such

that the invert data is centred vertically on the contour plot.
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7.5.5 External Corrosion Results

The data shown in the coarse colour-map in Figure 7.11(c) has been processed following the method detailed
in the previous section to give a flattened contour plot which details the external corrosion across Specimen
Two, Figure 7.14. The spread and depth of the graphitic corrosion is clear to see and several pits indicate
significant corrosion thickness of greater than 5 mm. As well as corrosion pits, there are several points where
the corrosion was so extensive that it progressed through the pipe wall and when removed, during the

shot-blasting process, left a hole in the specimen.

In order to ensure that the external corrosion measurements gathered by the 3D scanner are accurate, and that
the technique gives a representative corrosion thickness that is in keeping with the methods currently in use in
the water industry, manual pit depths were measured using a depth micrometer. Here the top 10 deepest pits,
as judged by the inspector, were measured using a depth micrometer. Their position can be seen overlaid on
Figure 7.14. The corrosion thickness recorded at each position by the inspector is given in Table 7.1. The
corresponding corrosion thickness at these reported positions on the 3D scanner’s contour map, Figure 7.14,

as measured by the 3D scanner, were also read off and are given in Table 7.1.

Each micrometer measurement refers to the deepest corrosion thickness of a pit, however, on closer
examination it can be seen that the points measured with the depth micrometer do not align exactly to points
on the 3D scanner’s contour plot where the maximum pit thicknesses are shown, Figure 7.14. Further, the
initial results show a difference between the corrosion thicknesses measured using a micrometer and the 3D
scanner: these are up to 1.6 mm, i.e. one eighth of the nominal wall thickness. These inconsistencies are due
to changes in the circumference of the pipe. Here, the positions captured by the depth micrometer
measurements were made after the pipe was shot-blasted and would be subject to a reduction in the outer pipe
circumference, whereas the 3D scanner position measurements are derived from the larger original

circumference present pre-shot-blasting.

On closer examination of Figure 7.14, it can be seen that each depth micrometer measurement lies on the
periphery of a corrosion pit reported by the 3D scanner. Hence, it is likely that these corrosion thickness
measurements refer to the same corrosion pits measured by the 3D scanner, albeit the positions are offset due
to errors induced when measuring their position. Consequently, the coordinates of each depth micrometer
measurement have been adjusted to match the deepest corrosion thicknesses reported by the 3D scanner. This
is indicated graphically in Figure 7.15. Here the circles close to each black dot indicate the site of the adjusted
corrosion thickness measurement. The corrosion thicknesses at these corrected positions are displayed in the
fourth column of Table 7.1. A final column shows the difference in corrosion thicknesses between the depth
micrometer measurements and the 3D scanner measurements for the corrected positions. A much better fit
between the corrosion thicknesses is observed with the majority of pit measurements showing deviations of

0.4 mm or less.
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Figure 7.14 - Contour plot showing the external corrosion thickness for Specimen Two as measured by the
Artec Eva 3D scanner. The black dots indicate the location of each numbered manual pit depth
measurement. The numbers indicate the 10 deepest corrosion thicknesses, in ascending order, given in
Table 7.1.
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Figure 7.15 - Contour plot showing the external corrosion thickness for Specimen Two as measured by the

Artec Eva 3D scanner. The black dots indicate the location of each numbered manual corrosion thickness

measurement and the black circles indicate the location of the deepest external corrosion neighbouring the

manual thickness measurement. The numbers indicate the 10 deepest pits, in ascending order, reported in
Table 7.1 and the arrow indicate the position of the coordinate correction.
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Table 7.1 - The ten (10) deepest external corrosion thickness measurements captured using a depth
micrometer and the corresponding reported and corrected corrosion thickness measurements derived from
the 3D scanner data for Specimen Two. The final column indicates the difference in corrosion thickness
measurements made by the depth micrometer and the 3D scanner at corrected positions.

it External Corrosion Thickness (mm)

Number Depth Micrometer Rj&ftzzngggi?ign Cosreei::(? rFl:?)rsizicliton Difference
M1 1.8 0.9 1.8 0.0
M2 2.0 14 2.0 0.1
M3 2.6 2.0 2.9 -0.3
M4 3.0 2.5 2.9 0.1
M5 34 35 3.8 -0.4
M6 34 1.9 3.1 0.4
M7 3.8 4.0 4.3 -0.5
M8 4.0 4.0 4.4 -04
M9 44 4.5 4.4 0.1
M10 9.3 8.3 9.1 0.2

It may be noted that the reported position of pit M6 was not close to the pit it measured. The location of each
pit depth measurement was marked on the pipe sample as a permanent record, Figure 7.16. When compared
to the 3D scanner contour map given in Figure 7.16, it can be seen that the position of pit M6 is wrong and
hence its position has been corrected in line with the sites given in Figure 7.16.

Figure 7.16 - Close-up view of the shot-blasted surface of the 4 distribution main where the corrosion
depth measurements for pits M4, M6, M7 and M9 were measured using a depth micrometer. The blue dots
indicate the exact location of each measurement.
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The results suggest that the 3D scanner has successfully measured the corrosion thickness across the pipe
section and produces corrosion depths that are in keeping with those measured using a depth micrometer,

which is the industry standard.

Closer inspection of the external corrosion thicknesses measured by the 3D scanner suggests that the
measurements measured manually using a depth micrometer do not represent the 10 deepest pits. Figure 7.17
shows an updated contour plot which shows the 10 deepest pits as determined by the 3D scanner. Here it is
clear to see that pits chosen by the 3D scanner are different from those reported using the depth micrometer
with only one pit, M10/S10 common between both. Table 7.2 details the corrosion thickness for each of the
10 deepest corrosion thicknesses measured by the 3D scanner. When compared to the values reported in Table
7.1 for the depth micrometer, it is clear to see that the corrosion thicknesses measured differ significantly.
Apart from one reading, all of the corrosion thicknesses calculated by the 3D scanner are over 5 mm in depth.
Even this reading is approaching 5 mm. Conversely, the manual depth micrometer only records one pit as
being greater than 5 mm in depth, i.e. gathering all of the data can identify deeper pits than the traditional

manual method.

Table 7.2 - The 10 deepest external corrosion thicknesses as measured using the 3D scanner

Pit Number | Pit Depth (mm)
S1 4.9
S2 5.0
S3 5.0
S4 5.0
S5 5.2
S6 55
S7 5.9
S8 6.1
S9 6.7
S10 9.1

Corrosion thicknesses of 4 mm or more are of potential interest as this value marks the transition from inherent
material defects, such as the graphite flake size, to external defects, such as corrosion defects, as the dominant
reason for failure (Atkinson et al., 2002). Whilst there are many corrosion thicknesses greater than 4 mm
present on the pipe, only a few of these corrosion thicknesses have been detected by the depth micrometer
whereas all of the measurements made by the 3D scanner are over this threshold. This has significant
implications as the depth micrometer measurements are used to characterise the severity of the corrosion
present on an exhumed sample, which can infer the condition of the pipes adjacent to the exhumed sample.
However, the severity may be underestimated as the depth micrometer measurements may be skewed due to

the maximum corrosion thicknesses being ignored.
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Figure 7.17 - Contour plot showing the external corrosion thickness from the 4" distribution main measured
by the Artec Eva 3D scanner. The black dots indicate the location of the 10 deepest pits as measured using a
depth micrometer. The black crosses indicate the location of the 10 deepest pits as measured by the 3D
Scanner. The numbers indicate the relative pit location (white for depth micrometer and yellow for 3D
scanner) and are ranked to show the deepest pits in ascending order.
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These differences in distribution are likely to occur as the surface of the pipe where the depth micrometer can
be used is limited. Figure 7.18(a) illustrates an example of a cluster of pits where a measurement using the
depth micrometer was not possible. Conversely, there were no areas on the inspected pipe section that were
unable to be measured by the 3D scanner. The corresponding corrosion thickness, as measured by the 3D
scanner, for the pits shown in Figure 7.18(a) can be seen graphically in Figure 7.18(b). Here, the 3D scanner
has demonstrated that it is capable of measuring the corrosion thickness in challenging areas where the
traditional depth micrometer cannot. Further, several of the deepest corrosion pits were identified by the
scanner in this range. These were not captured by the manual pit depth measurements, even if they were
identified by the inspector. Consequently, the manual pit depth measurements obtained using the traditional

method are likely to present a skewed picture of corrosion.
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Figure 7.18 - Two images showing the same corrosion pits on the distribution main that cannot be measured
using a depth micrometer. a) A digital image showing a close-up of the pits. b) The corresponding corrosion
thickness as measured by the 3D scanner. The numbers indicate common features between each image.
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Closer examination of these pits showed that the pits in question are greater in depth than all but one of the
pits reported by the depth micrometer. Further, the 3D scanner shows that it is not hindered by difficult
geometry and is capable of measuring any corrosion pits across the entire surface of the pipe. Consequently, a
more representative estimate of the 10 deepest corrosion pits is obtained. Ultimately the 3D scanner provides
a more complete view of the pipe condition as the corrosion thickness measurements made using the pit depth
micrometer are not representative of the sample and, whilst certain areas may be identified by an inspector as

an area of potentially deep corrosion, they cannot be quantified using a depth micrometer.

7.5.6 Summary

In this section, a method of scanning a pipe has been developed to record the geometry before and after
shot-blasting to remove any error induced though deviation measurements made to the poor fitting of additional
reference geometry. The initial results reported in Figure 7.14, Figure 7.15 and Figure 7.17 have shown the
external corrosion thicknesses for a distribution main as measured by the 3D scanner. These measurements
have shown good correlation with the current industry standard pit depth measurement. Further they have
shown that pit depth measurements should not be relied on to give a full picture of the condition of a pipe as
corrosion pit geometry may not lend itself to measurement with a depth micrometer. The 3D scanner has been
able to characterise all of the external corrosion and has reported the top 10 corrosion thicknesses. Further, the

results showed that more rigor is needed when analysing areas of through wall corrosion.

The in-built method of conducting deviation measurements in Geomagic Verify was not valid for the shape
being inspected. Consequently, a custom plug-in was commissioned for Artec Studio v10 which allowed the
measurements captured by the surface measurements in the program to be exported. The updated method
allowed radial measurements from a datum cylinder around the pipe scan to be taken, before and after
shot-blasting, and compared to infer the corrosion thickness. Whilst this methodology is more time consuming
due to the increased number of scans required, and the downtime when the pipe is being shot-blasted, it has
proved to be capable of successfully evaluating the external corrosion on the small test sample. As it was not
possible to shot-blast the inner surface of the distribution main, the exercise was only able to test the scanners
ability to measure external corrosion thickness and position. It was not possible to evaluate the scanner’s

capability to measure inner corrosion thickness and position or the remaining pipe wall thickness.

This work was conducted on a section of distribution main and, whilst useful, it is imperative that the technique
is capable of functioning on a much larger trunk main section. With a surface area of almost 10 times that of a
distribution main, the potential amount of external corrosion that could be measured would overload a
contractor conducting pit depth measurements. Here the scanner has great potential to improve the real
condition data gathered on the condition of a pipe. In the next section, the methodology evaluated previously
is tested to see whether it is capable of working on a much larger section of trunk main. It is further refined to
capture additional data, such as the internal wall thickness and the internal corrosion that could not be captured

before.
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7.6 Testing New Method on Full Size Trunk Main

7.6.1 Background Requirements

In moving from a small section of distribution main to a much larger (1 m long, or possibly more) section of
trunk main, more constraints on the methodology are encountered. The methodology must also be capable of
fitting around the needs imposed by the NDE contractors as well as the limitations of the 3D scanner. Further
limitations imposed by the pipe shot-blasting contractor, the pipe stock available for testing and the capabilities
for handling large sections of pipe on the Thames Water site were also taken into account. Consequently, a list
of background requirements was generated before this technique was scaled up. The surface condition
requirements for any NDE contractor can vary significantly and it is not possible to account for every
requirement they may present at the very outset. Consequently, the guidelines were based on experience
gathered from inspections conducted by NDE contractors which the company has used previously. When
collated, the final methodology was left open, should any flexibility be needed to accommodate any

requirements a new contractor may impose. These restrictions were:

e Testing was limited to the collection of 42 and 36” pipes stored at Kempton Park WTW in which the
position of the corrosion was unknown.

e Pipe sections should be limited to being less than two tonnes to ensure that the mechanical lifting
equipment on site can lift the pipe section and manoeuvre it into place.

e A minimum of 1.6 m long of section of pipe available to support their scanning frame which captures
a 1 m section of NDE.

e Surface preparation would need to be carried out by the contractors, which in past experience can be
extensive, and the changes made by this would need to be captured.

e Any pipes that would need to be cut (including for the purpose of introducing reference markers) must
be capable of being cut by one man with a petrol disc cutter.

e The shot-blasters could not fully access the inside and outside of a pipe fully if it was no more than
1 m long for a diameter of 30” without splitting the pipe. Longer lengths were tolerable if the diameter
could be increased.

e Scanning needs common geometry to be able to realign the models after any changes to the pipe

sections.

These restrictions were taken into account and a process to map the corrosion from the pipe samples was
created. During this testing, the methodology was fine-tuned to enable the 3D scans to be taken as needed
given the constraints mentioned above and any further restrictions encountered during testing. Over the next
sections the application of this methodology, and the 3D models created from it, are detailed. From these
models, the external corrosion and other important condition data is inferred. The findings from this work have
allowed a final methodology that can be used to conduct a live NDE contractor trial to be created. This is given

at the end of this chapter.
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7.6.2 Pipe Sample

A further section of trunk main was obtained to verify that the updated method, demonstrated on the section
of distribution main, was capable of functioning on a full-sized trunk main section. This section was cut from
a much longer section of 42” trunk main that had been exhumed from the Olympic Park during the pipe
replacement project. This sample is referred to as Specimen Three. The specimen was cut to 1.8 m long using
a petrol disc cutter, Figure 7.19. A crownline was marked along the specimen to give a reference vector from

which measurements can be made.

In the case of a live comparison exercise, it is beneficial if this is the actual crownline, marked when the pipe
is exhumed, as this can help to reference the position of the corrosion captured in the 3D scans. Two v-notches
were cut into the Specimen Three: one at each end of the crown line. The geometry of these notches is not
prescriptive, however, the notch must not encroach into the specimen more than 100 mm. It is also advised
that the angle of this v-notch is greater than 90 degrees to ensure that the 3D scanner can fully illuminate the
wall cross-section. Failure to do this can result in the notch geometry being poorly resolved in each 3D model
and ultimately the alignment between each scan becomes poorer.

Figure 7.19 - Specimen Three.

