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Summary

Background

Despite the role played by joints in the failures occurring in drinking water networks,
scientific literature has focused on barrel failure. Therefore, it can be assumed that
the significance of these appurtenances has been disregarded.

The objective of this work is to create a procedure to predict the remaining
lifetime of PVC push-fit joints. PVC was selected due to it being the most used
material in the Netherlands and resistant to corrosion which facilitates condition
assessment due to the absence of tuberculation. Finally, working with PVC, for
example, in the laboratory, does not incur the inherent safety/health risks as with,
for example, AC.

Failure modes of push-fit joints

In this thesis, failure is defined as leakage; a joint fails when it begins leaking. Seven
failure modes for push-fit joints are presented with joint bending and axial pull-out
being the most relevant for PVC push-fit joints. Failures due to physical-chemical
degradation, although significant, are not considered in this thesis. This decision
was made because non-destructively characterizing the physical/chemical condition
of PVC in the field is difficult to achieve.

Non-destructive evaluation of PVC push-fit joints

The alignment of both pipes inside the joint is assumed to be a surrogate measure-
ment for the joint’s condition. When two pipes are connected with a double-socket
PVC joint, the two pipes are separated by a gap. The alignment of a joint can be
determined if the gap is measured at four different locations: 3 h (springline), 6 h
(invert), 9 h (springline) and 12 h (crown). Two angles are calculated, one for the
12h-6h pair of gap values and a second for the 9h-3h pair. This can be achieved
using a non-destructive evaluation (NDE) tool.
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Several NDE tools were surveyed whereby the most promising for the assessment
of PVC push-fit joints were selected and tested in the laboratory including ultra-
sound, CCTV and Panoramo® with CCTV consistently considered as the best,
delivering both accurate and reproducible results.

Real-time pipe monitoring

This component of the work was projected as an alternative to inspections employing
NDEs, for example, in the case of important assets where the risk of failure is
minimal, i.e., consequences of failure are exceptionally high∗. For this, a PVC 250
mm drinking water pipe supplying water to approximately 1,250 customers was
continuously monitored from September 2011 until June 2013. The aggregated data
encapsules strains registered on pipes and joints in operation; soil temperatures next
to the pipe; and strains registered on non-loaded coupons of isolated PVC and also
installed next to the pipe.

The data exhibit an expected positive correlation between temperatures and
strains. Daily water demand patterns were ascertained with the strain gauges affixed
to the pipes and joints. Two confirmed episodes of water-hammer were also detected
by the sensors. This demonstrates the accuracy of the strain gauges and their po-
tential in detecting dynamic loads that can be detrimental to a pipe. This work also
demonstrates that a pipe can be continuously monitored for expansion/contraction
when other assessment methods are not available.

Destructive laboratory tests with PVC

Only minimal information is available regarding the limit conditions of joints in
operation (e.g. the limit bending angle before leakage). Therefore, laboratory tests
with PVC were planned. Pipes and joints of two diameters, 110 and 315 mm, were
tested under two different conditions: water pressure (4 bar) and air sub-pressure
(0.2 bar). Both joint bending and axial pull-out tests were performed. To monitor
the behavior of the joint, its stiffness (bending moment vs. bending angle) was
monitored in real-time employing a force sensor.

First, it was concluded that joint stiffness increases with bending angle, insertion,
diameter and inner-pipe pressure. An increase in stiffness is considered dangerous
because the joint becomes less able to bend. However, joint stiffness does not increase
linearly with the bending angle (for the same diameter and pressure). The joint
becomes stiffer after a threshold angle of 3° for 110 mm and 5° for 315 mm joints.
These results are, for 10 m barrel pipes, more conservative than the limit defined by
the AWWA (34° for 110 mm; 12° for 315 mm) and nearer to the limit defined by
the Dutch PVC manufacturers of 6° for both diameters.

Second, the role played by insertion in the increase of joint stiffness demonstrates
that the pipes should not be installed completely inserted inside the joints.

∗An example is a pipe installed in a dyke.
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Finally, for a rubber ring in good condition, leakage/intrusion can only be ex-
pected at bending angles above 10° and with complete pull-out of the pipe from the
joint. Such extreme angles have not yet been detected in the field (Chapter 3).

The index for joint condition

The index for joint condition (IJC) was developed by employing installation guide-
lines and data aggregated from the aforementioned laboratory tests with the inten-
tion of exploiting it to assess in-situ joint conditions. The IJC affords a quantitative
comparison of results obtained from different inspections and selecting the pipe in
the worst condition. With the IJC, it is feasible to grade both the entire pipe and
each joint separately which makes the results less prone to subjective interpretation.

Correlating failures & soil movement

Soil movement is one of the factors cited as a possible explanation for the failure
of an underground infrastructure. Nevertheless, to the knowledge of the author, an
investigation of the impact of soil movement in the occurrence of failure in drinking
water networks had yet to be attempted.

Therefore, failure registration data was retrieved from USTORE (Section 1.6.3);
the data encapsulated a period of 40 months during which 868 failures were regis-
tered. These data were exploited collectively with empirical ground movement data
obtained from radar surveys. The results clearly demonstrated that the failure rates
for PVC, CI and AC increase with the level of soil movement. For the study-area,
while CI is the material most affected by soil movement, AC has the highest failure
rates. Furthermore, there is a clear increase in the failure rate in the AC pipes
installed prior to and following the 1960s. These conclusions were the beginning
point in creating a risk map for the study-area. This map pin-points areas inside the
distribution network that are expected to be more failure-prone. These riskier ar-
eas should either be inspected more often (pro-active on-condition AM) or replaced
more often (pro-active routine replacement).

Concluding remarks

This thesis presents a four-step procedure to predict failure in PVC push-fit joints.
The first step is selecting the best candidates for condition assessment, for example,
employing a risk map that indicates failure-prone areas. The second step is to
evaluate the joint condition through gap sizing by using non-destructive evaluation
equipment (e.g. CCTV). The third step is to utilize the IJC, having the data
retrieved from the condition assessment as input, and evaluating the condition of
the pipe and the joints. A decision can subsequently be made to either replace the
entire pipe or only a section of it or to schedule another inspection. The fourth
and final step is to recommence the process: the lifetime prediction procedure is
an iterative process, and the same pipe and joints should be inspected several times



viii Summary

throughout their lifetime. When their condition is below a certain threshold, they
should be replaced.



Samenvatting

Achtergrond

Verbindingen in drinkwaterleidingen spelen een belangrijke rol in het geregistreerd
falen van het drinkwaterleidingnet. Ondanks dit aanzienlijke aandeel, concentreert
de wetenschappelijke literatuur zich op het falen van de leidingen. Hierdoor kan
worden aangenomen dat de rol die verbindingen spelen bij storingen is onderschat.

Het doel van dit onderzoek is het opstellen van een procedure waarmee de
resterende levensduur van PVC spie-mof verbindingen kan worden voorspeld. PVC
is gekozen omdat dit het meest voorkomende materiaal is in Nederland. Daar-
naast is PVC immuun voor corrosie. Dit vergemakkelijkt de conditiebepaling van de
verbinding. Tevens vereist het werken met PVC, bijvoorbeeld in een laboratorium,
geen speciale veiligheids- of gezondheidsrisico’s in tegenstelling tot bijvoorbeeld AC.

Faalmechanisme van spie-mof verbindingen

In dit onderzoek is falen gedefinieerd als lekkage: een verbinding faalt als hij be-
gint te lekken. Zeven faal-mechanismen voor spie-mof verbindingen zijn gepresen-
teerd, waarvan het verbuigen van de verbinding en het axiaal uit elkaar trekken de
meest relevante zijn voor PVC spie-mof verbindingen. Falen als gevolg van fysisch-
chemische aantasting zijn weliswaar belangrijk, maar zijn niet beschouwd in dit
onderzoek. Deze keuze is gemaakt omdat het niet-destructief bepalen van de fy-
sisch/chemische conditie in het veld erg moeilijk is te realiseren.

Niet-destructief onderzoek aan PVC spie-mof

verbindingen

De uitlijning van beide leidingdelen binnen in de verbinding is beschouwd als een
surrogaat parameter voor de conditie van de verbinding. Als twee leidingen zijn
verbonden met een dubbele PVC mof verbinding, zijn de leidingdelen gescheiden
door een spleet. De uitlijning van de verbinding kan worden bepaald door het meten

ix
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van de spleetwijdte op vier plaatsen: op 3 uur (horizontaal), 6 uur (bodem), 9 uur
(horizontaal) en 12 uur (top). Twee hoeken worden bepaald: één voor de 12u-6u
combinatie en één voor de 3u-9u combinatie.

Enkele NDE technieken zijn onderzocht waarvan de meest veelbelovende voor de
conditiebepaling van PVC spie-mof verbindingen zijn geselecteerd en getest in het
laboratorium: ultrasound, CCTV en Panoramo®. CCTV was de beste, omdat deze
zowel accurate als reproduceerbare resultaten leverde.

Real time leiding monitoren

Dit gedeelte van het onderzoek is gericht op een alternatief voor de inspecties met
de NDE technieken, voor toepassing op belangrijke leidingen die niet mogen falen
(bijvoorbeeld een leiding in een dijk). Hiervoor is een 250 mm PVC drinkwater
leiding, die water levert aan ongeveer 1250 aansluitingen, permanent gemonitord in
de periode van september 2011 tot juni 2013. De verzamelde gegevens betreffen de
spanningen op de leidingdelen en de verbindingen in bedrijf, bodem temperatuur
naast de leiding en spanning op onbelaste coupons van PVC die gëısoleerd geplaatst
waren naast de leiding.

De gegevens laten een positieve relatie zien tussen de temperatuur en de spanning,
zoals verwacht. Het dagelijks waterverbruikspatroon kon worden herkend met de
aan de buis vastgemaakte rekstrookjes. Ook zijn met de sensoren twee waterslag
gebeurtenissen waargenomen die later zijn bevestigd. Dit laat de accuratesse zien
van de rekstrookjes en de mogelijkheid om dynamische spanningen te meten die een
risico kunnen vormen voor een leiding. Het werk laat ook zien dat het mogelijk is
om een leiding permanent te monitoren op uitzetten/inkrimpen als er geen andere
methoden beschikbaar zijn.

Destructieve laboratorium testen met PVC

Er is weinig informatie beschikbaar over de grenswaarde voor de conditie van
verbindingen in het veld (bijvoorbeeld de grenswaarde voor de buiging, juist vóórdat
het gaat lekken). Daarom zijn laboratorium testen met PVC uitgevoerd. Leidingen
met verbindingen in twee diameters, 110 en 315 mm, zijn getest onder twee verschil-
lende omstandigheden: water druk (4 bar) en lucht onderdruk (0,2 bar). Er zijn
testen met zowel buiging als axiale uittrekking uitgevoerd. Een continue krachtsen-
sor is gebruikt om de stijfheid van de verbinding te meten waarmee het gedrag van
de verbinding is bepaald.

Ten eerste is geconcludeerd dat de stijfheid van de verbinding toeneemt met de
buigingshoek, de insteekdiepte in de mof, de diameter en de druk in de leiding.
De toename van de stijfheid wordt als gevaarlijk beschouwd omdat de verbinding
minder vrijheid heeft om te bewegen. De stijfheid van de verbinding neemt echter
niet lineair toe met de buigingshoek (voor dezelfde diameter en druk). De stijfheid
wordt groter nadat een zekere limietwaarde is overschreden: 3° voor de 110 mm en
5° voor de 315 mm. Deze resultaten zijn voor 10 m leiding lengtes conservatiever
dan de grenswaarde die door de AWWA is bepaald (34° voor 110 mm en 12° voor



Samenvatting xi

315 mm) en dicht bij de grenswaarde die is bepaald door de Nederlandse fabrikanten:
6° voor beide diameters.

Ten tweede, de rol die de insteekdiepte speelt bij de toename van de stijfheid van
de verbinding laat zien dat de leidingdelen niet volledig ingestoken moeten worden
bij installatie.

Tenslotte, als de rubberring in goede conditie is kun je alleen lekkage of indringing
verwachten bij buigingshoeken van meer dan 10° en bij complete uittrekking van de
leidingdelen van de verbinding. Zulke extreme buigingshoeken zijn niet waargenomen
in het veld (Hoofdstuk 3).

De index voor de verbindingsconditie

De index voor de verbindingsconditie (IJC) is ontwikkeld op basis van installatie
richtlijnen en de gegevens van de eerdergenoemde laboratorium testen met als doel
om het in-situ toe te passen. De IJC maakt het mogelijk om de resultaten van
verschillende inspecties kwantitatief met elkaar te vergelijken en de leiding met de
slechtste conditie te bepalen. Met de IJC is het mogelijk om de hele leiding te classi-
ficeren, maar ook iedere verbinding apart, waardoor de resultaten minder makkelijk
verkeerd zijn te interpreteren.

De relatie tussen falende verbindingen en bodem

beweging

Bodembeweging wordt beschouwd als een oorzaak voor het falen van de onder-
grondse infrastructuur. Desalniettemin is, naar de kennis van de auteur, nog nooit
geprobeerd om onderzoek te doen naar de invloed van bodembeweging op het
voorkomen van falen van drinkwaterleidingnetten.

Om dit te doen zijn gegevens gebruikt van de USTORE database (paragraaf
1.6.3). De gegevens hebben betrekking op een periode van 40 maanden waarin 868
lekkages zijn geregistreerd. Deze gegevens zijn gebruikt in combinatie met empirische
gegevens van de bodemdeformatie verkregen uit radar waarnemingen. De resultaten
laten duidelijk zien dat de faalfrequenties van PVC, GIJ en AC toenemen met een
toenemende bodemdeformatie. In het studiegebied had AC de hoogste faalfrequen-
tie, maar GIJ is het materiaal dat het meest wordt getroffen door de bodemdefor-
matie. Daarnaast is er een duidelijke toename van faalfrequentie bij AC leidingen
gëınstalleerd voor 1960. Deze conclusies vormen de basis voor een risicokaart die
is gemaakt voor het studiegebied. Deze kaart laat zien in welke gebieden van het
distributienetwerk er meer falen kan worden verwacht. Deze meer risicovolle ge-
bieden zouden ofwel vaker gëınspecteerd kunnen worden (proactief AM) ofwel vaker
vervangen kunnen worden.
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Afsluitende opmerkingen

In dit onderzoek is een faal-voorspellings-procedure voor PVC spie-mof verbindingen
gepresenteerd. De procedure kan in vier stappen worden gëımplementeerd. De eerste
stap is het selecteren van de beste kandidaten voor het bepalen van de conditie, door
bijvoorbeeld een risicokaart te gebruiken zoals hiervoor beschreven. De tweede stap
is het bepalen van de conditie van de verbinding door de spleetwijdte te bepalen
met behulp van de CCTV. De derde stap is het met behulp van de IJC, gebaseerd
op de gegevens van de conditiebepaling, de leiding te classificeren. Dan kan de
beslissing genomen worden om de leiding geheel of gedeeltelijk te vervangen of om
een volgende inspectie te plannen. De vierde en laatste stap is het opnieuw starten
van het proces. Het voorspellen van de restlevensduur is een iteratief proces waarin
dezelfde verbinding verscheidene keren gëınspecteerd wordt gedurende de levensduur.
Als de conditie een zekere grenswaarde overschrijdt, kan deze worden vervangen.



. . .

So grab your things

And stumble into the night

So we can shut the door

And shut the door on terrible times, oh

Yeah, do it right

And head again into space

So you can carry on and carry on

And fall all over the place

. . .

LCD Soundsystem - Home





To my Family.
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chapter1
Introduction

Qualcosa doveva cambiare perché tutto restasse com’era prima.

Il Principe di Salina

These words, derived from the classic film Il Gattopardo (1963) by the Italian
master Luchino Visconti, can be roughly translated as something had to change, so

everything could stay the same. The film was localized during a troublesome period,
the times were changing and Burt Lancaster, the Prince of Salina, had to make a
decision.

Everyday, throughout the world, asset managers must also make decisions: “re-
place or repair?”, “inspect or not?”. Something must change so that everything can
remain the same, i.e., the supply of safe drinking water continues. If nothing changes,
assets will fail more frequently, and this will imply additional costs for water com-
panies. These costs, whether direct, indirect or social (Gaewski and Blaha, 2007;
Makar and Kleiner, 2000) may, in time, become financially unsustainable.

In order to assist in decision making and help utilities to minimize their expenses,
the objective behind this thesis is to develop a procedure that can be employed
to predict the remaining lifetime∗ of PVC push-fit joints. This work comprises
both condition assessment techniques for joints and the development of a lifetime
prediction model. These topics will be briefly introduced in this first chapter that
addresses the Dutch drinking network as the beginning point in order to discuss
general concepts of asset management (AM).

∗In this thesis, lifetime is interpreted as service life.

1



2 1 Introduction

1.1 The Dutch drinking water network

1.1.1 Characteristics

The Association of Dutch Water Companies (VEWIN) publishes reports offering
valuable information regarding the operations of Dutch drinking water companies.
According to the most recent report (Geudens, 2012), more than 51% of the total
network length is made of PVC with asbestos cement (AC) being the second most
common material (approximately 28%), and cast iron (CI) as the third most used
material (approximately 8% of the total length). An overview of the variation of the
piped network composition since the 1950s is given in Figure 1.1. It can be clearly
seen that, while the percentage of PVC has been steadily increasing, the opposite
has been occuring with both AC and CI.

Figure 1.1: Length of drinking water network per pipe material in the Netherlands.
In the country, the percentage of PVC has been increasing since the
1950s. The percentage of AC, after peaking in the 60s, as has been
decreasing as has that of CI. The use of polyethylene (PE) used for
house connections and ductile iron (DI) used for pipes beneath heavy-
traffic roads, have been on the rise. Adapted from Geudens (2012).