7.6.3 Initial Methodology

The process to capture the “ground truth” pipe condition, and any pipe changes due to the NDE contractor, has
several stages and requires the pipe specimen to be reduced in size after the NDE inspections have been carried
out. This is to ensure that there is sufficient length available for an NDE contractor to be capable of conducting
their investigation, but also to ensure that the specimen is short enough to remove the internal corrosion fully

during the shot-blasting process. Unlike the initial comparison carried out on a distribution main, where only
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two scans were needed, the methodology developed for use on a trunk main section requires several further
steps. Whilst several of these steps provide further insight into specific pipe condition, such as the remaining
wall thickness present across a pipe section, other steps have been added to allow any changes in geometry,
due to the pipe reduction, to be recorded. This ensures that changes made to the pipe do not result in all of the
common geometry between scans being removed such that 3D models created from consecutive stages of the
exercise cannot be aligned to the common coordinate system. A diagrammatic representation of the main stages

of the methodology are given in Figure 7.20.

Whilst this methodology is designed to capture the “ground truth” pipe condition, the 3D scanner has the
potential to capture other information based on geometric data that could be difficult to collect by hand. For
example, it has always been questionable whether adherent surface encrustation promotes the formation of
external graphitic corrosion or if internal tuberculation performs a similar role internally. Prior to its use, this
technique was evolved to allow the position and thickness of the internal tuberculation and external
encrustation to be measured. Consequently, the pipe is scanned immediately after it is first cut to capture the
adhering encrustation. The encrustation is then removed using an angle grinder fitted with a wire wheel leaving

a nominally smooth surface that can be considered to be the original pipe surface.

To ensure that there is common reference geometry in each 3D model, to allow alignment of each of the 3D
models, the surface within a 10 cm ring at each end of the pipe was left uncleaned. The pipe section was then
scanned again to record this change. At this point the pipe is ready for NDE to be conducted. Once NDE was
conducted, the pipe was scanned again, to capture any changes to the pipe surface that may have occurred
during the surface preparation for the NDE. This approach ensures that the level of surface preparation

conducted by a contractor can be recorded.

By using this approach, it is possible to compare more than one contractor. Here, the pipe should be scanned
after each contractor has carried out their NDE to record any change between contractors. In this trial, no
contractors were brought in to carry out any NDE. Instead, the surface preparation was imitated in-house using,
the same methods employed by a contractor. A poly-abrasive wheel fitted to an angle grinder was used to
prepare the pipe surface. Where possible, the abrasive wheel was used to excavate the graphitic corrosion in a

similar fashion to that experienced in previous comparison exercises.

Following NDE, the pipe section was cut down to a manageable length before being sent for shot-blasting. In
doing this, the original v-notch markers and external untouched end rings were removed leaving no common
geometry which can be used to align further 3D models. As a consequence, further markers were cut into the
pipe section which align axially with the original v-notches, Figure 7.21(a). A selection of diamonds, Figure
7.21(b), and squares, Figure 7.21(c), nominally 200 mm axially by 200 mm circumferentially in size, were cut
into the pipe section with their centres 300 mm in from each end. A total of four markers were cut into the pipe

at angles 0, 90, 180 and 270 degrees to the crownline at each end of the pipe.
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STEP 2: Pipe section scanned with 3D scanner.

STEP 4: Pipe section scanned with 3D scanner.

STEP 6: Pipe section scanned with 3D scanner

STEP 8: Pipe section scanned with 3D scanner.

STEP 10: Pipe section scanned with 3D scanner.

STEP 12: Pipe section scanned with 3D scanner.

Figure 7.20 - Diagrammatic representation of the steps taken to conduct a trial of the initial methodology for
capturing the real pipe condition on a large section of trunk main. The red boxes indicate steps where
changes to the pipes geometry are made and the blue boxes indicate steps where the pipe section is scanned.
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Figure 7.21 - Additional reference markers cut into Specimen Three: (a) the complete pipe section with
reference markers, (b) a close-up of a diamond marker and (c) a close-up of a square marker.

Once these markers were cut, the pipe was reduced in length to 1.2 m long leaving half of the reference marker
geometry cut into the section, Figure 7.22(a). The pipe was scanned again, before being sent off for
shot-blasting. Prior to shot-blasting the inner and outer end 100 mm rings are masked off, again to preserve
the common pipe geometry using cloth tape, Figure 7.22(b). The pipe was scanned again once returned, and

the models were compared to ascertain the “ground truth” condition.
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Figure 7.22 - Reduced length of Specimen Three being prepared for shot-blasting: (a) after length
reduction following the reference markers being cut in and (b) with ends being preserved prior to
shot-blasting.

7.6.4 3D Scanning Models

In Figure 7.23, six 3D models are displayed from each stage of the exercise. It can be seen that each model
was successful and provides a representation of the pipe geometry present at that the stage. Initially a 3D model
of the pipe as cut from the pipe was captured, Figure 7.23(a). This model provides a starting reference of the
condition of the pipe after exhumation including the encrustation adhering to the outer surface. Here the pipe
has had v-notches cut into each end to provide known reference geometry. The model shows that the surface
encrustation is well resolved and can be easily identified. Further, the additional reference geometry is also
visible and well resolved. It is also possible to see any tuberculation present across the inner surface of
Specimen Three. A second 3D model of the pipe was created after the external encrustation had been cleaned
off, Figure 7.23(b).

During the development of the methodology, no NDE contractors were used to conduct any surface
preparation. Instead, the surface preparation was conducted in house to mimic that carried out by the current
NDE contractors. A further 3D model was created to capture the geometric changes on the pipe section caused
by the NDE surface preparation, Figure 7.23(c). Two large indentations can be clearly seen on the outer surface

of the pipe where the surface preparation has been conducted.

Figure 7.23(d) shows a 3D model of the pipe after further reference markers were cut into it to replace the
original v-notch markers that were lost after the pipe was reduced in length. The 3D model shows that the
additional reference geometry is captured and well resolved. Figure 7.23(e) shows a 3D model of the pipe
section after it was reduced in length to 1.2 m. The final scan after shot-blasting has been conducted is given
in Figure 7.23(f). Here the pitting resulting from the removal of the graphitic corrosion can be clearly seen.
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Figure 7.23 - 3D models of Specimen Three at 6 different stages of the process: (a) Stage 1 before
cleaning with encrustation in tact, (b) Stage 2 after encrustation removal, (c) Stage 3 - After NDE has
been conducted, (d) Stage 4 after the addition of reference markers. The red squares indicate the
location of the surface preparation, (e) Stage 5 after pipe length reduction for shot-blasting and (f)
Stage 6 after shot-blasting.
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7.6.5 Data Post-Processing

Following the capture of the 3D models, each model was individually aligned to the global coordinate system
as described in Section 7.5.4. The differences between the models were compared in the same fashion to that
described for the distribution main to provide pipe condition data, such as the external corrosion. However, in
this exercise it is no longer a case of comparing two models to obtain the condition data. Table 7.3 shows the
two 3D models that were compared to determine the condition defect of interest.

Table 7.3 - The condition defect of interest and 3D models compared to determine it.

Condition Data

Outer 3D Model

Inner 3D Model

External Corrosion

Outer Trunk Main Surface After
Encrustation Removal

Outer Trunk Main Surface After
Shot-blasting

Remaining Wall
Thickness

Outer Trunk Main Surface After
Shot-blasting

Inner Trunk Main Surface After
Shot-blasting

External Encrustation

Outer Trunk Main Surface Before
Encrustation Removal

Outer Trunk Main Surface After
Encrustation Removal

Surface Preparation

Outer Trunk Main Surface After
Encrustation Removal

Outer Trunk Main Surface After
NDE

Internal Corrosion (Could
Not Be Separated in this
analysis)

Tuberculation (Could Not
Be Separated in this
analysis)

Inner Trunk Main Surface After
Tuberculation Removal

Inner Trunk Main Surface After
Shot-blasting

Inner Trunk Main Surface Before
Tuberculation Removal

Inner Trunk Main Surface After
Tuberculation Removal

7.6.6 External Corrosion Results

Once the pipe had been shot-blasted, the results for the external corrosion were generated by comparing the
3D models captured once cleaned and after shot-blasting. The external corrosion present is plotted in Figure
7.24. The plot shows the methodology is capable of capturing external surface corrosion in a similar fashion
to that conducted on a distribution main even when deployed to a trunk main. In particular, the 3D scanner has

managed to capture certain corrosion features, such as the presence of a chain or band on one side.

To ensure that 3D scanning is still capable of capturing accurate corrosion thicknesses without being skewed
by the increased size of the pipe section, manual pit depth measurements were again captured, as was done for
the distribution main. However, due to the significant increase in external surface area in moving to a trunk
main, the number of pit depth measurements taken was increased to provide a better corrosion pit depth sample

to compare the 3D scanner results against.

The larger surface also made it more challenging to capture the manual pit depths. When operating on a
distribution main section, it was possible for the inspector to observe the full outer surface and judge which
were the top 10 deepest. However, when inspecting Specimen Three, it was not possible to observe the pits in
the same manner. The greater surface area is too large for an inspector to focus on and accurately judge which

pits were the deepest. To combat this problem, a method of subdividing the trunk main surface into smaller
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more manageable areas, similar to that employed by many of the NDE contractors, was used to conduct a
manual pit depth inspection. The pipe was split into 12 longitudinal strips nominally 30° in span. This is often
described as a “clockface”. These longitudinal strips provided the inspector with a smaller area to focus on and
allowed 20 of the deepest pits in each strip to be recorded, thus giving a total of 240 pits. As per the pit depth
analysis conducted on the distribution main, the axial and circumferential position of each pit was captured, as
well as its depth. When attempting to plot the location of the pits against the results measured by the 3D
scanner, it was not possible to find an agreement. There are two reasons for this: the axial measurements of
the manual measurements have an associated positional error since the cut end of the pipe from which they
were measured is not straight. Further the circumferential measurements change as the tape measure used by
the inspector conforms directly to the shot-blasted geometry rather than the original pipe surface as the 3D
scanner does. To combat this, the pit measurements were manually adjusted as described in the Section 7.5.4.
The corrected position of each of these pits measured during the analysis have been plotted on Figure 7.25 as

red circles. The boundaries of each strip are also given as horizontal white lines denoted by a letter from A - L.

The pit depths at each adjusted location were measured from the 3D data and compared against that provided
by the pit depth inspector. The differences in measurement have been plotted as a histogram in Figure 7.26.
The differences in pit depth measurement have been grouped to the nearest 0.1 mm. It can be seen that the
distribution can be approximated to a normal distribution and has a mean difference of 0.57 mm and a standard
deviation of 0.85 mm. Closer inspection shows that 75% of the difference measurements are within 1 standard

deviation of the mean and 98% of the differences are within 2 standard deviations of the mean.

This provides good agreement that the 3D scanner produces corrosion measurements that are in keeping with
the industry standard method of measuring pipe corrosion by pit depth measurement. Further, it should be
remembered that pit depth measurements do not provide an exact value for the corrosion lost. In fact, they are
only providing an indicative number based on the assumption that the periphery around the pit from which the
depth measurement is made has itself not corroded and is not subject to misshapen geometry. On final
inspection of this graph, it can be seen that there are two differences that stand out and away from the general
population. At these points, the difference between the 3D scanner measurement and the manual pit depth
measurement is greater as it was not possible to align satisfactorily the manual pit depth position to the 3D

scanner data. This is the case if the pit depth is small and does not stand out on the corrosion maps.

In a similar fashion to that described for the distribution main, the deepest pits as measured by the 3D scanner
have been identified and are drawn as black dots on, Figure 7.25. When comparing these positions, it can be
seen that there is some agreement (38% of the points lie on the same position) between the position of the
manual pit depth measurement and the points of maximum corrosion thickness measured by the 3D scanner.
These results further show that the pit depth measurements made by the 3D scanner are in keeping with the
manual method. In fact, several common deep pits are found by each technique. However, many other deep
pits are missed by the manual measurement. Here the method of segregating the pipe into strips helps to focus
on a smaller area but it can limit the selection of pits that can be made such that it is not representative of the
corrosion pitting.
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Figure 7.24 - Contour plot showing the external corrosion on Specimen Three as captured by the 3D
scanner.
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Figure 7.25 - Contour plot showing the external corrosion for Specimen Three as captured by the 3D
scanner with the locations of the manual pit depth measurements as red circles. The black dots indicate
the deepest pits as measured by the 3D scanner. The white lines mark the boundary of each section used

during manual pit depth measurements.
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Figure 7.26 - Histogram showing the difference in pit depth measurements captured for the same pits by the
manual pit depth micrometer and the 3D scanner. The difference is calculated as the pit depth as measured
using the depth micrometer minus the pit depth captured by the 3D scanner.

Examination of the location of the 3D scanned deepest pits shows that approximately 50% lie in sections F
and G, on the pipe crown. A further 26% of the measurements are spread over sections B and L. The other
measurements are evenly spread across the remaining sections. Having said that, there are many small pits that
were identified very close to the areas of deep corrosion pitting within each section that was not chosen. In
sections F and G, the pitting may have been too complex to measure, particularly as it has a grooved profile
where it was scraped by the excavator during exhumation. Further, the sampling window may still focus on an
area too large to be fully appreciated by one inspector. Despite the pit depths not providing full agreement,
the manual pit depth measurements did manage to identify the two deepest pits on the pipe successfully.
Ultimately, the manual pit depth measurements are not truly representative of the spread of the corrosion
thicknesses particularly when the geometry can be complex but they may be capable of providing sufficient

information for a Dempsey and Manook (1986) style analysis.

7.6.7 Remaining Wall Thickness and Internal Corrosion

The key output from this work was the ability to be able to map the external corrosion and the surface
preparation conducted on the pipe surface. This enables a better understanding of the accuracy of a contractor’s
results and the amount of cleaning that must be undertaken for a given technique to work. The 3D models have
been further processed to enable further pipe condition data to be obtained. Here the pipe wall thickness has
been measured after shot-blasting to determine the remaining cast iron thickness. The resulting contour plot
showing this thickness is given in Figure 7.27. Here it can be seen that the remaining wall thickness is
dominated by the external corrosion lost as many of the areas of reduced thickness are at points where external

corrosion has been identified.
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Figure 7.27 - Contour plot showing the remaining wall thickness for Specimen Three as measured by the
3D scanner.
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In this test, it was not possible to measure the inner corrosion as the scans captured only recorded the geometry
before and after both the tuberculation and internal corrosion was removed. As there was no scan detailing the
geometry of the pipe with the internal corrosion but not the tuberculation, it was not possible to separate out
the individual thicknesses. A further step which captures the geometry of the pipe with the internal corrosion

in place without the tuberculation is needed to ensure this can be measured in future work.

7.6.8 Surface Preparation

As well as capturing the external corrosion, it is imperative that the technique is also capable of measuring the
level of corrosion present. In previous comparison exercises, the level of surface preparation conducted has
been shown to be aggressive and it has been unclear if the corrosion thicknesses reported are inclusive of the
corrosion removed during the surface preparation. In this trial, no contractors were used and the surface
preparation was conducted in-house. It was designed to imitate the “craters’ that can often be seen after the
surface has been abraded. An angle grinder fitted with a poly-abrasive wheel, similar to that used by the

contractor in question, was used to prepare the pipe surface.