1.1.2 Non-revenue water

In 2012, the ten largest Dutch water companies produced a total of 1,136 million m3

of drinking water. The total non-revenue water (NRW) was 54 million m3, or 4.8%
of the total (Geudens, 2012). Although not representative of just leakage (Farley
et al., 2003), leakage is frequently the most significant component of NRW (Methods
et al., 2003).

In certain low-income countries, NRW represents 50-60% of supplied water with
a global average estimated at 35% (Farley et al., 2008). Therefore, the Dutch NRW
level is minimal even when compared to other developped countries. Collaborative
work between Dutch and British research institutes was performed to investigate
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this (UKWIR, 2006). The authors concluded that the Dutch companies have a
lesser leakage percentage for the following reasons (Ofwat, 2007):

• Low operating pressures due to the flat terrain and the tall buildings being
equipped with their own pumps;

• A newer, post-war infrastructure system when compared with England and
Wales and typically made of non-corrosive PVC;

• The mains tend to be situated under footpath paving blocks and in sandy soils
which signifies that leaks cause the pavement to subside which facilitates easy
leak location and easy repair access;

• Existence of fewer joints as a single connection generally supplies a number of
buildings; and

• Quick repair of reported leaks.

1.2 Failure rate

A typical performance indicator to characterize drinking water networks is the failure
rate (Moglia et al., 2008; Tabesh et al., 2009). This parameter is represented by
Equation 1.1.

λ =
f

∑

L × ∆t
(1.1)

Where λ is the failure rate [#.km−1.yr−1], f is the recorded number of failures
[#] during the time period of observation ∆t [years]; and

∑

L is the pipe network
length [km]. Certain authors present the values of λ per 100 km of pipe network
(Burn et al., 2005). According to Rajani et al. (1996), a failure rate greater than 0.05
#.km-1.year-1 is “undesirably high”. O’Rourke (2010) employs a similar parameter
entitled repair rate [# repairs.km-1]. This formulation, solely normalized in reference
to network length, is of use in episodic situations such as earthquakes. However, for
the long-term analysis of network performance, the normalization, in respect to time,
becomes necessary.

Rajani et al. (1993) exploited data from 21 Canadian water utilities to calculate
failure rates in PVC pipes. Summing all PVC failures over the total PVC pipe
length yields an average failure rate of 0.07 (#.km-1.year-1). Per utility, the failure
rate figures varied from 0.009 (Windsor) to 0.03 (Ottawa-Carleton).

In their work, Mackellar and Pearson (2003) compiled data from 17 utilities across
the UK. The authors demonstrated that, for those utilities, the average failure rate
for 5 years (1998-2002) was 0.16 (#.km-1.year-1) for AC, 0.053 for DI, 0.20 for CI,
0.032 for PE, 0.073 for PVC and 0.11 for steel.

Burn et al. (2005) surveyed 44 water utilities in Australia, Canada and in the
USA with significant volumes of PVC in their systems. The authors reported a
broad range of failure rates (0.0004 to 0.11 #.km-1.year-1) with an average of 0.046.
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Vloerbergh and Blokker (2010) indicated that, for the Netherlands, the overall
failure rate (for all pipe materials together) was in the range of 0.06 #.km-1.year-1.
This demonstrates that the Dutch figures are among the lowest worldwide.

Both the reduced failure rate and diminished leakage figures demonstrate that,
although natural environment plays a role, proper network management is crucial,
i.e., materials used, location of the pipes and response to failures.

1.3 What is asset management?

“AM allows asset-intensive businesses to use limited resources to achieve their stated
business objectives in the most cost-effective way” (Edwards, 2010), irrespective of
the country’s level of development (Parker, 2010). The Institute of Asset Man-
agement argues that “AM is emerging as a ‘mainstream’ expectation for competent
organisations” (IAM, 2012). AM at utility level is thoroughly addressed in Deadman
(2010), and its importance has been clearly identified in Bernstein and Laquidara-
Carr (2013). Bernstein and Laquidara-Carr (2013) surveyed 451 utilities in the
water and infrastructure sector in the US and Canada and ascertained that, for the
surveyed utilities, the top three benefits of AM were:

1. Improved ability to explain and defend budgets/investments;

2. Improved focus of priorities; and

3. Improved understanding of risks/consequences of alternative investment deci-
sions.

The EPA (2002) estimated the gap between the projected need and current
spending for clean water and drinking water infrastructure over the next 20 years
in the US. The authors indicated that the clean water capital payment could be
between $73 billion and $177 billion with a point estimate of $122 billion.

Additionally, according to Folkman (2012), over 8% of the installed water mains
in the US and Canada are beyond their expected service. The author argues that,
given the rapid increase on pipes requiring immediate replacement, improved AM
is essential so that all utilities can survive this trend. In fact, Kirby et al. (2006)
show that AM allows utilities to cut operating costs, reduce capital expenditure and
improve the level of service. These examples demonstrate the importance of AM
not only in maintaining a productive operational level but also to avoid disastrous
situations.

Nevertheless, AM is a broad field, and there is not one individual recipe for
success. Hudson et al. (1997) identified various possible approaches:

• Reactive maintenance where maintenance is performed to repair damage
and/or restore infrastructure facilities to satisfactory operation or function
following failure;

• Proactive maintenance where maintenance is performed to delay deterioration
or failure of a component or system;
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– On-condition maintenance where maintenance is performed in response to
condition monitoring indicating impending deterioration or failure; and

• Routine maintenance where maintenance is performed on a regular basis or
schedule.

According to Marlow et al. (2009), proactive strategies are generally applied to
assets when the consequences associated with failures are significant, for example,
pipes installed in dykes (typical Dutch situation) or alongside important transport
routes (e.g. highway or railways). In these situations, “there is the potential for
authorities, municipalities and other segments of society to incur high costs (tangible
and/or intangible) if failure occurs. For such assets, the economics of preventing
failure are advantageous”.

In Figure 1.2, a possible on-condition maintenance approach is presented. It
requires up-to-date and accurate information about the asset’s condition (Costello
et al., 2007) that can be obtained with a non-destructive assessment of the asset.
The remaining lifetime is then modeled taking the current condition as input:

1. Select the best pipe for inspection. This can either be accomplished by em-
ploying practical knowledge - areas where the pipe-fitters are aware that the
failure rate is greater than average - or be a data-driven decision as discussed
in Kleiner and Rajani (2008). An alternative approach will be presented in
Chapter 7;

2. Inspect the pipes using the most appropriate inspection tool. This topic will
be extensively discussed in Chapter 3;

3. With the information aggregated during the inspection, either:

(a) If the condition of the asset is below a previously defined threshold, re-
pair/replace;

(b) Otherwise, predict the remaining lifetime, indicated as t, of the asset
exploiting an appropriate model (Section 1.5); and

4. Finally, schedule a new inspection after a period, t′, shorter than t. The actual
condition of the asset at t′ can be exploited to re-calibrate the model used in
step 3b.

1.4 Non-destructive assessment

Recently Liu et al. (2012) argued that “information on the current structural con-
dition of individual water mains [and joints], combined with a good understanding
of failure modes and deterioration models, can greatly enhance the ability of water
utilities to manage their assets in a cost-effective manner”, which was confirmed by
Bernstein and Laquidara-Carr (2013). The authors demonstrated that this approach
was the most effective AM practice with 53% of the surveyed utilities practicing this
approach.
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Figure 1.2: Scheme of a proactive AM approach. 1) pipes are selected for inspection;
2) the inspection is performed, and the condition of the pipes is evalu-
ated; 3a) if the pipes are in poor condition, they are repaired/replaced;
3b) if they are in poor condition, their expected remaining-lifetime is cal-
culated employing an appropriate model. Finally, 4) a new inspection is
scheduled, and the output of the pipe condition is utilized to calibrate the
prioritization model used in 3b.

One manner in which to perform condition assessment is by utilizing non-destructive
evaluation (NDE) equipment. NDEs are powerful tools that, collectively with failure
models, can play an important role in a proactive approach to the management of
water assets. According to Najjaran et al. (2004), NDE tools can be exploited on
two levels: first, to provide a snapshot of the pipe condition at a given time in order
to determine if immediate intervention is required; and, second, NDE tools can be
deployed in subsequent inspections to assess the rate of deterioration and calibrate
certain parameters of the lifetime prediction models and improve their accuracy
(Rajani and Kleiner, 2002).

Many researchers have devoted their work in developing innovative NDE tools
that can be applied to a multitude of pipe materials in various conditions. Certain
research has been conducted on the condition assessment of wastewater networks:
Andrews (1998), Makar (1999) and Feeney et al. (2009). The work of Dingus et al.
(2002), Reed et al. (2006) and Liu and Kleiner (2012) are examples of research
conducted on the inspection and condition assessment of drinking water networks.

1.5 Modeling remaining asset life

Modeling remaining asset life is an important instrument in proactive AM and is
indissociable from condition assessment.