In this trial, the surface preparation focussed on cleaning distinct patches of graphitic corrosion and uncorroded
iron to understand if the material was likely to be removed during the surface preparation and if the extent of
material removed could be measured by the 3D scanner. Concerns were raised that the application of a
poly-abrasive wheel could lead to areas of sound metal being removed on the surface of the pipe. However,
during sustained use of the abrasive wheel over a constant area of sound metal, it was not possible to remove
any of the metal. At worst, the poly-abrasive wheel was only capable of removing the bitumastic coating to
reveal shiny metal underneath, Figure 7.28(a) and Figure 7.28(b). When the same abrasive wheel was used on
an area of graphitic corrosion, it quickly removed it, leading to the “crater” structures mentioned above. In a
very short time it was possible to quickly remove significant amounts of graphitic corrosion, Figure 7.28(c)
and Figure 7.28(d). Previous experience has shown that these “craters” tend to have a significant diameter.
During the testing, it was evident that the corrosion could only be removed where the pit was sufficiently large
that the abrasive wheel could get into the pit to continue to excavate the corrosion product. When tested on
small pits, it was not possible to excavate the corrosion product. The abrasion merely smoothed any rough
edges whilst leaving the graphitic corrosion product in place, Figure 7.28(e) and Figure 7.28(f). As a result,

the surface preparation focussed on creating several large pits.

The 3D models captured before and after the surface preparation has been conducted have been aligned and
the differences compared, and hence the material lost during surface preparation has been calculated. Whilst a
contour plot of the surface preparation for the whole pipe was created, the majority of this plot shows no
change as the surface preparation conducted was localised as detailed above. Figure 7.29 focusses on the
“crater” created from the surface preparation shown in Figure 7.28(c) and Figure 7.28(d). It can be seen that
the scanner has measured a loss of material of up to 11 mm. Further the scanner has captured the shape of the
bowl left behind and horizontal lines can be seen on the contour map, which represent the original ridges

between each scratch that was lost during the surface preparation.
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Figure 7.28 - Effect of the poly-abrasive wheel on sound metal and graphitic corrosion: (a) uncorroded
iron before cleaning, (b) as (a) after cleaning, (c) graphitic corrosion before cleaning, (d) as (c) after
cleaning, (e) small patch of graphitic corrosion before cleaning and (f) as (e) after cleaning.
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Figure 7.29 - Contour plot showing the level of surface preparation as measured by the 3D scanner for
the corrosion patch excavated in Figure 7.28(c) and Figure 7.28(d).

The 3D scanning methodology has been shown to be capable of measuring the geometry of any surface
preparation conducted by an NDE contractor. This technique could be further used to examine the surface

preparation conducted over a whole section of trunk main.

7.6.9 Encrustation and Tuberculation

As well as being used for condition assessment, the ability to measure pipe geometry has opened up further
avenues of inquiry. In particular, it has been questioned whether there is a link between the location of external
encrustation or internal tuberculation and the underlying corrosion. The method adopted during this exercise
was devised to include a record of the pipe before any surface preparation was conducted. A 3D model of the
pipe was captured prior to any surface cleaning being undertaken and compared to the 3D model which detailed
the pipe geometry after it has been cleaned. The resulting contour plot showing the external encrustation is
presented in Figure 7.30. The graph shows that there are several areas where the surface encrustation was
significant, however, a great deal of encrustation shown is the remnants of soil removed with the pipe rather

than the concrete like encrustation sometimes experienced.

This encrustation was easily removed during the pipe preparation. Further, in this pipe section, the area around
the deepest patch of corrosion appears to be devoid of any encrustation. This is not surprising as the top of the
pipe was scraped clean by the excavator when it was being exhumed. Consequently, in this exercise, it is not
possible to draw any links between the encrustation and the presence of corrosion. None the less, it has shown
that the encrustation can be mapped if it is still adhering to the pipe surface. A similar process could be used
to capture the internal tuberculation as well, however, as mentioned previously, it was not possible to separate

the tuberculation or internal corrosion measurements in this exercise.
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Figure 7.30 - Contour plot showing the external encrustation on Specimen Three as measured by the 3D
scanner.
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7.7 Resultant Developed Methodology

7.7.1 Revised Methodology

In the previous section, the progression from investigating the external corrosion on a distribution main to that
of a trunk main using the 3D scanner was achieved. The developed method proved that it can successfully
provide destructive condition data for corrosion on a trunk main section that remains in keeping with the
current industry standard method of manual pit depth measurement. Further, the methodology was expanded
to allow other items of condition data to be captured such as surface preparation. The methodology was also
devised to allow internal tuberculation and corrosion to be measured, although, problems were encountered
during the exercise that meant it was not possible to extract the tuberculation or internal corrosion data

individually.

To combat this problem, the methodology was adjusted so that any future exercises will not experience the
same problem. A further scanning step, which involves the tuberculation being cleaned away to leave behind
the original inner pipe surface before the geometry was scanned, Figure 7.31, is added to ensure that each
detail could be measured individually. This will not only allow the level of internal corrosion to be measured,
but also the level of tuberculation to be individually measured. This resultant methodology will be used in any

future comparison exercise.

STEP 1 - 10: Pipe prepared as mentioned previously.

STEP 10b: Pipe section scanned with 3D scanner.

'

STEP 11 - 12: Pipe was processed as mentioned previously.

Figure 7.31 - Diagram showing the additional step incorporated into the initial methodology described in
section 7.6.3 to allow the internal corrosion and tuberculation to be measured individually.

7.7.2 3D Scanning Procedure Observations

At each stage of the comparison exercise, it was important to remove any dust from the pipe as it has the
potential to accumulate during the scanning process. Any dust and debris has the potential to be recorded
during the scan as additional geometry that is not part of the pipe. This is most important on the inside surface
since the rotation of the pipe can cause any loose dust and debris to gather around any protruding geometry
such as a tubercle. The pipe was rotated for several minutes to ensure any material likely to become loose was
loosened, collected and then removed. A soft brush was used to clean the inner surface of any remaining debris.
The inner and outer surfaces of the pipe were brushed carefully to ensure that only loose material was removed
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and no further corrosion products were removed. It became apparent that the most likely problem with debris
was immediately after any cutting actions had been performed on the pipe. Here iron filings were found to

accumulate inside the pipe, Figure 7.32.

(@ (b)

Figure 7.32 - 3D pipe models showing the effect of debris build up around tubercles: (a) 3D model with
debris, (b) textured version of (a), (c) 3D model without debris, (d) textured version of (c). The red square
highlights a common feature in all models.

7.8 Summary

In this chapter, the need for an improved method of collecting the “ground truth” data from a destructive
analysis has been shown in detail from the previous NDE comparison exercises conducted by TWUL. 3D
scanning was investigated to understand if it can be used on sections of trunk main to provide the information
required. Initially, a trial sought to see whether the outer original surface of a pipe could be represented by a
cylinder fitted to the nominally uncorroded areas of a trunk main. This proved to be wrong as the cylinder did
not encompass all parts of the scan. An oversized cylinder, which encompassed all of the 3D scan’s geometry,

was tried but it proved that the fit became less realistic. Whilst suitable for steel mains that have been subject
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to rigorous quality assurance, this option proved to be less useful for ageing trunk mains and induced

significant error into the corrosion thickness measurements.

A revised methodology that determined the external corrosion thickness of a distribution main section by
comparing the 3D geometry captured before and after shot-blasting was then tested. This methodology proved
to be more successful and provided corrosion measurements that were in-keeping with those obtained through
standard pit depth measurements. Further, analysis of the 3D scanned data showed that traditional pit depth
measurements do not necessarily find the deepest external corrosion pits, particularly where the geometry is

complicated, often rendering pit depth measurements impossible.

This improved methodology has been applied to a trunk main section and also achieved similar beneficial
results to that demonstrated on the distribution main. Furthermore, this technique has also allowed the
remaining wall thickness and external corrosion to be measured as well as potentially capturing the internal
corrosion and tuberculation. Finally, the development work has resulted in a complete methodology that can

be used when undertaking further comparison exercises.

In Chapter 8, this methodology is tried in a live comparison exercise. The methodology is used to evaluate the
performance of two NDE contractors used by TWUL to provide guidance on their ability to accurately record
internal and external corrosion, as well as the remaining wall thickness. The comparison also seeks to

understand how dependent the results obtained are on the level of surface preparation conducted.
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8 Trunk Main NDE Contractor Comparison Exercise

8.1 Introduction

In Chapter 7, a new technique developed in house which utilises a 3D scanner to record geometric changes to
a pipe, and hence infer the condition (such as corrosion and residual wall thicknesses), was demonstrated.
Following trials on a distribution main section, and later a trunk main section, the technique proved its
competence for the collection of “ground truth” pipe data. Finally, a methodology for evaluating the efficacy

of an NDE contractor using this approach was developed.

A NDE contractor comparison exercise was held using this new methodology. This exercise has been
conducted in the past. However, it was only able to provide a statistical analysis showing the corrosion
thicknesses captured by each contractor, and not the spatial positioning of corrosion. Hence a full comparison
with the actual pipe condition has not been possible. However, this new methodology allows a more detailed
comparison to be made which will allow the reported corrosion positions to be compared, rather than a pure
statistical analysis. In this comparison, two sections of pipes taken from the same main were examined by two
different NDE contractors. From here on in these contractors will be referred to as “Contractor A” and
“Contractor B”. At each stage of the comparison exercise, the geometry of each pipe was recorded using the
3D scanner to create a 3D model. This has ensured that any changes to the geometry of the pipe have been
recorded, at every stage. These models have been compared to determine the real condition of the pipe. Whilst
this technique has the potential to evaluate the capability of any NDE technique that is applied to the pipe, this
comparison focusses on the two main NDE contractors that have been used by the business to evaluate their

efficacy.

It has been anecdotally mentioned that one of the contractors compared adopts a relatively aggressive surface
preparation, so much so that their inspection may be a little less than non-destructive. As the 3D scanner has
proven its ability to measure the level of surface preparation carried out, the preparation carried out by the
contractors is also recorded. Further, as the surface preparation has been so great it is important to understand
how important it is to the capability of the NDE technique for gathering accurate condition data. As such,

surface preparation was allowed on one pipe section but restricted on the other.

In this chapter, the equipment and methodology used to conduct this exercise will be detailed. The actual
condition of the pipes, as measured by the 3D scanner, will be reported. The results reported by each contractor
are then detailed in individual subsections along with the level of surface preparation that was measured after

their NDE inspection along with the results gathered by each contractor.

8.2 Specific Methodology

8.2.1 Introduction

In section 7.7.1, a complete methodology for conducting an NDE contractor trial on a section of trunk main

was described. This methodology was used as the basis of this comparison, however, due to two contractors
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being evaluated a further scanning stage was added to allow the surface preparation from the Contractor A to
be captured before the Contractor B conducted theirs. Also as this trial was conducted across two pipe sections
to understand the NDE capability with and without surface preparation, the steps conducted were adjusted for

each section. Any changes to the methodology can be seen graphically in Figure 8.1.

STEP 1 - 4: Pipe prepared as mentioned previously. Prior to
NDE, both sections are capped.

PIPE 1 ONLY

A\ 4

STEP 5a: Surface preparation is undertaken by Contractor A
where allowed.

PIPE 2 ONLY

A\ 4
STEP 5b: Contractor A carries out their inspection of both
pipes

STEP 5c: Both sections are uncapped, scanned with 3D
scanner and re-capped.

PIPE 1 ONLY

\ 4

STEP 5d: Surface preparation is undertaken by Contractor B
where allowed.

PIPE 2 ONLY

\ 4
STEP 5e: Contractor B carries out their inspection of both
pipes.

STEP 6 - 12: Pipe was processed as mentioned previously.

Figure 8.1 - Updated comparison methodology, based on section 7.7.1, with the addition of extra steps for
each contractor.

8.2.2 Pipe Section Preparation
Two sections of cast iron trunk main, nominally 1.8 m long were cut from an intact jointed section of pipe that
had been cut out as part of a repair job on a burst main at Hogsmill sewage treatment works in Surbiton, Figure

8.2(a). The two samples are referred to as “Pipe 1” and “Pipe 2”. Pipe 1 and 2 were cut and prepared according
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to the methodology described in the previous section. Before this pipe was exhumed, the crownline was painted

along the top. This enabled the original orientation of the pipe to be found.

In addition to the cuts described in the methodology given in the previous section, a further v-notch was cut
into the pipe at the end approximately 90 degrees further round the pipe from the crownline to identify the
spigot end, Figure 8.2(b) and Figure 8.2(c). This allows the original orientation of each section to be identified
at a later date, if needed, but also provides a further point of geometry that does not change during the exercise
and can be used to align the scans taken at each stage. Once the v-notches had been cut and the raw sections

had been 3D scanned for the first time, the pipe sections underwent cleaning to remove the surface encrustation.

(@)

(b) (c)

Figure 8.2 - Jointed pipe cut-out before and after it was cut into smaller sections: (a) complete pipe cut
out, (b) Pipe 1 and (c) Pipe 2

In the previous chapter, the trunk main examined and described was covered with a layer of minor surface
encrustation. Removing this encrustation was a trivial task as it flaked off easily when abraded by an angle
grinder fitted with a steel wire wheel. These wheels are typically used to remove loosely adhering rust when
preparing metalwork. It is likely that, as the pipe had been out of the ground for several years, the encrustation

had sufficient time to dry out and disbond from the pipe surface allowing it to be removed easily. However,
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the encrustation present on Pipe 1 and Pipe 2 was significantly thicker and a great deal better bonded to the
outer pipe surface, Figure 8.3(a) and Figure 8.3(b). The adhering encrustation was removed from the outer
surface of both pipes using a hammer drill fitted with a wide chisel. In some places, the encrustation was
extremely adherent and a chisel was not sufficient to remove it. Instead an angle grinder fitted with a tungsten
carbide coated grinding disc was used to remove any further protrusions and leave the surface of the pipe
nominally smooth. Care was taken to ensure that any corrosion penetrative into the wall was not removed or

damaged.

(@) (b)

Figure 8.3 - Different types of surface encrustation found across the surface of both pipes: (a) a very hard
pointed encrustation formation and (b) a softer encrustation formation including stones from the
surrounding soil.

Once the surface preparation was completed, the pipe sections were prepared to be inspected. The perimeter
of each end of each pipe section was traced on to 3 mm thick hardboard and then cut out using a jig-saw. These
boards were fastened on to the ends using cloth tape to cap each pipe end, Figure 8.4(a). Further square caps
were also cut to cover the v-notches that were cut into each pipe, Figure 8.4(b). The end caps prevented either
contractor gaining an unfair advantage by seeing and being able to measure the wall thickness so as to influence
their NDE results.