Kleiner and Rajani (2001) and Rajani and Kleiner (2001) divided lifetime pre-
diction models into physical-based and statistically-based. Both approaches require
information on the asset’s condition, either as input (physically based) or to vali-
date the assumptions made by the model (statistically based). Therefore, although
condition assessment exists without lifetime prediction procedures - the water utility
can exploit the results of an inspection program to immediately replace a pipe - the
opposite is not true. The same utility should not replace a pipe just because a given
model predicts it to be “old”. This is even more the case for very important pipelines
for which the cost of replacement can easily surpass the cost of inspection.
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More recently, Marlow et al. (2009) reviewed the different approaches to model
the remaining lifetime of assets. The authors distinguished the various models into
deterministic, statistical, physical and soft-computing or artificial-intelligence based
approaches.

1.5.1 Deterministic modeling

In deterministic models, the relationship between external factors and asset failure
are assumed to be certain. These are relatively simple to develop and apply. How-
ever, they usually rely on a number of simplifying assumptions. Additionally, they
do not account for the uncertainty that is associated with asset deterioration and
failure. Deterministic models can be further divided into physical deterministic and
empirical deterministic.

Physical deterministic models

These models have been primarily applied to model corrosion in metallic water pipes.
One example is a linear model based on the assumption that corrosion pit depth has
a constant growth rate (Randall-Smith et al., 1992) (Equation 1.2).

ρ =

(

g

Pe + Pi

δ

)

− g (1.2)

Where ρ is the remaining life [years], g is the age of the water main [years], δ is
the thickness of the original pipe wall [m], Pe is the external pit depth and Pi is the
internal pit depth [m]. This model requires the pipe age, wall thickness and depths
of internal and external corrosion pits. This information is typically obtained from
a condition assessment of pipe samples that are ascertained following exhumation.

Empirical deterministic

A classic empirical deterministic model was presented by Shamir and Howard (1979):
regression analysis was used to create a break prediction model that relates a pipe’s
breakage to the exponent of its age (Kleiner and Rajani, 2001) (Equation 1.3).

λ (t) = λ (t0) × eA(t+g) (1.3)

Where λ(t) is the failure rate [#.km−1.yr−1] at time t elapsed from present
[years]. λ(t0) = λ(t) when the pipe is new, and A is the coefficient of breakage rate
growth [yr−1].

1.5.2 Statistical models

The prediction of pipe failure with statistical models is conducted based on historical
performance data (e.g. failure data). These models attempt to capture the inherent
uncertainty and employ historical data that describes failure rates or service lifetimes
in asset cohorts. Statistical models can be used for assets where historical data are
readily available for analysis. A classic example of statistical models is the one
presented by Herz (1996), i.e., the “Herz distribution”.
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1.5.3 Physical probabilistic models

Physical probabilistic models are based on a comprehension of the physical processes
that lead to asset failure while accounting for realistic uncertainty and are beneficial
in those cases where no historical data are available. They are underpinned by a
robust understanding of the degradation and failure processes that occur for an asset
in service (corrosion, fracture, etc.). Therefore, while the models do not require ac-
cess to statistical data, availability of physical related data are necessary†. However,
the models also attempt to account for realistic uncertainty by using appropriate
probability distributions for model variables. However, they can be data intensive
and, in the event that insufficient data exist to adequately describe model variables,
simplifying assumptions are required. Davis et al. (2007) presented a physical prob-
abilistic model developed to estimate failure rates in buried PVC pipelines as they
age.

1.5.4 Soft-computing or artificial intelligence-based models

These models are data-driven rather than model driven. One example is the use
of Artificial Neural Networks (ANNs) to predict output from input information in
a manner that simulates the operation of the human central nervous system (As-
naashari et al., 2013), otherwise known as Fuzzy logic to model pipe degradation
(Kleiner et al., 2006b).

1.6 Mains failure databases

Network management relies on accessibility to relevant data. In fact, the decisions
to replace, repair or inspect should be data-driven and not hint-driven, and this is
even more the case with important assets. One of the decision-support tools for a
network manager is a mains failure database (MFD). In such a database, all failure
related data (date, location, material type, cause of failure, etc.) are registered.
These databases become more significant with time as the volume of data, together
with its statistical significance, increases.

Gaewski and Blaha (2007) collected information on 30 large-diameter (above 20-
inch) pipe breaks and demonstrated that the average total cost was approximately
$1,700,000. The authors argued that a MFD would be beneficial in assessing the
status of buried infrastructure and assist in avoiding such disastrous episodes. Simi-
larly, Grigg (2009) argued that a MFD can improve knowledge on actual conditions
in a utility’s asset base and offer utilities an efficient manner in which to organize
and manage their pipe failure data.

In fact, with access to such databases, a manager is able to, for example, deter-
mine failure rates (Equation 1.1), Failure rates can be calculated to determine failure
prone materials or areas within the network. Failure registration data are also the
input to certain models presented above (for example, Section 1.5.2).

†For example, temperature or precipitation series; or soil properties (e.g. soil resistivity, chlo-
rides, pH) (Rajani and Kleiner, 2001)
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Several countries around the world have attempted to create national MFDs
(NMFDs). Such a database stores all available failure data in a country to pro-
duce a larger and more significant source of data. Nevertheless, establishing such
a database is not a straightforward process as, for example, each utility utilizes its
own registration procedure.

To the author’s knowledge, worldwide, only the UK and the Netherlands have
operational NMFDs.

1.6.1 NMFD of the United Kingdom

The NMFD implemented by the UK Water Industry Research UKWIR (2008) is the
result of a cooperative work of the British water companies. In 2006, the database
comprised 480,000 failures of approximately 350,000 km of water mains. These
failures were recorded by over 95% of the UK companies from approximately 1995
forward (Mackellar, 2006).

UKWIR (2008) harmonized the plethora of data formats received from the par-
ticipating utilities and produced an anonymous database. The database was im-
plemented to allow access and analysis of the data employing readily available MS
Office® tools. Several companies had used the data to support their AM business
plans to the British Regulator, OFWAT.

According to Grigg (2009), pipe data attributes included in the database include
an identification number, diameter, material type, location, lining, ground surface
type, installation year and whether the main has pumped or gravity flow. Failure
data items include type of failure, whether third-party damage was involved, location
and other related information. The British database and respective website have
been operational since 2009 (Cima and Peters, 2009).

1.6.2 NMFD of the United States

The British NMFD was adapted to the American situation (i.e. types of pipe,
national specifications) and consists of a website where utility staff could upload their
mains inventory and their failure related data. The company’s data would then be
anonymized and pooled. Basic reports can be created or data can be extracted and
exploited for additional advanced analysis elsewhere (Grigg, 2013; Hodgins, 2013).

Grigg (2009) identified the main challenges in adapting the British database to
US conditions and practices, which vary widely among utilities:

• How to include geographical information: the US has a state plan coordinate
system, but it does not provide a unified national grid system,

• How to import soil data; and

• How to coordinate the main different practices for collecting and managing
pipe data among US utilities.

Initially, 20-30 utilities were contacted to participate in the project. All utilities
were from medium to larger cities (not the top-10 largest), and only two utilities
participated. The explanations for such low participation were (Hodgins, 2013):
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• Inexistence of a regulatory driving force as is evident in the UK (OFWAT);

• The larger utilities most likely already possessed a pipe-analysis system;

• Lack of funding and manpower. On the one hand, most utilities did not have
available staff to compile and upload the data (difficult economic times) and, on
the other hand, the researchers did not have personnel to manage the project
more closely; and

• Lack of quality on certain utility’s data.

Nevertheless, Hodgins (2013) argues that one of the two participating utilities,
despite the necessary work to compile and upload the data, realized that the system
afforded them an improved understanding on i) the type of data and the data-quality
necessary for such project, and ii) the analysis process and overall support for the
utility in repair/replace/maintenance decisions.

A report including all of the conclusions of this project and authored by Neil
Grigg (Colorado State University) is due to be published by the Water Research
Foundation.

1.6.3 NMFD of the The Netherlands

Seven Dutch water companies, collectively with KWR - Watercycle Research Insti-
tute‡, have developed a NMFD to uniformly register water mains failure data. This
data can then be exchanged, analyzed and exploited in order to improve AM in the
country.

When a failure occurs in the network, a work order is placed, and one of the
fitters receives the order. The pipe fitter travels to the failure location, repairs the
failure and registers at least the mandatory questions on the form. The questions
on the form pertain to information about the failure (date, location, cause and
nature), about the asset (appurtenance, material, age, diameter, etc.) and about
the surroundings (presence of trees, type of soil, etc.).