An origin was marked on the pipe for all the contractor measurements to be taken, including the positive
directions around the circumference and along the length. This origin was positioned over the apex of the
v-notch on the crownline at the spigot end of the pipe, Figure 8.4(b).

8.2.3 NDE Examination

Once the pipe sections were prepared, each NDE contractor was scheduled to conduct their NDE. The MFL
contractor (Contractor A) conducted their inspection first as they have shown in previous examinations that
they conduct little surface preparation. The ultrasonic contractor (Contractor B) carried out their NDE after
Contractor A. Both pipe sections were inspected by each contractor. However, both contractors were restricted

from conducting any surface preparation on Pipe 2. Pipe 1 and Pipe 2 were scanned using the 3D scanner after
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each contractor had conducted their NDE to capture the geometry detailing the level of surface preparation

conducted during each inspection.

@) (b)

Figure 8.4 - Detail of the end caps that covered each end of the pipes and the caps covering each v-notch:
(a) Pipe 2 with its end caps in place and (b) A cap covering a v-notch on Pipe 2 with the positive
measurements directions and measurement origin drawn on.

8.2.4 Tuberculation Removal

In this comparison exercise, a further two steps were added prior to shot-blasting to allow the removal of the
tubercles and the capture of a 3D scan of the pipe with the internal corrosion still in situ. The tubercles were
removed using the same methods described above to remove the external encrustation. Here the upper layer of
the tubercle could be removed using the chisel. The tungsten carbide coated abrasive disc was used to remove
any remaining traces of the tuberculation to leave a smooth cylindrical surface. Care was taken to ensure that

the internal corrosion was not removed with the tuberculation.

8.3 Contractor Methodology

8.3.1 Contractor A (MFL)

Contractor A used a combination of ultrasonic wall thickness measurements and corrosion measurements made
using their MFL tool to profile the condition of the pipe sections. Initially the surface for inspection is prepared,
when allowed to do so. Surface preparation was conducted using a metal scraper to remove any loosely
adhering encrustation. A hammer and cold-chisel were used to remove any strongly adhering encrustation that
protruded from the pipe surface.

The section undergoing inspection was divided into a grid with sections that are 90 mm tall x 100 mm long
marked across the 1 m section of pipe being inspected. A 1.25 MHz twin crystal probe was used to measure
the wall thickness for each square ultrasonically. Here the probe was moved over the area inside the square
until a clean ultrasonic signal could be gathered. Following this the MFL tool, as shown in Figure 8.5, was

axially scanned along each row of squares to measure the level of corrosion present on the internal and external
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pipe walls. The MFL tool can only inspect 1 m of pipe per stroke, however, a total of 1.6 m of prepared space

along the pipe is required to allow the tool to hold itself to the pipe.

Once the data was collected, it was post-processed at the contractors’ offices and supplied in a written report.
For a standard inspection, the contractor would only provide a statistical analysis of the corrosion across the
pipe. However, for this comparison, more detail was asked for in terms of the corrosion depths and locations,

and if possible, a contour map with a rastered dataset showing the results.

Figure 8.5 - Pipe 2 with the MFL tool in position. The yellow circumferential lines indicate the boundary of
the 1 m inspection length and the numbered strips indicate the strips scanned by the MFL tool. (Image taken
by contractor A).

8.3.2 Contractor B (Ultrasonics)

Contractor B used an ultrasonic inspection system to record the condition of the pipes being inspected. Initially
the contractor conducted surface preparation using an angle grinder fitted with a poly-abrasive wheel. The
contractor removed any surface encrustation and can abrade graphitic corrosion to produce a smooth outer
surface which the ultrasonic transducer can glide over.

Once the surface preparation has been conducted, the contractor uses a twin crystal ultrasonic probe to inspect
the pipe section. The contractor did not advise what frequency probe they use. A micromap system is used to
conduct the inspection. This system utilises a camera to calculate the position of the probe on the pipe surface.
As this system has a limited inspection area, the camera is repeatedly moved to allow patches of the surface to
be inspected. These patches of data are then stitched together during the post-processing to give a complete
picture of the whole condition of the pipe. The contractor also provides a statistical analysis of the pipe’s

condition. A further contour plot including rastered data was also requested.
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8.4 Pipe Condition as Measured by 3D Scanning
Figure 8.6 and Figure 8.7 detail the pipe condition as measured by the 3D scanner for Pipe 1 and Pipe 2. In

Figure 8.6(a) and Figure 8.7(a), it is possible to see the external corrosion measured for Pipe 1 and 2
respectively. Both sections are covered with extensive corrosion and have a maximum external corrosion
thicknesses of 17.2 mm and 19.7 mm. Given that the nominal pipe wall thickness for these pipes was 25 mm
thick, this equates to 68% and 76% of the pipe wall being lost to external corrosion only. Further, the corrosion

appears to be located at similar circumferential positions on both pipe samples.

Pipe 2 is of particular interest, due to the shape of the corrosion, Figure 8.7(a). This corrosion geometry came
as a great surprise. As Pipe 2 did not undergo any surface preparation, no clues were given as to the level of
corrosion present during the trial. It is clear that this pipe section was in a very poor state of health and may

have soon failed at this point if it had been left in service.

In Figure 8.6(b) and Figure 8.7(b), it is possible to see the internal corrosion present in each section. Both
sections show significant coverage across the whole pipe surface and a maximum value of 6.6 mmand 3.8 mm
for Pipes 1 and 2 respectively. However, in both sections, there appears to be an absence of corrosion along
the pipe invert. It is likely that this pipe may have had sediment which flowed along the invert and ultimately
settled on the surface to protect the inner surface of the invert. In order to calculate the internal corrosion
measurements, the tuberculation was removed from the pipe surface to leave a smooth cylindrical surface that
was representative of the original inner pipe surface at manufacture. Despite the use of a hard, abrasive wheel,
the base of many of the tubercles proved to be significantly adherent and it was not always possible to create
a smooth surface where the tubercles had been removed. In some cases, a rough surface several millimetres in
height was left behind and without significantly more aggressive methods being used, it was not possible to
eradicate all traces of tubercles. These surface undulations will be detected by the 3D scanner and will have a
bearing on the results reported. Consequently, the results for the level of internal pipe corrosion presented

should be treated accordingly and only the larger values for internal corrosion should be used.

Finally, the remaining wall thickness in each pipe section is given in Figure 8.6(c) and Figure 8.7(c). It can be
seen that the remaining wall thickness is heavily controlled by the external corrosion. The minimum wall

thicknesses were 6.6 mm and 5.9 mm for Pipes 1 and 2 respectively.

8.5 Contractor A (MFL) Analysis

8.5.1 Description of Their Experience

Contractor A used two people to carry out their inspection following the methodology described in section
8.3.1. The contractors were very happy to work with the guidelines that had been given to them and were
happy to use the measurement directions that were provided. Initially Pipe 1 was inspected. Their surface
preparation conducted was sparing and only removed a few protruding remains of surface encrustation. Further

Contractor A seemed to have little concern operating the tool on the unprepared pipe surface.
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Figure 8.6 - Contour plots showing the condition of Pipe 1, as measured by the 3D scanner: (a) External
corrosion, (b) Internal corrosion and (¢) Remaining wall thickness.
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Figure 8.7 - Contour plots showing the condition of Pipe 2, as measured by the 3D scanner: (a) External
corrosion, (b) Internal corrosion and (c) Remaining wall thickness.
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On examination of the results reported, it was found that the contractor did not take all measurements from the
origin specified. Consequently, the results had to be manually corrected such that the axial measurements were
in keeping with the values measured by the 3D scanner. Overall the contractor appeared to be helpful and

carried out a thorough inspection of both pipe sections.

8.5.2 Contractor A Results and Discussion

Figure 8.8 shows a contour plot illustrating the thickness and position of any material that was removed during
the surface preparation of Pipe 1 conducted by Contractor A, as determined using the 3D scanner. Here it can
be seen that very little surface material has been removed across the majority of the inspected pipe surface.
However, there are five locations where material greater than 5 mm in thickness has been removed. This is
due to the surface encrustation being sufficiently well bonded to the graphitic corrosion such that the graphitic
corrosion was removed along with the surface encrustation. This illustrates the tenacity of the bond between
the encrustation and the underlying surface. Fortunately, the removal of material has only happened in several
isolated locations. Across the remainder of the surface, it can be seen that the surface preparation conducted

was minimal, if any.
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Figure 8.8 - Contour plot detailing the position and level of material removed during the surface
preparation of Pipe 1 conducted by Contractor A.

Contractor A provided the data for the inspection as a contour plot showing the remaining pipe wall thickness.
Here the average pipe wall thickness has been measured using an ultrasonic thickness probe. The corrosion

defects have been found and their size determined using their MFL tool. These corrosion defects have been
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subtracted from the average wall thickness measured by ultrasound to derive a remaining wall thickness. The

plots for Pipes 1 and 2 are shown in Figure 8.9(a) and Figure 8.9(b) respectively.

Inspection of these results against a visual inspection of the shot-blasted pipe geometry raises questions as to
the accuracy of these results. This is most notable as they do not display the approximately hemispherical pit
shapes seen on the shot-blasted pipe sections. Instead it appears that all the corrosion pits are flat bottomed
cylindrical holes of varying depths. This is clearly not the case. Contractor A has advised that their
determination of pit depth is derived from previous results captured for machined cylindrical pits in calibration
samples of typical cast iron. These results have then been used to identify corrosion defects present on real
samples. The results do show some corrosion distribution expected from real pits including some pit
nucleation. This is most prominent in Figure 8.9(b) where one could be convinced that the results outline the
large ring of nucleated pits seen on the shot-blasted pipe section. However, its significance is not demonstrated

particularly well through these results.

These findings are further supported by the results obtained from the 3D scanning, Figure 8.6 and Figure 8.7.
It can be seen that the wall thicknesses reported by the Contractor A are not representative of the real pipe
geometry. As shown in Chapter 5, the speed of sound in cast iron varies dependent on the graphite flake

structure. This also needs to be considered when processing such results.
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Figure 8.9 - Contour plots detailing the remaining wall thickness for each pipe sample as reported by
Contractor A: (a) Pipe 1 and (b) Pipe 2.
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The results reported by Contractor A appear to show minimal correlation with the real pipe condition derived
by 3D scanning of the same sample following the protocol developed in Chapter 7. In some places, the reported
depth of corrosion is excessive with pits that penetrate the pipe wall being reported. This is clearly not the case
as the pipe walls are both shown to have several millimetres remaining even at the site of the thickest corrosion.
The data displayed in Figure 8.9 has been post-processed according to the Contractor A’s own in-house
algorithms. As part of the comparison exercise, the raw data captured during the scanning was also requested.
Contractor A was able to provide the raw magnetic signals that were captured during each scan. The raw scans
were provided as text files which would normally be interpreted by the in-house post-processing software.
Each text file details the magnetic measurements made over a 90 mm wide axial strip along the 1 m inspection
length. The MFL tool has a moving sensor head containing eight Hall sensors that are equally spaced across
the 90 mm scan width. The scanner head is moved along the length of the pipe and its axial position is recorded
by a built-in position-encoder. After each pass is complete, the tool is moved around the pipe circumference a
further 90 mm and another pass is made. As a result, the data for each pipe scan was contained in some 29 text
files. Each text file contains the eight columns that detail the Hall sensor measurement recorded every 3 mm
along the scan length. In addition to the raw magnetic signals captured during the scan, the MFL tool also
measures its proximity to the surface. The method in which these signals are combined to process the data is
unknown, however, it is believed that the proximity sensor seeks to ensure that the Hall sensors are as closely
coupled to the pipe wall as possible and when a gap is detected, the separation can be measured and the loss
at the Hall sensor is subject to some form of compensation.

Figure 8.10 shows contour plots of the raw magnetic signals measured during the scanning of Pipe 1 and
Pipe 2. Both of the figures both show horizontal banding which is due to the contour plot being made up of
individual passes. A further set of black lines have been plotted over the contour maps to show the outline of
any corrosion pits that were greater than 4 mm in depth. Examination of each figure shows that the magnetic
measurements where flux leakage was detected demonstrate a reasonable correlation with the external

corrosion as measured by the 3D scanner.

The exact meaning behind each of the Hall sensor readings is unclear as no calibration standards were provided
to suggest what readings indicate little or no corrosion and which readings would indicate significant external
corrosion. However, the principles behind MFL show that the magnetic flux, normally contained within the
pipe wall, leaks out of the pipe wall across the air gap in the presence of graphitic corrosion. Consequently,
the increased magnetic readings indicate corrosion, although its thickness is unknown. In order to give a
representative scale, the readings for each pipe have been normalised against the largest magnetic flux

measurement captured.

It should be remembered that the surface preparation carried out by Contractor A was very minor even when

allowed to do so. Figure 8.10(b) shows the contour plot of the magnetic signal measured for Pipe 2 where

surface preparation was prohibited. Consequently, the fit in Figure 8.10(b) shows that the MFL tool is capable

of recognising external corrosion without significant surface preparation being carried out. The results

presented earlier for the MFL contractor were shown to be unrepresentative of the real pipe geometry. These
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results suggest that the MFL tool is capable of identifying the locations of the external corrosion, however, the

results are being modified by the post-processing algorithms such that they are no longer in keeping with the

true geometry.
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Figure 8.10 - Contour plots detailing the raw magnetic signals captured for each pipe by Contractor A:
(a) Pipe 1 and (b) Pipe 2. The black lines indicate the outline of any corrosion pits that were greater than

4 mm in depth.

8.6 Contractor B (Ultrasonics) Analysis

8.6.1 Description of their experience

Contractor B followed the methodology described in section 8.3.2 to conduct their inspection. Significant

surface preparation was undertaken before any NDE was undertaken. The analysis was carried out using a

twin crystal probe that had its position tracked by an overhead camera strapped to the pipe. The camera was

limited to examining small sections consequently the pipe was examined in patches that were put together

during the post-processing to give the overall data set for the pipe.

When examining the data supplied by the contractor, it was apparent that they had not followed the

measurement directions marked on the pipe. After several messages to and from the contractor, the correct

alignment for the data was sorted out. Contractor 2 had also not made their axial measurements from the origin

marked on the pipe. Consequently, these results were also adjusted manually to fit with the coordinate system.
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8.6.2 Contractor B Results and Discussion

Past experiences of Contractor B have raised concerns with TWUL about the level of surface preparation that
they carry out. In some cases, it has appeared to be extremely aggressive. The ultrasonic contractor undertook
their inspection after Contractor A had completed their inspection. Their surface preparation was carried out
using a poly-abrasive wheel fitted to an angle grinder. This technique has been shown to remove graphitic
corrosion easily, section 7.6.8. The level of material removed during their surface preparation of Pipe 1 is
given in Figure 8.11(a). When compared to the level of material removed by the Contractor A, Figure 8.8, it
is seen to be considerably more aggressive with a maximum of 17.0 mm removed across the pipe surface. This
equates to 68% of the pipe wall being removed by the surface preparation process. This level of surface
preparation could be considered extreme and it is possible to see other patches across the pipe surface where
10 mm or more of material has been removed during the cleaning. Given that graphitic corrosion is a key
feature to be measured during inspection, removal of this features raises questions as to what condition data is

being measured by Contractor B.

Figure 8.11(b) is a duplicate of the contour plot presented in Figure 8.11(a) except that a black line tracing the
areas of surface preparation deeper than 4 mm has been overlaid. It is clear, when looking at this figure, that
the surface preparation has been applied across the whole surface of the pipe and focuses heavily on the
graphitic corrosion where significant material was removed. This significant removal of material is not isolated
to a handful of pits where the operator may have initially been overzealous but it appears across the whole pipe
and each pit has been abraded in a similar fashion. Only the small isolated patches have avoided abrasion. In
such cases, it is likely that it was not possible to excavate any corrosion from these patches as they were not

large enough to be able to get the abrasive wheel into.

When tasked with inspecting the pipe section where surface preparation was prohibited, Contractor B was
unable to conduct a full inspection and was only capable of collecting corrosion thickness measurements across
12% of the pipe section. Within this data, the maximum corrosion pit was found to be 1.9 mm This is clearly
too low when compared with the large pit structure seen during visual inspection of the shot-blasted pipe
sections let alone when compared to the 3D data captured by the 3D scanner. This is clearly too low when
compared with the true pipe condition gathered by the 3D scanner. The contractor fared better in establishing
the remaining wall thickness measurements of approximately 48% of the pipe section. However, this is still a
small level of surface coverage when compared to Contractor A. The internal corrosion thicknesses were not
supplied as they were unable to be determined for either pipe from the data they had gathered. Consequently,

the results discussed further for Contractor B are only for Pipe 1.

The available results provided by Contractor B have been plotted as contour maps. In Figure 8.12(a), the

external corrosion is plotted. It can be seen that the ultrasonic contractor was able to find several substantial

patches of corrosion across the surface of the Pipe 1. These results are in keeping with those expected from

visual inspection with several large patches of corrosion being identified by the contractor. These results detail

corrosion with the rough shape and size expected of the corrosion pits seen after shot-blasting. However, under

closer inspection, these measured patches of corrosion appear to be limited to the areas abraded during the
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surface preparation. A maximum corrosion thickness measured by the contractor was determined to be
16.4 mm. Given that the surface preparation was shown to have removed 17.0 mm of corrosion, the maximum
corrosion reported appears low. Further the maximum corrosion reported by the 3D scanner was 17.2 mm
deep. Consequently, the surface preparation at this patch appears to have removed all of the corrosion product
very little to be found by NDE. However, the contractor has reported finding 16.4 mm of corrosion. Figure
8.12(b) shows a contour plot detailing the remaining corrosion thickness after the pipe has undergone surface
preparation by Contractor B. It clearly shows little external corrosion remains, particularly at sites where large
patches of corrosion were present. The majority of corrosion that remains is linked to small isolated pits which
may have proved challenging to abrade. Consequently, given the lack of corrosion present after surface
preparation, it appears that the NDE results are obtained through destructive analysis. It is difficult to
understand whether the NDE contractor is accounting for the material that is removed during the surface
preparation in their results.
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Figure 8.11 - Contour plots detailing the position and level of material removed during the surface
preparation conducted by Contractor B: (a) Pipe 1 and (b) The external corrosion present on Pipe 1 with
the outline of the areas where over 4 mm of material has been removed during the surface preparation.

Further, when examining the remaining wall thickness measurements given in Figure 8.12(c) it is seen not to
be in keeping with the measurements captured for the external corrosion as there are no sites of reduced wall
thickness reported at similar positions to the external corrosion. Clearly for a pipe with a fixed wall thickness,
an increase in the corrosion thickness would result in a decrease in the remaining cast iron thickness. However,
the results show no reductions in wall thickness at the sites of corrosion patches, as would be expected for such
extensive corrosion.
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Figure 8.12 - Contour plots detailing the condition reported by Contractor B for Pipe 1: (a) External
corrosion, (b) External corrosion left after surface preparation conducted by contractor B (as measured by
the 3D scanner) and (c) Remaining wall thickness.

134



Chapter 8 Trunk Main NDE Contractor Comparison Exercise

Further, the wall thicknesses provided range up to 30 mm in thickness. This is evidently incorrect as the
maximum pipe wall thickness reported from the 3D scanner measurements was 25 mm. The contractor was
asked for further details on their methodology, however, they were not happy to provide further details on the
way their technique worked. Given the current findings, the NDE looks to be based on pit depth measurements

conducted by destructive angle grinding of the graphitic corrosion.

8.7 Further Discussion

8.7.1 Contractor Data Presentation

Both contractors have presented their results in different fashions and neither followed the measurement
directions as specified by TWUL. Consequently, it has been necessary to interpret the data to align the results
with the coordinate system created by the 3D scanner. This has been successful but it is possible that some
extra error could be induced into the process. This problem has occurred in previous comparison exercises. In
this comparison, it has been possible to implement some reasonably robust standards but more rigour is still

needed to ensure that contractors report data in an acceptable and appropriate format.

8.7.2 MFL Calibration

Contractor A has shown that their current post-processing of the MFL data does not yield results that are
representative of the condition of the pipe. However, their raw MFL data sets show that there is a verifiable
connection with the measured condition data captured using the 3D scanning methodology. This area should
be further investigated as it may be possible to develop a much better calibration which produces results that
are in keeping with the pipe condition. It is especially important as the technique has shown that it is capable
of working when no surface preparation is undertaken. This is impressive as the contractor conducts little
preparation at present, yet the technique can still identify the main pits and remaining wall thickness. This is
hugely different from the ultrasonic contractor who has proven that their technique is unable to gather any

meaningful data unless the surface of the pipe is heavily abraded.

8.7.3 Ultrasonic Calibration

Despite using different methods to measure external corrosion, both contractors are reliant on ultrasonic wall
thickness measurements to provide the remaining wall thickness and put the external corrosion measurements
into context. In this comparison exercise, both contractors have over-estimated the wall thickness. Values of
35 mm are significantly over-estimating the total wall thickness. Since these thickness values are calculated
using a constant value for the speed of sound in iron, which has already been shown to vary between pipes of
the same vintage, it is likely that the wrong value is being used. It is likely that the wall thickness measurements
could be made more accurate simply by gathering better values for the speeds of sound in the iron being
inspected. Both contractors have advised that they use 4700 ms™ as a value for the speed of sound in cast iron.
Values between 4100 and 4580 ms™* have been suggested. Recalculating these wall thicknesses with the lower
speed suggests a wall thickness closer to 30 mm which, whilst not directly in-keeping with the measurements

made by the 3D scanner, it is progressing closer.
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8.8 Encrustation and Tuberculation Links to Corrosion

In Chapter 7, while the methodology was under development, it was used to determine whether the 3D scanner
could measure the position and thickness of the encrustation layer present on the test pipe section. The results
showed that the technique could identify the areas of encrustation. However, due to the limited encrustation
coverage, it was not possible to draw any conclusions from the results regarding any links between the

encrustation and the external corrosion.

The results obtained during this comparison exercise have undergone the same scrutiny to ascertain if any links
can be determined. Figure 8.13(a) and (b) show the external encrustation layer measured by the 3D scanner
for Pipe 1 and 2 respectively. In these graphs, it is possible to see several large patches of encrustation with
thicknesses of 10 mm. At local points within these patches the thickness can increase significantly up to
approximately 40 mm in thickness. This holds constant with observations of the surface where the encrustation
became thicker due to the large stones that were embedded in the encrustation. When compared to the external
corrosion thicknesses captured for Pipe 1 and Pipe 2 in Figure 8.6(a) and Figure 8.7(a) respectively it can be
seen that the majority of corrosion areas are located in sections of the pipe that were not covered by
encrustation, or very thick encrustation. This is not true for all pits as some were located under the encrustation.
Different formations of encrustation were found ranging from very soft to very hard. This may also have a

bearing on the corrosion protection level offered by the encrustation layer.

As part of the work the internal tuberculation was also compared to the internal corrosion thicknesses present.
This adaptation to the methodology has proven to be successful and has allowed two further sets of condition
data to be gleaned from the experiment. Figure 8.13(c) and (d) show the tuberculation present on Pipes land
2 respectively. When compared to their corresponding internal corrosion thickness maps in Figure 8.6(b) and
Figure 8.7(b), it can be seen that there is no obvious link between the presence of tuberculation and internal
corrosion. In a similar fashion to that of the external encrustation, it appears that some tuberculation and
internal corrosion coincide. Here different formations of tuberculation can be found and it is possible that the
corrosion may be linked to the tuberculation formation, however, further experimentation would be needed to

determine this.

8.9 Trunk Main NDE Contractor Comparison Exercise Summary

In this chapter, a methodology developed in-house (as discussed in the previous chapter) to use a 3D scanner
to determine the “ground truth” pipe condition was deployed to assess the extent of corrosion around the
circumference and along the length of a section of cast iron trunk main. In doing so, two sections of nominally
identical cast iron trunk main section have been inspected by the two main contractors used to conduct NDE
on cast iron pipe sections. One of the sections was restricted from having its surface prepared to understand
how effective each NDE methodology was on a plain pipe surface. Where surface preparation has been carried

out, the level and coverage has been recorded by the 3D scanner.
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Figure 8.13 - Contour plots detailing the external encrustation and tuberculation for Pipe 1 and 2 as
captured by the 3D scanner: a) Pipe 1 encrustation, (b) Pipe 2 encrustation, (c) Pipe 1 tuberculation and (d)
Pipe 2 tuberculation.
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All of the data supplied by the contractors had undergone a series of post-processing steps before the data was
released. In the case of the MFL contractor, their processed results were not representative of the real geometry
that was present on the pipe. Consequently, the current methods of post-processing the data do not necessarily
add any value to it. In fact, it could be detracting from its value. Fortunately, the MFL contractor was able to
provide the raw data captured during the NDE survey. Although, the data could not be interpreted/calibrated
to give a quantification of the corrosion thickness present, a normalised plot of the data has shown that the
MFL tool is certainly capable of accurately measuring the position of corrosion present on the surface of the
pipe, even with little, if any, surface preparation. However, further work is needed to calibrate the raw data to
give an accurate corrosion depth. This is a far cry from the ultrasonic contractor who has shown that their
technique is heavily reliant on the surface preparation that is carried out and when it is not, no meaningful
corrosion could be determined. After which the technique could be considered to be destructive. Further, it is

unclear how the measurements are made.

Both contractors need to check the calibration that is needed for the ultrasonic technique as both contractors
have overestimated the remaining wall thickness. It has been shown that this is likely to be due to the nominal
speed of sound in iron that is used and, as shown in this value is likely to be too great such that thickness values

made using this constant are over estimated.

Finally, the 3D scanner methodology developed in Chapter 7 has been shown to be a useful research tool and
has allowed thickness and position data for the corrosion mechanisms to be captured and compared to defects
on the inner and outer layers. Although this work was unable to prove or disprove a direct link between
encrustation or tuberculation and corrosion, it has laid the foundations for further development of the approach

and has provided a methodology that could be used to evaluate this questionable link further.
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9 Concluding Remarks

9.1 Summary of Work

The UK water infrastructure comprises many thousands of miles of pipes of varying sizes and geometry, and
are manufactured from a range of materials. A significant proportion of this network is grey cast iron which,
in some areas, was laid over 150 years ago. The network is aging at different rates and is subject to both
ongoing leakage and occasional failure in some locations. This causes inconvenience to customers and
members of the public through loss of supply, burst related flooding and disruption to travel, and adds
significant costs to the operation and management of the network. Failure events can be costly to remedy
especially if it is a trunk main failure. TWUL have approximately 6,000 km of grey cast iron trunk main
currently in use and are keen to ensure that failure risk is mitigated through proactive replacement of pipes that
are near the end of their service life. However, the remaining service life can only be determined accurately if

reliable condition assessment data can be obtained for each pipe in the network.

This thesis has detailed three streams of work investigating the possibilities of applying NDE to grey cast iron
trunk main. Firstly, a literature review has established the main factors responsible for pipe failure and
identified defects, the presence of which suggest an increased potential for failure. The data found in the
literature review has enabled an analysis to be carried out to determine the size of defects likely to initiate
failure and so provide limits on the size of defects which must be detected by NDE methods. The literature
review also established the challenges which must be addressed to enable the application of NDE to cast iron
mains. These findings have been drawn together to determine the inspection requirements for any current or

future technique for NDE of a cast iron main.

The literature review has also shown that the number of technologies available for use on cast iron is relatively
small. Ultrasonic inspection techniques are generally considered to have the potential to identify the defects of
interest within sections of cast iron. Laboratory testing using a typical contractor ultrasonic NDE setup has
built on the current literature to give experimental results showing the challenges experienced in several
inspection scenarios but also the areas where it can be successfully applied. Magnetic techniques were also
thought to be a possible choice for application to cast iron pipes. As such, a simple technique, using a
permanent magnet to identify sites of graphitic corrosion, has been trialled as a first pass option for water
contractors wishing to identify degraded pipes in need of further investigation. It has shown success at

characterising corrosion thicknesses of interest and is suggested for development further.

Finally, the findings from these studies highlighted the need to understand better the techniques and processes
being used by current water NDE contractors. This led to the development of an improved methodology using
a 3D scanner to capture the “ground truth” pipe condition during a destructive analysis for comparison with
the reported contractors data. This improved methodology was applied in a contractor comparison exercise to
ascertain the abilities of two current TWUL NDE contractors and their techniques for assessing the condition

of cast iron trunk main.
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The results of these studies have equipped TWUL with an advanced knowledge of the NDE techniques
available for cast iron water mains and the inspection requirements. Further, it has identified areas where
magnetic tools could be exploited to gather further condition data. Lastly, it has provided the company with a
methodology to verify the capabilities any NDE contractor to ensure the data reported will yield results that
are representative of the real pipe geometry. Adoption of these points will ensure that TWUL’s NDE

procedures continues to advance.

9.2 Key Conclusions

The key conclusions for this work are:

¢ Investigation of pipe failure modes in service suggests that graphitic corrosion is a significant factor
responsible for pipe failure, although the presence of inherent defects, such as inclusions, porosity and
graphite flakes, also play a role. Acting individually or together they reduce the load carrying area of
the metal or promote the formation of cracks which grow and, initiate catastrophic failure under normal
service loads. A simple analysis indicates that defects of the order 9 — 16 mm in size can be sufficient
to promote pipe failure. Therefore, it is important that all NDE techniques employed to assess pipe
condition must be capable of detecting defects of the order of 4 — 5 mm.

e A review of commercially available NDE technologies has demonstrated that variable surface
condition, and the presence of corrosion products, need to be overcome in order to accurately assess
the condition of trunk mains. It has been shown that ultrasonic inspection, and some magnetic methods,
may be adapted for the inspection of grey cast iron trunk mains. Some magnetic methods can only be
used for internal inspection which has been shown to be difficult on trunk mains and cannot be used.