To exchange the failure data, a secure database system with web access, referred
to as USTOREweb, has been developed. USTOREweb combines the individual
databases into a composite database. In addition to the failure databases, databases
of network lengths are provided by each water company to enable the calculation
of failure rates. Prior to the failure data being entered into the central database,
each record is examined for omissions and duplicates. Records that lack certain
(mandatory) fields or are already in the database are excluded from the database
and reported back to the company for checking. Improved or completed records
can be uploaded again. All participants can download an anonymous composite
database. Despite containing all uploaded failures, the downloaded database does
not contain company name, address or coordinates of the failure. Asset managers
can employ the database to perform their own specific analyzes or compare their
data with the complete data-set.

The complete data-set encompasses the period of 2009-2013, and the length of
the network available on the database is over 50,000 km more than 42% of the total

‡The Dutch Drinking Water Research Institute
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national length of 117,585 km (Geudens, 2012). USTORE will be exploited as input
for the lifetime prediction procedure (Chapter 7) and is thoroughly discussed in
Vloerbergh and Blokker (2010) and Vloerbergh et al. (2012).

1.7 PVC in operation

1.7.1 Aging & degradation of PVC

Different pipe materials behave (and fail) in different ways. For example, for metallic
pipes, the typical failure mechanism - corrosion - is fairly well known and described
(Doleac et al., 1980; Randall-Smith et al., 1992). On the contrary, the characteriza-
tion of failure modes in polymeric pipes is more difficult and, in fact, little is known
about their long-term deterioration mechanisms. According to Rajani and Kleiner
(2001), these “are not as well documented [as for other materials], mainly because
these mechanisms are typically slower than in, for example, metallic pipes and also
because PVC has been used commercially only in the last 35-40 years”. Neverthe-
less, some degradation mechanisms for PVC may include chemical or mechanical
degradation, oxidation and biodegradation of plasticisers and solvents (Rajani and
Kleiner, 2001).

Visser (2009) developed an NDE method to determine the residual lifetime in
unplasticised PVC (uPVC) - an older and more brittle version of the modern PVC.
The author employed a procedure specified as micro-indentation to quantify the
hardness and, therefore, the resistance against plastic deformation. His observations
induced that this technique can be employed for the assessment of the current state of
uPVC. This material, according to Burn et al. (2005), in spite of registered premature
failures, when properly designed and installed should have a lifetime of at least 50
years. Some experts suggest that even 100 years is a conservative estimate.

The Dutch research institute TNO produced a series of reports entitled “Long
term performance prediction of existing PVC water distribution systems” (Boersma,
2002; Boersma and Breen, 2003, 2006; Breen, 2005, 2006; Breen and Etsu, 2003;
Lange, 2003) in which producers of PVC and PV material as well as representatives
from water companies participated in the investigation. The authors concluded
that the lifetime of a plastic product is determined by the intrinsic properties of
the polymer applied, the processing of the polymer into a product, and the final
operation conditions. The authors argued that, with properly installed pipes and
scratches less than 1 mm in depth, the expected residual lifetime should surpass 100
years. Nevertheless, the reliability of the lifetime of PVC water systems is strongly
correlated with the uncertainty regarding the future loadings to be experienced by
the PVC pipes. In fact, external loadings and non-uniform soil settlements can cause
significant local stresses in PVC pipes and subsequent preliminary failure. A lifetime
of less than 10 years is feasible when a calamity occurs (Breen, 2006).

1.7.2 PVC joints in the field

One possibility of characterizing the behavior of PVC pipes and joints is by in-
vestigating failure registration databases (Section 1.6) and information aggregated
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through surveys sent to drinking water companies.

Folkman (2012) surveyed 188 Canadian and American utilities. While corrosion
was a main cause for water breaks, PVC pipes demonstrated having the lowest failure
rates (0.016 #.km-1.year-1) with CI pipes having the highest (0.15 #.km-1.year-1).

Dingus et al. (2002) remitted surveys to the 100 most significant AwwaRF mem-
ber utilities whereby 46 companies filled out a questionnaire and returned it. For
the transmission systems, the number one problem was joint leaks/failures (35%),
irrespective of the pipe material. For the PVC distribution systems, less than 15%
of the total number of problems was due to a problem in a joint.

Burn et al. (2005) discussed data collected through a survey from utilities in
Australia (nine utilities), Canada (four utilities) and in the US (four utilities). The
total length of pipes in the collective networks was over 97,000 km, of which approx-
imately 12,000 km was PVC. For the networks with PVC, the percentage of failures
registered as a joint leak ranged from 1% up to 38% and averaging 16%.

The data analyzed by Reed et al. (2006) were obtained from a questionnaire to
seven utilities from the UK (one), USA (four), and Canada (two). The total mains
population was 33,247 km consisting mainly of CI (40% of length) and PVC as the
fourth most used material (11%). PVC joint failures were dominated by gasket/seal
failure (55%). The primary cause of joint failure for mechanically joint non-metallic
pipes (AC, reinforced concrete and PVC) was ground movement.

Arai et al. (2010) surveyed Japanese water companies and gathered information
on leakages related to water distribution pipelines that occurred during 2004 and
2005. The Japanese network is composed of approximately 600,000 km of water
pipelines. More than 40% of the entire number of failures was detected at joints.
When focusing on PVC, more than 60% of the failures were detected at joints.

USTORE (Section 1.6.3) shows that, in the Netherlands, of the total number
of failures, approximately 29% are detected at joints (irrespective of pipe material),
and over 9% of all failures are detected at PVC joints.

1.8 Problem definition

In Section 1.7.2, it was clearly demonstrated that joints play a major role in the
failure in a network comprised of PVC. However, given the focus of literature on pipe
barrel deterioration, it can be assumed that this role might have been disregarded.

Additionally, although the importance of on-condition pro-active AM has been
thoroughly motivated in Section 1.3, at a utility level, the status quo has been
reactive AM for low-importance/risk assets and routine maintenance AM for high-
importance/risk assets.

Therefore, the current work is focused on developing a novel pro-active on-
condition AM procedure for PVC push-fit joints. PVC is selected for three main
reasons: i) it is the most used material in the Netherlands (Section 1.1.1); ii) it does
not corrode and PVC walls remain clean (easy to inspect) throughout its lifetime;
and iii) working with PVC does not pose the inherent safety/health risks as with,
for example, AC. The objectives of this thesis are:
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1. Define the failure modes of PVC joints. This will cast light on the origins of
joint failure and determine how joint condition can be assessed;

2. Develop a condition assessment method. The failure modes will be the begin-
ning point in creating the condition assessment method;

3. Choose the best NDE tool for this application. This tool will be selected from
commercially available tools; and

4. Implement a lifetime prediction procedure. Since not all pipes can be inspected,
this procedure will assist in precisely defining which pipes in a network should
be inspected first.

1.9 Layout of this thesis

The seven failure modes for push-fit joints derived from literature are presented in
Chapter 2: joints fail in various ways and due to different reasons. To cast some
light on this issue, a literature review and a collection of failure modes for joints,
irrespective of material type, are presented.

In Chapter 3, all of the work performed with NDE tools is covered. A thorough
literature review was performed bearing in mind the condition assessment of PVC
pipes and joints. The three most promising NDE tools were tested both in the
laboratory and in the field; those results are also discussed.

Condition assessment can also be performed in real-time without the use of NDE
tools. In Chapter 4, a possible approach is presented: several sensors (strain
gauges, thermometers) were installed on barrels, joints, and in the soil adjacent to
them. This pipe is employed to supply drinking water to Dutch customers. This
set-up allows monitoring the behavior of the pipe in real-time for daily (e.g. effect
of water demand pattern) and seasonal (e.g. air temperature) changes.

One of the knowledge gaps before beginning this work was the lack of information
on limit condition before failure, especially maximum joint angle before leakage. To
characterize this, destructive laboratory tests were conducted with hundreds of PVC
joints and pipes. All data are discussed in Chapter 5.

The index for joint condition (IJC) is introduced in Chapter 6. The IJC is a
graphical framework that can be utilized to characterize the condition of PVC push-
fit joints in-situ. The IJC is a result of the aforementioned laboratory tests and has
an enormous practical potential: characterizing the condition of a newly installed
pipe or deciding which one of the two pipes should be replaced.

An approach to determine failure-prone areas within drinking water networks is
surveyed in Chapter 7. This work was conducted by correlating failures in drinking
water networks obtained from USTORE (Section 1.6.3) with ground movement data
obtained through satellite surveys.

Finally, the general conclusions are presented in Chapter 8.





chapter2
Failure modes of push-fit joints†

This chapter was the first section of this work and was initiated by Ilse Pieterse.
Nevertheless, due to being the foundation of the thesis, it was continuously updated.
The objective was to review scientific and technical literature and collect as much
information about joint failure as possible.

In fact, “joint failure” has a very broad definition. Two situations, i.e., a pipe
that is completely pulled-out from the joint or a joint that is fractured, can both
be registered as “joint failure” (Section 1.6) by a pipe-fitter. Given the difference
between both failures, it is important to register more information about the failure
- the mode. This additional information is valuable: knowing the areas inside of a
distribution network where certain failure modes occur or which type of materials
(or of what age) fail in specific ways is of the utmost importance both for scientists
and network managers.