¢ Investigation of ultrasonic inspection has verified that it is possible to use low frequency ultrasound,
of the order 1 — 2 MHz, to measure the wall thickness of uncorroded cast iron main. However, an
accurate value for the speed of sound in the cast iron must be known, in order to calculate the wall
thickness. Further, ultrasonic investigation over a range of samples has shown that the speed of sound
in iron can vary by approximately 500 m s, which can lead to an error of up to 17% in the thickness
calculated. Testing has shown that ultrasound can penetrate graphitic corrosion, termed
‘graphitisation’, and has a speed of 2700 m s. However, it is unable to pass through a multi-layer
sample of graphitisation and iron.

e A magnetic technique has been tested on sections of cast iron main to determine the graphitisation
thickness. The technique was trialled on a machined cast iron sample with an air gap instead of
graphitisation and suggested that it may be possible to detect graphitic corrosion layers 6 mm thick
whilst maintaining a spatial resolution of 20 mm. The results have shown that the product of graphitic
corrosion possesses weak ferromagnetic properties as opposed to the diamagnetic properties
previously believed.

e A 3D scanner methodology for capturing the *“ground truth” pipe condition during a destructive
analysis has been developed and showed that the external corrosion measurements captured are

in-keeping with those currently measured by manual pit depth measurements. However, the 3D
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scanner methodology is not subject to the same impairments on corrosion thickness measurements as
the hand pit depth measurements and has shown that it can capture measurements across the whole
pipe section under investigation regardless of the corrosion geometry. Furthermore, this methodology
has enabled the internal corrosion and wall thickness to be measured as well as detailing the level of
surface preparation carried out by the NDE contractor during the inspection.

e Finally, when used in a live comparison exercise, the 3D scanner methodology has evaluated two NDE
contractors used by TWUL and found that the results provided using the magnetic contractor’s
algorithm are subject to significant error. However, the raw signals are in-keeping with that of the
external corrosion measured by the 3D scanner. These signals have shown that corrosion can be
measured even when the surface preparation conducted is restricted to the removal of external
encrustation only. The ultrasonic contractor has succeeded in providing some external corrosion
results that are in-keeping with those measured by the 3D scanner. However, the analysis has shown
that these results have been obtained by the destructive removal of the graphitic corrosion during
surface preparation. Further, their technique has been shown to be reliant on significant surface

preparation being conducted, particularly at sites of corrosion.

9.3 Further Work

The work carried out here has advanced TWUL’s knowledge of the capabilities of NDE technologies currently
used in the water industry. In doing so, it has concluded the objectives to measure NDE performance. However,
it has also opened further lines of inquiry. Consequently, several streams of further work should be undertaken

to continue improving the understanding of NDE in the water industry:

e Whilst ultrasound has proved difficult to apply to a corroded main, it is a potentially useful technique
for conducting wall thickness measurements. However, the accuracy of the measurements made is
dependent on the correct speed of sound being used for the iron being inspected. A further study should
seek to understand the variation in speeds across cohorts of pipes manufactured by horizontal, vertical
and spin casting. This should help provide the basis for the selection of suitable calibration standards
and methods by which NDE methods and contractor competency can be judged.

e The magnetic testing has shown a capability of detecting corrosion over 4 mm thick, however, even
with the strongest magnet available for testing, it was unable to reliably determine the thickness of
corrosion thicker than 6 mm. The development of the magnetic testing should be taken further as it
could provide a tool that can be applied by untrained operatives to harvest condition data across the
network at opportune excavations. To do this, a larger magnet should be investigated to allow deeper
corrosion thicknesses to be identified as well as given greater tolerance to variation in spacing between
the magnet and the pipe surface due to the surface condition. Magnetic modelling should be employed
to investigate other magnetic configurations to enable a magnet with greater strength, and hence the
ability to measure the thickness of thicker corrosion, without significant compromise to the spatial

resolution of the technique.
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¢ In the live comparison exercise, it was clear that the MFL tool was of benefit, however, the current
post-processing applied to the data produces results that are not representative of the real pipe
condition. A study should be conducted to evaluate and develop the algorithms used to convert the
raw magnetic signals to NDE data to give results that are more in line with the ground truth. This may
be a joint project between TWUL and the contractor to provide a tool with enhanced detection
capabilities.

e The magnetic contractor used a combination of ultrasonic inspection and MFL to conduct an
assessment of the pipe. Both techniques can be seen to be more suited to identifying specific defect
types. It is likely that the optimum inspection for a pipe can be gained from inspection with several
techniques. Further, NDE contractors of interest should be investigated using the new methodology to
understand their capabilities and whether they can improve the inspection currently undertaken.
Further, methods of data fusion should be investigated to understand how datasets from different
techniques of interest can be brought together to give a more complete dataset showing the condition
of a cast iron main.

e The new methodology using 3D scanning to support an NDE comparison exercise is not only about
determining the capability of the NDE technique but also the capabilities of the contractor to capture
and report accurately the condition of the pipe. This methodology should be further developed to
support comparison exercises conducted in a pipe excavation to understand how a contractor performs
when exposed to real life conditions rather than on a section of exhumed main where the contractor is
provided with good accessibility to the majority of the external surface of the pipe. Further, the
shot-blasting process should be reviewed to understand if a full-length section can be shot-blasted
satisfactorily. Doing so would reduce the number of 3D scans required, and hence the time taken to
run a comparison exercise.

e Finally, the 3D scanner methodology has proven its ability to record the size and position of
tuberculation and encrustation as well as the ground truth pipe condition. This methodology should be
used to conduct further research to understand if a link between encrustation, tuberculation and

corrosion exists.
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Grey cast iron water pipe networks have been installed around the world, often 100-180 years ago. Cohorts (which
can be defined by age, size, casting technology and geographical location, to specify but a few groups) degrade at
different rates due to environmental and in-service issues, which can lead to a significant loss in mechanical
performance. Hence, the management of these assets can be extremely problematic in terms of identifying priorities.
The current paper considers the causes of such degradation, the consequences for defining accurate and up-to-date
condition assessment protocols and hence the type and urgency of rehabilitation strategies. It follows that
understanding the integrity/life expectancy of water networks requires non-destructive evaluation (NDE) of large-
diameter cast iron trunk mains, with particular reference to the kinds of defects that are likely to be present and the
issues that make assessment difficult. From this, recommendations for asset managers required to specify NDE

protocols, based on an understanding of the nature of the material and conditions in the field, are outlined.

Notation

a crack length

K stress intensity factor

K. critical stress intensity factor; also referred to as

fracture toughness

ly depth of external graphitic corrosion

4 remaining thickness of cast iron

tw total wall thickness

t, depth of transition zone

Y a crack geometry-dependent, dimensionless constant
o stress

Introduction

Large-diameter trunk mains, with diameters on the order of
12-60 in. (300—1500 mm), are vital components of water networks
around the world, conveying large volumes of water over long
distances. Cast iron was considered to be the wonder material of
the Victorian era (Gagg and Lewis, 2011). Stilgoe considered this
to still be the case in the early part of the twentieth century: ‘I can
always say of the Cast-iron Water Main that it is a well-tried,
faithful, and honest servant of the Water Engineer’ (Stanton Iron
Works Company, 1936). Hence, many trunk main made of grey
cast iron and installed 100—150 years ago are still in service today.

This ageing cast iron infrastructure is deteriorating at different
rates (Atkinson er al., 2002; Rajani and Makar, 2000): when
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sufficiently degraded, it can burst, leading to flooding, property
damage and disruption of supply and local transport. Such issues
have multiple impacts, raise concerns over public safety and lead
to customer dissatisfaction. The risk of a burst can be reduced
by replacement programmes, but rehabilitation or renewal can
cost millions of pound per kilometre. Therefore, asset managers
need models, fed with accurate data from the field, to target
replacements strategically.

Non-destructive evaluation (NDE) has been routinely carried
out on ferrous oil and gas pipelines for many years (Roberge,
2007), and it is perhaps not surprising that discussion on the
NDE of water networks either begins with or rapidly turns to
methods deployed in the oil and gas industry. However, what is
often overlooked is that many of the challenges facing water
networks have not been present in the oil and gas industry
or are more easily overcome. Compared with cast iron water
trunk mains, these pipelines are straight, well protected against
corrosion and constructed from thinner steel (of a consistent
microstructure), with facilities for their future inspection. In
contrast, water pipes were constructed from thicker sections
of cast iron (of heterogeneous microstructure and varying
quality), with little protection against corrosion, buried without
thought for their future inspection and in the urban context are
connected to many smaller pipe networks which directly supply
customers.
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Water quality is a significant, and legislative, issue placing further
constraints on the application of NDE techniques: the taste and
odour, not to mention the potability (in terms of acceptable
bacterial, particulate and chemical concentrations), must not be
compromised by internal or external assessment. With regard to
internal assessment, discolouration is also a risk that must be
mitigated (HMG, 2000). Further, any NDE used must not damage
the pipe such that its remaining life is shortened. Consequently,
conducting NDE is significantly more challenging than just
finding cracks and other defects.

Starting with a detailed review of the nature of defects and their
effect on the strength of pipes, this paper provides context for the
various defects that require characterisation in order for asset
management models to be informed suitably. The difficulties in
collecting such data in the field are also considered and the
requirements for data collection by NDE in ‘real-world’ situations
determined.

The nature of defects and their effect on the
strength of pipes

What is a defect?

A trunk main can be idealised as a cylinder of consistent
diameter, uniform thickness and homogeneous microstructure in
which failure occurs when the stresses in the main exceed the
strength of the material. However, old cast iron trunk mains
contain myriad defects, which may act as stress concentrators,
reducing the loads that the main can withstand. These defects
can be split into three categories: defects produced during
manufacture (defects formed beforehand), defects induced during
installation (defects formed at the beginning) and defects arising
throughout service (defects per cultum vitae).

Manufacturing defects

The properties of cast iron are controlled by the graphite flake
structure (Angus, 1976). The use of this material spans several
technological advances; hence, cohorts of pipes have been
manufactured using successively improved processes, leading to
products of greater reliability. Initial production used horizontal pit
casting and then moved to vertical pit casting before arriving at
spin (or centrifugal) casting. These developments led to a greater
uniformity of wall thickness and a more refined microstructure
with smaller graphite flakes and improved mechanical properties
(Stanton Iron Works Company, 1936). A significant problem with
characterising any network that has developed over a significant
period is that the stock is extremely variable in terms of
manufacturing technique and quality. Variation in wall thickness
was reduced, and defects arising from misalignment of internal and
external moulds were reduced by the move from one technology
to another and indeed by improvements in each technique, where
adopted by reputable manufacturers. However, it is not unusual to
see variations in the wall thickness of pipes. Figure 1 presents a
contour map based on physical measurement of a vertically pit cast
pipe dating from the 1920s and produced by the renowned Stanton
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Figure 1. A wall thickness map showing the variation in wall
thickness in millimetres from manual point measurements, taken
with a calliper, around the circumference of a 3-54 m long, 42 in.
(1-07 m) dia. vertical pit cast trunk main sectioned into rings and
each ring sectioned into quarters. The darkest point represents the
thinnest point and the lightest the thickest. The wall thickness
varies by £4 mm around a mean of 31 mm

Iron Works Company. The pipe, which can be considered to be of
the highest quality available at the time, still shows some +10%
variation around a nominal average thickness.

Other possible casting defects, which also diminished because
of advances in manufacturing techniques, include porosity, slag
inclusions and so-called cold shuts, where two fronts of molten
iron fail to fuse properly due to premature cooling.

Installation defects

Following manufacture, the cast iron pipes were transported to site
for installation on trucks and trailers and would either be rolled
down planks of wood from the edge of the truck or be lifted with a
crane. It has been suggested that pipes handled this way were
susceptible to damage from collisions between the pipes and other
external bodies. Not all impacts would produce a visible crack: an
internal crack in the bell or spigot (Rajani and Kleiner, 2010)
would not necessarily be detected by on-site hammer testing typical
of the time. Additionally, the use of chains for pipe handling rather
than canvas slings is known to have damaged the protective outer
coal tar or bitumen coating, leaving areas of bare metal.

Once the pipes were in situ, the joint would be packed with hemp
to form a seal, filled with molten lead and finally caulked by
hammering the solidified lead into the joint (Rajani and Abdel-
Akher, 2013; Stanton Iron Works Company, 1936). If the
caulking was carried out incorrectly, the lead would be hammered
too far into the joint, leading to an increase in stress around the
joint, potentially causing a crack to initiate. A worst-case scenario
would see poor caulking practice growing a crack created during
the siting of the pipe. This could result in a structurally flawed
pipe with a reduced service life.
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Service-induced defects

Once in service, mains are subject to further mechanisms that can
cause defects to form and grow until the defects are too large for
the pipe to sustain. In places where the bitumen or tar coating is
compromised (often as a result of the installation process as
mentioned earlier), corrosion processes are initiated which can
further undercut the coating, causing it to spall, expose bare metal
and continue to corrode. Of particular concern is ‘graphitisation’,
which should properly be termed ‘graphitic corrosion’ (Logan
et al., 2014a, 2014b). Despite anecdotal assertion, it is generally
not possible to identify graphitic corrosion by visual inspection in
exposed pipes since the corroded region does not change in
volume (although the density decreases) and the pipe appears
unaffected to the naked eye. This may reduce the residual strength
capacity of the pipe (Figure 2).
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Figure 2. The strength of cast iron samples against the maximum

depth of graphitic corrosion measured on the fracture surface of
that sample. Ten samples were taken from a plate, and three
plates were taken cut from each of the nine pipes studied. The
plates were taken from random locations along and around the

barrel of the pipe. It is worth noting that in a number of cases, the

plates taken from a specific pipe exhibit very different properties.
Models for strength based on loss of section and fracture
mechanics approaches (values of fracture toughness K. ranging

from 5 to 20 MPa m"?) have also been superimposed (reproduced

from Jesson et al. (2013) with permission from Elsevier)

Graphitic corrosion is identified by two distinct areas: a passive
grey brittle corrosion product and an active transition zone,
typically 1-2 mm deep, bounded by the corrosion product on one
side and the virgin iron on the other, where the corrosion process
occurs (Logan et al., 2014a, 2014b). The corrosion product has
been seen to occur in two broadly defined topologies (Figure 3): a
uniform thickness over large areas or more localised pits with
both diameter and depth on the order of 10 mm. It is the more
localised corrosion that is potentially more damaging as it
provides a stress concentration at its root, which in the worst case
can be thought of as a crack.