Nevertheless, it is recognized by the author that improving failure registration
is not an easy feat: filling out a 10-20 question form on a -5°C day after having
spent 2 hours fixing a burst pipe burst is hardly a priority. Nevertheless, creating a
framework to improve failure registration is an initial step.

In this chapter, seven failure modes for joints are presented and discussed.

†This chapter is based on the following articles:

Arsénio, A. M., Pieterse-Quirijns, E. J., and Vreeburg, J. H. G. (2009a). Failure mecha-
nisms of joints in water distribution networks and its application on asset management. In Leading
Edge on Strategic Asset Management (LESAM), Miami (Florida, USA)

Arsénio, A. M., Vreeburg, J. H. G., Pieterse-Quirijns, E. J., and Rosenthal, L. (2009b). Overview of
failure mechanism of joints in water distribution networks. In Boxall, J. and Maksimović, C., editors,
Computing and Control in the Water Industry (CCWI), pages 607–612, Sheffield (UK). CRC Press

Arsénio, A. M., Pieterse-Quirijns, I., Vreeburg, J. H. G., de Bont, R., and Rietveld, L.
(2013c). Failure mechanisms and condition assessment of PVC push-fit joints in drinking water
networks. Journal of Water Supply: Research and Technology-AQUA, 62(2):78
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2.1 Introduction

The reason for this work was thoroughly motivated in Section 1.7.2: it was demon-
strated that joints play a major role in the failures registered in a network comprised
of PVC pipes. However, given the focus of literature on pipe barrel deterioration, it
can be assumed that the role played by PVC pipes may have been disregarded.

During an NDE inspection and/or afterwards during analysis, operators and an-
alysts should focus on detecting distress indicators on the pipes or joints. According
to Rajani and Kleiner (2004), these are forms of deterioration that have not yet
led to pipe or joint failure. Among the distress indicators presented by the authors
are cracks in cement, plastic or metallic pipes; corrosion pits in metallic pipes; and
broken prestressing wires in prestressed concrete cylinder pipes. However, no dis-
tress indicators were defined for PVC joints. This might be explained by the fact
that PVC has only been employed on a large scale since 1960 and that long-term
deterioration mechanisms are not well documented for PVC mainly because the de-
terioration occurs slowly (Rajani and Kleiner, 2001). Breen et al. (2004) also argued
that the lifetime of PVC material that is well processed, well installed, and applied
under relative mild service conditions will exceed 50 years and even possibly 100
years.

Therefore, the objectives of this chapter are identifying the appropriate distress
indicators - failure modes - for PVC joints. This chapter is also the beginning point
for the development of the inspection procedure presented in Chapter 3.

2.2 Types of push-fit joints

It is not the objective of this work to present an exhaustive description of all of the
joint systems employed for all pipe materials as this topic is thoroughly discussed
elsewhere (Reed et al., 2006). Nevertheless, it is necessary to differentiate between
the various types of push-fit joints that are commercially available for PVC pipes.
The term push-fit joints, in this work, defines any type of joint that is not fixed
with bolts or screws and is not glued. There are two primary types of these joints
including bell-and-spigot joints and the double-socket joint which is used only in the
Netherlands.

2.2.1 Bell-and-spigot joints

Around the world, pressurized drinking-water PVC pipes are usually connected us-
ing the bell-and-spigot system (Reed et al., 2006). In these systems, the straight
spigot end of one section is inserted in the flared-out end of the adjoining section
(Figure 2.1). The system is sealed with rubber gaskets.

2.2.2 The double-socket PVC joint

In the Netherlands, PVC pipes are connected with stand-alone joints∗. These have
two rubber gaskets and connect two pipe-barrels (Figure 2.2). While the rubber

∗The same system is employed for water, gas and wastewater networks.
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gaskets keep the system sealed, the pipes are separated inside of the joint by a ring.
For smaller diameters (< 250 mm), this ring is a loose piece that separates both pipes
inside the joint (Figure 2.2, in the center in black). For larger diameters, the ring
is molded with the joint. This ring creates a gap between the pipes, ensuring that
the pipe ends are not touching each other and are symmetrically situated inside the
joint during installation. The sizing of this gap is the principle behind the assessment
procedure presented in Chapter 3.

Figure 2.1: Schematic of a bell-and-spigot joint. In this system, the straight spigot
end of one section is inserted in the flared-out end of the adjoining sec-
tion. The rubber gasket (grey circles) seals the system.

Figure 2.2: Longitudinal cut of a double-socket DN110 PVC joint. At the center, a
ring (black) separates both of the two pipes inside the joint. For joints
below 250 mm, the ring is a stand-alone piece. For larger diameters,
the joint is molded with a ring. At each end, a rubber gasket (black)
keeps the system sealed. In this figure, on each side of the joint, two
white/light-blue rings are visible on top of the rubber gaskets. For joints
of this diameter, this is the system to fix the rubber gaskets in place; for
joints above 250 mm, the rubbers gaskets are fixed to the joint.
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2.3 Joint condition & failure

2.3.1 Ideal & threshold conditions of a joint

A PVC joint is designed to accommodate changes in alignment - to bend - and the
threshold bending angle varies with diameter and with the shape of the joint.

The ideal condition or alignment of a joint can be defined as the alignment inside
the joint that minimizes the occurrence of stress within the joint and allows for a
certain movement of both pipes inside the joint. In this situation, the pipes are
perfectly aligned along their axis and are not touching each other or the joint’s
inner-wall (Figure 2.3). Reversely, the threshold condition of a joint is an alignment
inside the joint for which a slight variation in the joint’s alignment leads to a failure.
This situation can be, for example, an extreme bending angle or an almost pipe
pull-out. A joint in this situation is considered “at risk”.

2.3.2 Joint failure

A failure is defined as leakage. In the case of joint bending, the limit condition is
indicated as an angle. In the case of axial pull-out, the limit condition is indicated
as a distance. A joint is considered to have failed only in the following situations:
i) the joint is fractured (circular or longitudinal break); ii) the rubber gaskets are
leaking; or iii) a part of the pipe wall inserted into the joint is broken.

2.4 Failure modes of joints

Even considering the ubiquity of joints in water networks, their failure modes have
never been described for common situations. Many drinking water pipelines, irre-
spective of the actual pipe material, use the push-fit joint technique, where the sys-
tem is sealed with rubber gaskets. Push-fit joints (bell-and-spigot and double-socket)
are flexible joints that prevent leaks and permit slight axial movement and rotation
of the joint (3-4°) that accommodates limited movement of the soil bedding. How-
ever, aging of these components tends to impose some movement restrainment. Also,
pressure fluctuations, long term exposure to working pressure, and incompletely in-
serted sockets may weaken the capacities of the joints (Bailey and Kaufmann, 2006;
Rajani and Tesfamariam, 2004).

For these reasons, additional insight on the failure modes of joints is necessary.
To accomplish this, a preliminary overview of possible failure modes is developed
based on a review of scientific literature, reports from the joint research programme
of the Dutch water companies and failure registration databases.

In this chapter, seven failure modes of push-fit joints are introduced: angular
deviation, joint bending, axial displacement, torsion by slight rotation, vertical dis-
placement, horizontal displacement, and vertical deflection. The phenomena of the
failure modes are applicable for any type of PVC push-fit joints, bell-and-spigot
or double-socket. It is also assumed that, since the push-fit joints are applied in
pipelines of other material types, these failure modes are universal.
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2.4.1 Joint bending

Underground structures (pipes and joints) are compelled to move with the surround-
ing soil. Some of the major causes of bending or beam action in a pipeline are (Moser
and Folkman, 2008):

• Uneven bedding support. This can result from unstable foundation materi-
als, uneven settlement due to overexcavation and non-uniform compaction or
scouring, for example, due to a leaking joint (Rajani and Tesfamariam, 2004);

• Differential settlement. This effect is especially important in wastewater net-
works when a pipe is rigidly connected to a manhole and both structures settle
at different rates; and

• Ground movement. This can occur due to earthquakes or expansive soils. Frost
heave can also play a role.

Soil movement can usually be mitigated with an appropriate selection of the
pipe material that is most appropriate in a specific soil, proper preparation and
compaction of the foundation and bedding materials of the pipe to be installed.
In fact, the soil properties employed in the embedment and the compaction of the
backfill are the most important factors; the greatest deflections are expected in
subsiding sensitive backfills such as peat and clay (Lange, 2003). If the movement of
the soil is uniform, no problems will occur to the pipe since the entire pipe will move
as a single structure. However, in the presence of differential soil settling, different
sections of the pipe will experience different levels of settlement. When the bending
angle exceeds a threshold value, contact points arise between the pipe and the joint
or, in extreme situations, between the two pipes inside the joint. Figure 2.3 presents
some contact points inside a joint. These contact points lead to increased bending
moments as well as longitudinal tensile stresses in the pipe and in the joint which
may induce bursting of pipes or joints (Rajani et al., 1996).