In smaller-diameter distribution mains, graphitic corrosion has
been shown to have a significant impact on the strength of the
pipe and to be in competition with defects that have originated
during manufacture (formed beforehand) and installation (formed
at the beginning). Further, because of the combination of the size
of the pipe and its interaction with the local environment, it is
possible to comment on the behaviour of the main a significant
distance (multiple casting lengths or ‘sticks’ of pipe, typically
3-5m long) either side of a sampling point (Belmonte et al.,
2007, 2008, 2009). The size and spread of graphitic corrosion in
distribution mains can be seen in Figure 4.

In larger-diameter trunk mains, however, the size of the pipe and
hence the volume of ground that it interacts with mean that
similarly sized samples taken from different parts of the same
stick can give very different results (Jesson et al., 2013). As part
of the present work, the distribution of the depth of graphitic
corrosion over single sticks, from each of the mains for which
strength data are shown in Figure 2, was assessed and observed to

vary greatly across the stick. Figure 5 shows an example of the

(b)

Figure 3. Full wall thickness specimens (~30 mm thick) indicating
the variation in graphitic corrosion morphology: (a) uniform and
(b) more localised, pitting corrosion
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Figure 4. Digital photographs of a split section of 4in. (102 mm)
dia. distribution main illustrating the spread of corrosion and the
amount of metal that can be lost to the graphitic corrosion
process: (a) before shot blasting and (b) after shot blasting

data observed for one stick. The variability means that any
evaluation technique must consider the whole surface of the
pipe (albeit ignoring the difficult geometry of the bell and spigot)
in order to provide a meaningful assessment of a pipe. In
conjunction with the variation in the depth of graphitisation from
point to point within the trunk main pipe, it should be noted that
the stress, arising from a combination of vertical load (due for
instance to soil and traffic) and water pressure, will vary with
position around the pipe. These effects were considered in a
recent paper by Fahimi et al. (2016).

Finally, in terms of service-induced defects, it is worth noting that
fatigue, potentially induced by operational pressure variations and
traffic loading, has been cited as a problem, particularly in
connection with the growth of installation defects (Rajani and
Kleiner, 2010). This assertion is predicated on the presence of a
substantial initial crack (on the order of 20 mm) which needs to
grow by only a small amount (1-2mm) to cause catastrophic
failure. Experimental work on the fatigue properties of cast
iron presents a somewhat mixed view. It perhaps seems more
likely that fatigue may be a contributory factor when taken
in conjunction with corrosion: these two may combine to cause
premature failure (Belmonte et al., 2009). Cast iron is known to
undergo mechanical fatigue (Angus, 1976; Belmonte ez al., 2009;
Mohebbi et al., 2010), although it should be noted that a specific

4

iasma1600020.pdf 4

Manila Typesetting Company

mechanism which combines both fatigue and corrosion has not
been established.

Assessing condition in the field

Overview of NDE techniques

Every NDE technique has strengths and weaknesses: there are
several excellent reviews on such techniques and their specific
capabilities (Costello et al., 2007; Dingus et al., 2002; Dorn et al.,
1996; Hao et al., 2012; Jackson et al., 1992; Liu and Kleiner,
2013; Prinsloo et al., 2011; Thomson et al., 2009); key features of
these reviews are summarised in Table 1. All of these papers
review the literature regarding NDE and explain the operation of
cach technique. In some cases, the results of field tests that
evaluate each NDE technique’s efficacy on cast iron main are
given. However, such reviews, while providing an insight into
potential NDE techniques that may be applicable to cast iron,
rarely consider the different fypes of defect and the challenges in
finding such defects in a buried pipe in service (‘live’) in the field.
Where field results have been obtained, the results consider only
inspection carried out internally on small-diameter pipes. Little
consideration has been shown for techniques that can be applied
to the outside of the pipe, nor on the techniques that could be
used to inspect much larger trunk main. Ultimately, many of the
reviews identify very similar tools for potential use on cast iron
pipes, rather than describing how their methodology may be
applied to the pipe or locating specific defects.

What does NDE need to do?

The risk of a trunk main burst and the need for proactive NDE to
inform targeted rehabilitation and replacement to avoid these
bursts are clear. The suitability of a technique for this application
must be determined, particularly when it is borne in mind that
corrosion processes may occur at both external and internal
surfaces and that other defects (such as cracks, voids, cold
shuts and inclusions) may exist throughout the section. The
application of NDE to a cast iron trunk main is further
complicated by the challenging environment in which inspection
must be carried out.

In this section, the type and size of defects which must be sought
to prevent failure in a worst-case scenario are considered further
and an order of priority advised. This is important as certain
defects may be more detrimental than others to the remaining
service life of the main since they can continue to grow until
failure ensues. Finally, the logistics of conducting an inspection
on a trunk main and other issues for NDE of a cast iron trunk
main are also described.

Which type of defect is the most important to locate?

Determining what the NDE is trying to find requires a good
understanding of what indicates a poor condition. While the
defects mentioned previously could all contribute to failure, some
are more likely to cause failure than others are. Corrosion has
been shown to reduce severely the structural performance of cast
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Figure 5. Stacked bar chart of measured values of total wall thickness t,, measured at 10 mm intervals along the sides of a series of

(N = 23) test samples (350-400 mm x 30 mm x wall thickness t,,) cut from pipe 4 (see Jesson et al. (2013)). The total length of pipe edge
examined was 17-4 m. The values were obtained from direct inspection of the cut face by using optical microscopy. Note: The (assumed)
total wall thickness t,, (= & + t, + tg) at any position is given by the sum of the remaining thickness of cast iron t, depth of transition zone
t, and depth of external graphitic corrosion t,. (a) Data obtained from each sample are presented in sequence running from left to right.
As a consequence, the position along the cumulative length has no physical meaning in relation to the original pipe, or to the plate from
which each sample was cut. The solid black line shows the mean total thickness t,,, of all the samples examined, while the dashed

lines are positioned at one standard deviation from t,,,. (b) Data from (a) have been replotted by normalising the value of t,, at each
position (i.e. removing the absolute variation in total wall thickness) and then ranking the values of the remaining thickness of cast iron
in decreasing value from left to right. The resulting figure provides a measure of the distribution of wall thickness within all of the samples
examined. It can be seen that of the 17-4 m of the total sample length examined, some 3 m showed no signs of corrosion loss, while
there are positions where the loss of metal section exceeds 40%

iron (Jesson et al., 2013; Yamamoto et al., 1983) and must be a
priority for inspection. It is also important to establish the level of
sound metal remaining in the pipe, particularly as geometric
disparities such as wall thickness variations, not necessarily
known about beforehand, can further concentrate the stress around
the corrosion and further weaken the pipe.
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Following on from corrosion, cracks also present a significant risk
to the structural performance of the pipe as they have the potential
to grow until failure. It would be beneficial to be able to identify
the location and dimensions of any cracks, particularly if there
is a potential for them to intensify further the stress due to an
interaction with another defect present. However, finding small
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Figure 6. Tensile strength as a function of pit depth for progressive graphitic corrosion of a trunk main of wall thickness of 32 mm.
The straight line is the prediction based on loss of section, while the curves are based on fracture mechanics analysis for cast irons with

fracture toughness values of 10, 15 and 20 MPa m"?

two different levels of operating stress (see text)

and with a ‘thumbnail’ crack. The horizontal lines at 90 and 30 MPa represent

cracks is likely to be the most demanding requirement to meet: it
must be remembered that it is more important to find a subcritical
crack with the potential to grow than it is to find a critical crack.
(This is discussed further in the section headed ‘What is the
required resolution of the NDE technique(s)?’) In addition, such
defects may be hidden under corrosion and/or accretions of location
material, further obfuscating NDE assessments of cracking.

Finally, it would also be beneficial for asset management if the
presence and location of porosity, inclusions, cold shuts and other
such defects could be determined, to characterise the condition of
a pipe fully. However, if the defect populations introduced at
manufacture have not led to early failure, they are likely to be in a
stable state and may not lead to failure in the near future, unless
combined with newer defects. Hence, the detection of cracks and
corrosion, both of which tend to worsen over time, is of much
greater importance.
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What is the required resolution of the NDE technique(s)?
Treating, for the moment, all defects in the same manner — that is,
as cracks — their size informs the resolution and accuracy required
of the NDE methods. Conlin and Baker (1991) demonstrated the
use of fracture mechanics on cast iron to determine the size of the
critical defects that would cause catastrophic failure. Fracture
mechanics gives a relationship between the applied stress o; the
crack ‘length’ a (in this case the depth of penetration into the
wall) and the resulting intensified stress at the crack root, termed
the ‘stress intensity factor’, K (where Y is a crack geometry-
dependent, dimensionless constant)

1. K=YoVrna

The critical stress intensity factor K., which may also be referred
to as fracture toughness, is a material property. As noted in
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Figure 7. An exposed 20 in. (0-508 m) trunk main in situ at
Regent Street in central London with several other pipes and
services crossing it, showing the restricted space available around
a main

Figure 2, two cases can be considered — that is, loss of section
and fracture mechanics — with these two models providing
an envelope capturing the majority of failures. For illustrative
purposes, a thumbnail crack geometry is assumed (for which
K = 1:260u'); the relationship between tensile strength for
catastrophic failure and crack size is shown graphically in
Figure 6 for a range of fracture toughness values for cast iron
taken from the literature (Ashby and Jones, 2005). A value of
90 MPa was suggested by Marshall (2001) as the maximum value
of stress that a pipe would experience in service. This stress
would mean that crack lengths greater than 8 mm in a material
with a fracture toughness K. of 10 MPa m'?
fracture. Conversely, for cast irons with K, greater than or equal

would cause fast

to 14 MPa m'"?, failure would occur by loss of section when the
crack becomes 14 mm long, if the original wall thickness is
32 mm. More recent work by Rajani and Abdel-Akher (2013)
suggests that this value of operating stress is higher than what is
routinely seen in practice; based on this, a value of 30 MPa is
used as a more ‘realistic’ estimate. In this situation, longer defects
could be tolerated before catastrophic fracture.

The fracture mechanics predictions allow some tentative
observations to be made on the possibility of a leak-before-break
in cast iron water mains. In simple terms, the leak-before-break
condition requires the critical crack length at the operating stress
to exceed the pipe wall thickness. Based on the analysis used to
make the fracture mechanics predictions in Figure 6, this
condition is met; hence, a leak-before-break may occur in this
example. This requires additional investigation because of the
uncertainties regarding the level of working stress and details of
possible defect shape, which would modify the stress intensity
factor. Further, for a given working stress, a leak-before-break
becomes more likely in pipes with a smaller wall thickness.
Leakage from permeable through-wall graphitic corrosion has
been observed previously in distribution mains (Jesson et al.,

10
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2010). Anecdotally this phenomenon has also been observed in
trunk mains.

The implication of the data presented in Figure 2 and the analysis
in this section is that in order to be truly useful, an NDE
technique must be able to detect reliably graphitic corrosion
depths on the order of 4mm and greater, to a resolution of
+1 mm. The surface resolution would ideally be comparable to
this, but in practice may be constrained by the physics of the
NDE technique itself, by practicalities associated with data
storage or by the time needed for scanning.

What are the challenges posed by the field
environment?

It is an aspiration that the condition of a buried asset could be
assessed above ground without the need to excavate the pipe, thus
saving time and expense. The Engineering and Physical Sciences
Research Council (EPSRC)-funded UK research programmes
Mapping the Underworld and, more recently, Assessing the
Underworld, have been working to determine what underground
assets can be successfully inspected without being exposed. While
progress on identifying the location of a buried asset has been
made, no methods of NDE have shown the ability to detect the
defects discussed here either above ground or by using point assets,
such as valves or hydrants, as access points (Hao et al., 2012).

Consequently, whatever the optimum NDE technique is found to
be for the collection of condition data, the ideal deployment
would be through an inspection system which can pass along the
inside of an in-service main. The device could have an umbilical
cord or a winch cable, but to enable greater survey lengths, it
would ideally be propelled by the flow of water (such a tool often
being referred to as an intelligent pig, a smart pig or an inspection
pig). In principle, this would allow large portions of the network
to be inspected without disruption to supply. However, in practice,
this is problematic as the implications for water quality cannot
be ignored and must be considered in the ultimate deployment
methodology of the NDE sensor/instrumentation package. Here
the physical contact of the sensor and/or the carrier with the pipe
wall is likely to cause surface deposits to be dislodged or in the
worst case may damage corrosion prevention measures (e.g.
bitumastic coatings). In a worst-case scenario, protruding
corrosion features (known as tubercles) can be damaged by
internal NDE, leading to chronic water quality issues and
accelerated internal corrosion due to the removal of the passivated
layer. Lining a main can reduce problems with water quality
during internal NDE, but this is costly and further impedes NDE.
Hence, the use of an inspection pig is likely to require the main to
be taken out of service during inspection and subsequently
flushed. The use of this technology would also require a
significant amount of network modification to enable a pig to be
inserted and retrieved from the network, and a device or a
collection of devices that could cope with the range of mains
diameters in use (12-60in. (0-305—1-52 m)). It must be capable
of both recording its own position and being located from the
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surface. Lastly, the pig must be capable of traversing a trunk main
which may change direction or depth along its length and could
have offtakes: some pipes are not always easily accessible if
the device should become stuck (Dingus et al., 2002; Vickridge
and Lau, 2000). Further, if ‘pigging’ is to become an industry
standard, it must be capable of assessing corrosion (and ideally
the other defects discussed in this paper) reliably, through the full
wall section.

Hence, conducting NDE from the outer surface of the pipe is
currently preferable, even if it means that the pipe must be
excavated for NDE to be conducted. Very often mains are
exposed for routine work, which may present sufficient
opportunity to assess the mains condition while the excavation is
still open. However, this is still not without challenge. An
excavation creates a muddy trench and may expose only a small
section of main (approximately 1m long), which is not
significantly longer than the pipe’s diameter. This can leave
limited access to the surface of the pipe, particularly underneath
the pipe (Figure 7). Any NDE method will need to be capable of
operating within the clearance around the pipe afforded by the
excavation and the neighbouring utilities.

Following on, the NDE method must be capable of dealing with
an outer surface which is often hidden by a well-adhered layer of
surface encrustation which is formed from the soil and aggregates
around the pipe, and in some circumstances, iron leached from the
pipe may react with the soil and the aggregates to form a binder,
increasing the tenacity of the encrustation to cling to the surface.
This can be removed but it must be done carefully so that the pipe
is not compromised or the degradation accelerated. Even once
removed, the surface can be seen to be heavily pitted. This is a
long way from the smooth surfaces seen in the aerospace industry,
where NDE techniques are routinely used. Finally, NDE must be
capable of penetrating thick sections of cast iron, on the order of
35 mm.