A push-fit joints allows a slight bending of the pipes connected to it. The max-
imum bending angle depends on the material type and on the inner shape of the
joint. This inner shape depends on the manufacturer, on its pressure rating, and
on its diameter. Special types of PVC joints also allow greater bending angles due
to their inner conformation. To the knowledge of the authors, no laboratory tests
have been performed to determine the maximum bending angles for PVC push-fit
joints. The standard procedure to test PVC joints (ISO 13783, 1997) is not aimed
at determining the maximum limit condition of a joint (e.g. maximum bending an-
gle) before breakage/leakage but, instead, the minimum tolerable conditions (e.g.

minimum applied bending force) without leakage.

2.4.2 Vertical displacement

Vertical displacement has numerous origins (Figure 2.4) and can occur in weak or
young soils such as peat, sedimental and alluvial soils and in delta areas which
are dominant in the Netherlands. For example, in certain areas in the region of
Gouda (a Dutch city), the smooth peat soil subsides approximately 1 cm per year.
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Figure 2.3: Joint bending. Contact points between the pipe and the inner-joint wall
are annotated.

Seismic movements of the soil can also induce vertical displacement of a pipe by
ground rupture (Tan and Yang, 1988). Interface between two media with different
properties can also cause vertical displacement of the pipes.

Figure 2.4: Schematic of vertical displacement where two joints subjected to joint
bending and two joints subjected to axial displacement are highlighted
and annotated.

Vertical displacement of the pipe is bound to induce joint bending at the inflection
points and axial displacement (Figure 2.4). Moreover, it is possible that torsion plays
a role due to soil movements. Vertical displacement is a composite failure mode since
various joint failure modes such as angular deviation, axial displacement and torsion
are involved depending upon the magnitude of vertical displacement. Nevertheless,
vertical displacement is included in the overview as a separate failure mode since its
cause is different. Moreover, the displacement can be easily measured, which makes
the cause for this type of failure easy to distinguish.

2.4.3 Horizontal displacement

Transverse movement of pipes occurs mainly due to the influence of a third party. In
Groningen (a region of the Netherlands), a significant amount of soil was placed near
the distribution network, leading to a prominent horizontal displacement of pipes.
The consequences of these displacements are similar to that of vertical displacement
since comparable movements occur though on a different plane. Therefore, horizontal
displacement is also a composite failure, a combination of angular deviation, axial
displacement and torsion. The dominance of a failure mode will be dependent upon
the magnitude of horizontal displacement.
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2.4.4 Pipe bending

Pipe bending is not a failure mode for joints but may be related to joint bending. Two
consecutive bent joints may be connected through a bent pipe. Longitudinal bending
of a long tube on a horizontal plane will produce vertical ring deflection due to the
induced bending moments (Reissner, 1959). The level of this deformation is mainly
governed by the installation procedure and is related to the material employed in the
embedment and its compaction. With pressurization, the pipe tends to reacquire its
round shape with decrease of the deflection (Lange, 2003).

Typically, tensile hoop strains would be anticipated when a pipe is subjected to
water pressure. However, large hoop stresses can arise either as a result of radial
internal/external loads, temperature changes and axial stress (Rajani et al., 1996).
External loads can be caused by soil or traffic (Rajani and Kleiner, 2001). Freezing
of moisture in the soil causes an increase of the ring stress due to the expansion of
the soil (Rajani and Kleiner, 2001). Another cause for increased hoop stress is the
response of water mains to pressure surge (Rajani et al., 1996).

Due to the increase in hoop stress, longitudinal breaks can occur in the pipes
and in joints (Bailey and Kaufmann, 2006; Lange, 2003; Rajani et al., 1996). Due to
the differences in stiffness between the pipe and the joint, hoop stress will have more
influence on the pipe than on the joint, which may subsequently lead to leakage of
the joint.

2.4.5 Axial displacement

Longitudinal tensile stresses in water mains causing axial movements may be induced
through temperature changes, ground movements, and tensile forces. For example,
water mains will contract (axially, and to a minor extent, circumferentially) in re-
sponse to a subsequent drop in water and ground temperatures (Rajani and Zhan,
1996). The same authors demonstrated that the axial strain due to the contraction
or expansion of pipes is not constant throughout the pipe length. As expected, the
portion of the pipe near the joint is freer to move than is the center of the pipe. Ax-
ial displacement can also occur due to the Poisson Effect or due to the installation
procedure (Figure 2.5).

Figure 2.5: Alignment of a joint during axial displacement. The pipe on the right-
hand side is almost pulled-out from the rubber-gasket. The images are
not to scale.

In fact, with an axial contraction of the pipe, a complete pull-out of the pipe
from the inside of the rubber ring can occur. This leads to joint leakage. The pipes
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can also move toward each other (e.g. pipe expansion due to temperature increase),
and this may lead to contact between the pipe and joint and between the two pipes
and to joint/pipe breakage. The length of a 10 m PVC barrel can vary 8 mm over
a temperature variation of 10 ℃ to 25 ℃, considering a linear expansion coefficient
for PVC of 54 m.m-1.K-1 (AWWA, 2002).

2.4.6 Torsion by slight rotation/vibration

A sustained rotation of the pipe during a torsional type of failure is due to the
formation of a failure zone in the sand at the pipe and soil interface (Singhal, 1984)
(Figure 2.6).

Figure 2.6: Torsion of the joint. Adapted from Singhal (1984).

Torsional tests demonstrate an increase of the torque at thr failure with the
increase of the burial depth and the increase of the pipe diameter (Singhal, 1984).
No information is known on this type of failure mode of joints under the condition in
the Netherlands. It might be expected that, with a rigid connection in the pipeline,
torsion leads to a longitudinal or spiral breakage of the pipe and joint. On the other
hand, torsion of the pipe in a push-fit joint might cause the slippage and leakage of
the joint due to separation of the segments.

2.4.7 Pipe ovalization

The soil load on a flexible pipe causes a decrease in the vertical diameter and an
increase in the horizontal diameter of the pipe, an effect that is more significant
is larger diameter pipes (Howard, 1977). The level of this deformation is mainly
governed by the installation procedure and related to the material employed in the
embedment. Pressurization of the pipe results in re-acquiring its round shape with
decrease of the deflection (Lange, 2003). Typically, tensile hoop strains would be
anticipated when a pipe is subjected to water pressure. However, large hoop stresses
can arise either as a result of radial internal/external pressure, temperature change,
and axial stress (Rajani et al., 1996). External load is caused by soil or by traffic
(Rajani and Kleiner, 2001). Freezing of moisture in the soil causes an increase of the
ring stress due to the expansion of the soil (Rajani and Kleiner, 2001). Another cause
for increased hoop stress is the response of water mains to surge pressure (Rajani
et al., 1996). Due to the increase in hoop stress, longitudinal breaks can occur in the
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pipes and in the joint (Bailey and Kaufmann, 2006; Lange, 2003; Misiunas, 2005;
Rajani and Kleiner, 2001). Moreover, due to the differences in stiffness between the
pipe and the joint, hoop stress will have more influence on the pipe, which may lead
to leakage of the joint.

2.5 Conclusions

Seven failure modes of joints are derived from literature and from practice. For
the first time, to the author’s knowledge, the failure modes of joints are surveyed,
leading to a uniform nomenclature of the topic of joint failure.

This overview elucidates the importance of ground movement in the failure of
joints. The overview is essential for the water companies as well as for scientific
purposes. First, it facilitates and improves the failure registration of the water
companies which is currently incomplete and ambiguous. The improved registration
will determine the most significant joint failure mode in the Netherlands. From a
scientific perspective, the modes are crucial in modeling the failure of joints as a
function of a great number of material-related and environmental variables. The
models render insight in the failure modes which will result in limits for the joint
displacement before failure occurs.

Joints are considered to be particularly affected by bending that can originate,
for example, from differential soil movement. Bearing this in mind, an inspection
procedure for joints was developed. This procedure is presented and discussed in
the next chapter.





chapter3
Non-destructive evaluation of PVC push-fit

joints†

This chapter addresses a very important component of this thesis: the selection of
the most accurate and reproducible non-destructive evaluation (NDE) tool for the
condition assessment of joints in the field. Following a literature review, three NDE
tools were selected: ultrasound, closed-circuit television (CCTV), and Panoramo®.

Tests were projected in order to characterize the tools on accuracy and repro-
ducibility. The work began in the laboratory at KWR. Afterwards, the best two
tools were taken to an AC research pipe of Vitens in the north of the Netherlands
and tested side-by-side. Finally, the best tool was thoroughly tested in the field in
three field inspections of PVC pipes.

The chapter is divided into two main sections. The first section presents the gen-
eral concepts and the second section discusses all of the characterization performed
to the three tested NDE tools.