Specifying NDE protocols in support of asset
management

Fundamentally, then, what does NDE need to achieve for cast
iron infrastructure? It needs to (@) collect meaningful data about
the condition of specific assets and (b) provide these data in a
form that can be used by asset managers to improve their
decision-making processes. In the context of the present paper on
pipes, the condition data collected should be able to locate
accurately a number of key features

section thickness
manufacturing defects, such as porosity (where possible)
the extent of internal and external corrosion

the presence of internal and external cracks.
Of course, this list can be applied generically and forms a useful

starting point for dealing with any cast iron asset. Further, it must
be recalled that the collection of these data must take place in

iasma1600020.pdf 1

Manila Typesetting Company

difficult circumstances. This places an onus on asset managers in
that they must be careful to specify the data to be collected, the
form that it is to be collected in and any preliminary steps that
must (or must not) be taken. However, there is also an onus on
contractors to specify the necessary conditions required for
successful collection of NDE data. On this basis then, the key
steps in an NDE process are

(a) preparing the surface with minimal destruction to the pipe (or
other assets)

(b) conducting NDE in an agreed space around the pipe, which is
likely to be limited

(c) reporting the data in the format defined by the network
operator.

Some form of validation testing, that is to say a piece of cast iron
which is assessed through NDE and then dissected to match
observed defects, is a useful step in assessing any given NDE
technique offered for use on cast iron infrastructure.

In the Appendix, a number of techniques are considered for
application. These are taken from the review papers discussed
earlier and then reviewed in the light of a potential field test, or
with respect to other issues such as legislation or risk to the public
perception of a network operator. From this it can be seen that
while a plethora of NDE tools exist, and could potentially be
applied, there remain difficulties in actually using the majority of
these options. A very few NDE techniques can be applied to cast
iron, but the resolution of defects remains poor and requires much
calibration and development if they are to be viewed positively by
asset managers.

Concluding remarks

Networks of ageing cast iron mains supply drinking water to
millions of consumers around the world, and any interruption in
supply associated with pipe failure, catastrophic or otherwise, is
both undesirable and problematic. As a consequence, network
operators seek to reduce the occurrence of failure by proactively
targeting and replacing high-risk mains. The failure of cast iron
mains has been linked to a range of defects present in the pipes,
including those present at manufacture and those created during
installation or induced through degradation during extended
periods in service. This last group of defects is primarily
associated with graphitic corrosion, which is known to contribute,
both directly or indirectly, to a significant proportion of cast iron
water main failures. Graphitic corrosion has significant
implications for the remaining load capacity of a pipe. Hence, the
extent of corrosion, its conformation and the remaining wall
thickness must be assessed and quantified in order to predict
reliably the remaining life in service.

The methods used to perform NDE on materials and engineered
systems are diverse, and various physical properties are used to

assess the ‘health’ of cast iron infrastructure. These include
methods based on the magnetic and electrical properties of the cast

11
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iron, as well as the speed of elastic waves — for example,
ultrasound — through the material, or the absorption of X-rays.
Such methods rely on the detection of some level of change in the
properties associated with the presence of an unexpected
secondary phase, the degradation due to the presence of corrosion
or cracking. Other methods for checking pipe integrity include
those that ‘listen’ for leaks or the use of a solution that bubbles
when it comes into contact with, usually, leaking air. Many of
these techniques are routinely deployed in a number of industries,
and their effectiveness is well documented and standardised. With
respect to the use of NDE in the water industry, there have been a
number of detailed reviews that consider NDE as a whole, specific
branches of NDE or NDE in a particular context. However, they
focused less on applying the filters of the field environment and
the working practices of the industry. A number of well-
established techniques are limited to the laboratory, as they are
unlikely to be practical in the field, are regulated against or do not
take into account the inherent variation in microstructure (and
properties) of cast iron. For example, while ultrasonic inspection is
routine in the aerospace sector, a few millimetres of aluminium is
a very different prospect from tens of millimetres of cast iron,
particularly when the cast iron is corroded. The graphite flake
structure of the metal acts to dissipate the ultrasonic signal, and
the transition zone of active corrosion is strongly attenuative rather
than giving rise to a clean reflection.

A significant problem for any NDE technique is accessing the
structure to be assessed: with buried assets, inspection must rely
on either exhumation or, if possible, an internal assessment. Both
scenarios present significant issues, particularly in the context of a
water main. Further, in either case, once access has been
achieved, surface preparation is often required to ensure adequate
measurement quality, and that process can lead to the asset being
damaged. Such damage may or may not be immediately apparent,
but will reduce the residual life of the asset being assessed.

These comments notwithstanding, ultrasonic inspection, although
facing the hurdle of poor surface condition, would appear to have
the best opportunity of finding all of the defects discussed in this
paper, but significant work is required to overcome the issues that
the presence of graphitic corrosion presents to meaningful data
collection and interpretation. It may be best to pair ultrasonic
inspection with another technique (such as eddy current testing, or
magnetic flux leakage (MFL)) to provide complementary results
that can be combined together to give a complete, composite
picture.

Given the potential length of water networks and the range of soil
environments in which they are situated, external NDE conducted
in small excavations can only give a snapshot of the local pipe
condition. Statistical analysis can allow these data to predict the
condition of nearby pipes, and asset managers can use further
analysis to consider cohorts of similar pipes by using data from
across the network to make a decision about a specific pipe.
However, greater (contiguous) lengths of the network must be

12
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inspected to understand its condition more fully. At present, a
device capable of characterising the range of defects typically
present in cast iron main at the physical resolution suggested
does not exist. Further developments in this area must be made
if any certainty on the condition of the trunk main networks is to
be obtained.
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Appendix: Application of NDE techniques

Introduction

A plethora of NDE techniques are available to determine the
condition of large structures. While the spectrum of techniques is
broad and difficult to compare, the principle of NDE may be
summarised as the exploitation of a physical material property in
order to assess condition against some empirical or notional base
line. For the fundamentals of a specific technique, the reader is
referred to the reviews mentioned earlier in this paper (or to a
suitable textbook such as that by Halmshaw (1991) or Cartz
(1995)). 1t is not the purpose of this paper to critique the operation
of one technique compared with another: rather, it is to identify
the physical practicalities which affect a technique’s ability to be
applied to cast iron trunk main. In particular, the ability of the
techniques to identify each category of defect outlined earlier from
the outer surface of the pipe is discussed. Other considerations
such as the safety implications, space requirements and
practicalities are also considered and used to eliminate techniques
which are unlikely to be feasible for inspection of a live main.

A reasonably comprehensive list of NDE techniques might be
expected to include ultrasonic, MFL, eddy current, acoustic,
radiographic, dye penetration, visual and pit depth measurements.
However, in practice many of these techniques are unsuitable.

Unsuitable methods
Constrained by safety

= Dye penetration testing requires the use of a fluid dye which
must not enter the water supply but could be drawn in
through a through-wall crack.

= Radiographic inspection with gamma rays or X-rays carries
immediate health risks and would require an extremely
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powerful source and lengthy exposure time to penetrate the
thick cast iron. Given the small exposure area, this process
would need to be repeated several times to build up a
complete image of the pipe successively. Furthermore, the
inspection would have access only to the outer surface of the
pipe, which would mean that the radiation source and detector
would be sited either side of the pipe, effectively doubling the
material that the rays would need to penetrate. Hence more
powerful X-rays with longer exposure times would be needed,
which increase the health and safety risks. Finally, there is a
public perception issue regarding the deployment of
radiographic equipment, and associated shielding, barriers and
signage, in urban areas.

Constrained by working space

= Remote field eddy current techniques have been shown to
assess the level of corrosion on a main well, but it would be
impeded by the available space in the excavation (Dingus et
al., 2002). Hence, the technique is suited to an inspection pig
application since it requires a substantial separation, on the
order of two pipe diameters (Hao et al., 2012), between the
exciter and the detector. This is unlikely to be possible in an
excavation where space may be limited.

Constrained by damage to the asset

= It is feasible to gather visual condition data on the level of
external corrosion by mechanically removing corrosion
products and measuring with more or less accuracy the pits
which are revealed. However, this is a partially destructive
method which, while providing a useful measure of corrosion,
could lead to problematic situations for an in-service main. If
through-wall corrosion is present, disturbing it may lead to a
leak or, worse, failure of the pipe.

Constrained for other reasons

= Passive acoustics are used in water mains to detect leaks but
can also be employed to listen for mechanical deterioration in
a structure, such as the wires breaking inside a prestressed
concrete pipe (Travers, 1997). This method can be applied
only to situations requiring continual monitoring and not
inspection as it can only measure the deterioration since it was
installed rather than providing a complete instantaneous
picture of condition (Makar and Chagnon, 1999). It is
questionable whether such an approach is relevant in the
context of the subcritical growth of a crack. Presupposing that
such a crack has been identified and a sensor placed at an
appropriate location to monitor ongoing crack growth, such a
detector would need to be capable of detecting the energies
associated with crack growth at the scale on the order of 1 um
per cycle (Mohebbi et al., 2010) while also being subjected to
a range of other events found in live main, in particular those
under busy roads.
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m  Active acoustic methods such as modal analysis, where the
frequencies at which an object resonates are monitored and
compared to a known reference, as in the traditional tapping
test of a train wheel for identifying a flaw, have also been
suggested. For a buried water pipe, the different volumes and
types of earth which surround it, and the large volumes of
water within it, can affect greatly the resonances of the pipe
wall (Leinov et al., 2015). Such environmental variations may
be very difficult to factor in to the reference; hence, the results
obtained may be negated. At higher acoustic frequencies,
shorter-range guided waves might be used to inspect trunk
mains. This technique is often used to inspect long lengths of
welded pipes where the waves can progress between lengths
of pipes. However, the bell and spigot joint between sticks on
trunk mains would limit the wave progression between sticks.

= Non-contact strain measurements which use interference
optical methods such as holography and shearography may be
challenged by the environment in which to perform
measurements on a large pipe. Preparing the surface
sufficiently well to use precision optical equipment in such a
context would be very demanding, and it is doubtful that an
excavation on trunk main could provide a suitable environment
for such optically based NDE methods to function.

B Visual inspection may not be sufficient on its own but would
be a precursor to any other technique, allowing information,
such as casting marks, the environment in which the pipe sits
and the presence of other utilities or traffic loadings, to be
assessed. All this information can contribute to a ‘health
check’ of a pipe. If the pipe is badly deteriorated to the naked
eye, then this may negate the need to proceed with further
inspection.

Potentially suitable techniques

MFL shows some potential for the inspection of cast iron and is
already commercially available as an inspection technique (Liu et
al., 2012). However, there are some questions over the efficacy of
the method in characterising defects in the pipe wall. In particular,
the often poor surface condition present on an exhumed trunk
main can make it challenging to ensure that the tool is in full
contact with the pipe wall. Failure to maintain full wall contact
does not ensure that the magnetic field generated by the magnets
is coupled to the pipe wall consistently and can lead to difficulties
with accurately determining the size and shape of the defect as the
tool’s capacity to capture the flux leakage around a defect is
linked to the spacing between the tool and the pipe wall. Further,
the sensitivity of the tool is reduced for greater wall thicknesses as
it becomes progressively harder to detect magnetic flux leaking
from the distant wall with a system stationed at the proximate
wall (De Silva et al., 2002). Given the operating principles of
MFL, it seems very unlikely that narrow cracks will be detected
because it is debateable whether the crack will provide a sufficient
discontinuity for the flux to leak out of the pipe.

Eddy current technology, using low-frequency alternating
electromagnetic fields, is another possible method for corrosion
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detection in a trunk main. Conventionally, alternating current
(AC) fields, in the 5-60 MHz range, are applied to find surface-
breaking cracks in metallic objects with good surface finishes.
However, the inspection of thick sections with this technique is
limited by the depth to which the eddy currents can penetrate.
This is dependent on the induced frequency (Rizzo, 2010) — for
example, skin depth of 3 mm in a steel pipe exposed to a 50 Hz
AC field (Hao et al., 2012). Reducing the frequency to the order
of 10-100Hz can enable the skin depth penetration to be
increased (Jackson er al., 1992); however, full coverage of a
35 mm wall still may not be possible. The challenge for a field-
deployable system will be to achieve the required resolution of
cracks and other defects, although this will be aided by the
technique’s tolerance of a variety of surface conditions.

Finally, ultrasonic inspection may prove to be of great use as, in
principle, it can be applied in different ways to search for different
defect populations from one surface of the trunk main (Liu et al.,
2012). Configured in its simplest pulse-echo mode, with
ultrasonic signals travelling normal to the pipe wall, it can
measure the degree of corrosion thinning in a wall. It can also be
arranged for the ultrasonic pulses to travel into the pipe wall at an
angle to search for cracks in more remote locations within the
bulk of the wall material. As with most NDE methods, raw
waveforms from these tests must be post-processed to ascertain
the condition of the pipe, and this requires a good understanding
of the propagation of ultrasound within corroded iron to arrive at
a robust determination of pipe condition. A key factor in
accurately determining defect sizes is how fast the ultrasound
travels in corroded and uncorroded areas of the pipe wall. In
uncorroded cast iron, the speed might range from 3500 to
5600 m/s (AIH Committee, 1989). This large velocity range
covers all types of cast iron, but for the types of cast iron in trunk
main, the range is likely to be narrower as a result of the
relationship between velocity and modulus. For the trunk mains
investigated by Jesson ez al. (2013), the variation in modulus
between the ten different pipes was less than a factor of 2, which
would give a much more narrow velocity range. Ideally, the speed
of sound should be determined for the particular pipe being
inspected, but having access to only one surface of the pipe
provides little opportunity to make speed measurements on a
section of known thickness, unless a calibration coupon is
available. There is then the added complication that the speed of
sound may vary through the pipe wall due to earlier formed
variations in microstructure. Improved accuracy could be
achieved if the date and place at which the pipe was cast are
known, thus allowing pipes of a similar provenance with known
properties to provide a closer estimate for use in an inspection.
Also, the graphitic corrosion products of cast iron have been
shown to be very attenuative and greatly impede the ultrasonic
wave (Dorn et al., 1996); there remain issues with respect to the
compensation for this in the post-processing of field data. In
principle, as with many techniques, a good surface finish is
required for reliable contact between the sensors and the pipe, and
this may necessitate cleaning the pipe surface (Thomson et al.,
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2009). However, this may be mitigated through the use of
ultrasonic immersion testing: in such systems, a thick layer or
column of water is used between the sensor and the pipe wall to
couple the ultrasound to the pipe.

Despite these potential issues, tools using ultrasound have been
developed to inspect cast iron trunk main and it is commonly
offered as a method for characterising a pipe’s condition. Finally,
ultrasound has the potential to detect the defects discussed
previously, and as progress on its performance is made, it may be
capable of giving sufficient corrosion data for both internal and
external corrosion. The possibility of operating NDE techniques
in tandem, so that one may fill in the gaps where another
technique struggled, could be beneficial in providing a better
overview of a pipe’s condition. However, it is worth noting that it
is highly unlikely that a true NDE of a pipe can be carried out, as
in most situations, some surface cleaning to facilitate an
inspection will be required, and this will inevitably have an
impact on the remaining life of the pipe.
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