†This chapter is based on the following articles:

Arsénio, A. M., Vreeburg, J. H. G., van Doornik, J., Dijkstra, L., and van Dijk, H. (2010).
Assessment of PVC Joints Using Ultrasound. In Water Distribution Systems Analysis (WDSA),
Tucson (Arizona, USA). ASCE

Arsénio, A. M., Vreeburg, J. H. G., de Bont, R., and van Dijk, H. (2011). Real-life inline
inspection of PVC push-fit joints using NDE equipment. In Leading Edge on Strategic Asset
Management (LESAM), Mülheim an der Ruhr (Germany)

Arsénio, A. M., Vreeburg, J. H. G., de Bont, R., and van Dijk, H. (2012b). Real-life inline
inspection of buried PVC push-fit joints. Water Asset Management International, 8(2):30–32

Arsénio, A. M., Vreeburg, J., and Rietveld, L. (2013d). Quantitative non-destructive evalu-
ation of push-fit joints. Urban Water Journal, pages 1–11
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3.1 Introduction

Recently, Liu et al. (2012) argued that “information on the current structural con-
dition of individual water mains [and joints], combined with a good understanding
of failure modes and deterioration models, can greatly enhance the ability of wa-
ter utilities to manage their assets in a cost-effective manner”. It could be added
that this information should be as accurate as possible, and that, with the currently
available technology, this can only be obtained from in-line inspections with NDE
equipment. During an NDE inspection and/or afterwards during analysis, opera-
tors and analysts should focus on detecting distress indicators on the pipes or joints
(Chapter 2).

Paramount work has been published on the topic of employing NDE tools for
the inspection of drinking and wastewater pipes. Beuken et al. (2011) have pre-
sented business cases regarding the inspection of drinking water pipes. Feeney et al.
(2009); Liu et al. (2012); Makar (1999) and Reed et al. (2006) have all published
work presenting and discussing state of the art equipment and an overview of their
conclusions is depicted in Table 3.1.

According to Rajani and Kleiner (2004), NDE equipment can be exploited on
two levels: first, to provide a snapshot of the pipe condition at a given time in order
to determine if immediate intervention is required. NDE tools can also be deployed
at a later date in subsequent inspections to determine the rate of deterioration.

In 2002, no vendors possessed field-ready methods to examine polymer pipes
such as PE and PVC (Dingus et al., 2002). The authors continued by stating that
polymer pipe inspection was lagging behind NDE for other piping materials. Also
NETTWORK (2002) and Grigg (2006) argued that little, if any, research had been
devoted to the development or investigation of the use of NDE tools for the inspection
of polymeric pipes or their respective jointing components. More recently, Liu and
Kleiner (2012) concluded that in-line visual tools (e.g. CCTV and Panoramo®) and
ultrasound are those that can be used with the widest range of material types such
as metallic, cement pipes and also “might work” with polymeric pipes.

However, little information is available on the capacities of each of these NDE
tools in order to quantitatively measure the width of joint gaps and on their true
potential for inspection of polymeric pipes.

Visual inspection is usually presented as being inaccurate and prone to inter-
pretation (Dirksen et al., 2013). It is also defined as only able to deliver surface
scanning. Nevertheless, surface analysis is expected to be adequate for gap sizing,
especially since it can be performed in any pipe material. Inspections using ultra-
sound are usually presented as being able to detect a wide array of defects during
the inspection of water pipes. Even so, little information is available regarding this
type of application.

Vangdal et al. (2011) provided an example of a field inspection that was per-
formed using ultrasound. However, the results seem to lack the accuracy necessary
to measure a joint’s gap, and the tool has not yet been tested in polymeric pipes.
Reed et al. (2006) tested ultrasound to perform gap sizing at a laboratory scale using
ductile iron pipes.

Therefore, in order to select the best tool for joint-gap sizing in the field, an
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accurate and reproducible tool is required. In this chapter, a number of laboratory,
field and full-scale tests with visual tools (CCTV and Panoramo®) and ultrasound
are presented. The tests were performed at laboratory scale (PVC pipes and joints),
in the field (AC pipes and joints), and in three full-scale tests (PVC pipes and joints)
inside of pipes used to supply drinking water to customers. In the laboratory tests,
both accuracy and reproducibility were evaluated. In the field and full-scale tests,
only reproducibility of the tools was tested.

3.2 Inspection procedure

Most of the failure modes presented in Chapter 2 can be detected by analyzing
the alignment of the pipes inside of a joint. Other failure mechanisms (e.g. slow
crack growth) cannot be detected when employing this approach. Inside of a joint,
there is a gap (Figure 3.1). For double-socket PVC joints, the gap is the separation
between the two pipes connected inside a joint. Different alignments of the pipes
will correspond to different shapes of the gap.

Figure 3.1: Left: image of the interior of a 315 mm PVC joint. The gap is signaled
with an arrow. Right: underwater image of the interior of the same PVC
joint obtained with CCTV. Please note the difference between this joint
and the one presented in Figure 2.2: in this situation the ring separating
both joints (white) was molded with the joint and is not a stand-alone
piece.

The shape of the gap can be obtained through measuring its width at different
positions. If the width of a gap is obtained at four different locations, pipe crown,
12 h; invert, 6 h; and both spring-lines, 3 h and 9 h (Figure 3.2), its 3D-orientation
can be determined (Figure 3.3). The angle α between positions i and j is calculated
using Equation 3.1. Furthermore, the current shape of the gape is indicative for
the condition of the joint. The development of the gap over time, observed with
repeated inspection, is indicative for the lifetime expectancy of the joint.

αi−j = 2 × sin−1

(

gap widthi − gap widthj

2 × Do

)

(3.1)

Where Do is the outside pipe diameter [mm]. In employing this expression, it
is assumed that both pipe ends were cut perfectly perpendicular to the pipe’s axis.
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Therefore, for the pipe alignment inside of a joint, several situations are hypothe-
sized:

Various alignments of the pipes will correspond to different shapes of the gap,
for example:

1. Ideal alignment: the joint will exhibit the same gap at the four measured
points. It is assumed that the pipe is installed with the joints perfectly aligned.
This assumption is made due to the lack of information regarding the alignment
of pipes following installation;

2. Axial pull-out: the angle for the pair 12h-6h and for the pair 9h-3h is equal to
zero. The threshold distance depends on the joint’s dimensions;

3. Joint bending: the angle calculated with Equation 3.1 is nonzero. For the
12h-6h pair, a positive angle is calculated when the gap at 12 h is wider than
the gap at 6 h. For the 9h-3h, a positive angle is calculated when the gap at
3 h is wider than the gap at 9 h. Joint bending can be decomposed into pure
bending and axial pull-out; and

4. Pipe-bending: a pipe can be considered to be bent when both of the joints to
which it is connected have angles with the same sign.

Figure 3.2: Four in-pipe locations. 12 h: pipe crown; 6 h: invert invert; 3 h and 9
h both spring-lines

3.3 NDE equipment

3.3.1 Ultrasound

Operating principle

Ultrasound is based on the measurement of transit times of high frequency sound
waves through objects (Rajani and Kleiner, 2004). In this manner, alterations on
the surface (e.g. a gap after the pipe barrel) or inside the body under inspection (e.g.
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Figure 3.3: Downward bent joint and corresponding unfolded image of its interior
(below). This situation is identified by a negative angle α. The schematic
would be similar for a bell-and-spigot joint. The unfolded images show
the shape of the gap for the complete perimeter of the pipe.

a pipe crack) can be detected due to the changes in the travel path of the sound.
An ultrasound system is usually composed of a pulser/receiver and a transducer
(typically piezoelectric). The pulser/receiver is an electronic device that generates
high voltage electrical pulses. Whereby the transducer generates high frequency
ultrasonic energy that propagates in the form of waves. When there is a flaw in the
wave path, a portion of the energy will be reflected back from the flawed surface. The
reflected wave signal is transformed into an electrical signal by the transducer and is
displayed on a screen. Signal travel time can be directly related to the distance that
the signal traveled. With this approach, information regarding the location, size
and orientation of the flaw can be obtained. Additionally, the ultrasound requires a
couplant between the sensor and the test specimen. The couplant is usually a liquid
(e.g. water) that facilitates the transmission of the sound waves sensor into the test
specimen. The principles of the technique are thoroughly discussed by Hellier and
English (2001).

By employing ultrasound, the gap width is measured analyzing both the A and
the B-scans produced by the ultrasound equipment as presented by Reed et al.
(2006). A-scans consist of reflections from the inner and outer walls of the pipe;
B-scans are created with A-scans stacked next to each other. In Figure 3.4, part of a
B-scan is exhibited. This scan was obtained during laboratory tests (top of the pipe).
The ultrasound tool can be imagined at the bottom of the figure with the ultrasound
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waves travelling upwards, detecting the pipe (horizontal lines) after a given time of
flight (Figure 3.4, Y-axis) and reflecting back to the receiving tool. Knowing the time
of flight and the propagation speed of the ultrasound in the element that separates
the tool and the pipe (water), the distance between the pipe and the tool can be
determined. While the tool travels inside the pipe, a calliper arm determines the
in-pipe axial position. Given the information recorded by the calliper arm, the size
of this gap can be determined.

Materials that can be assessed

Theoretically, as long as there is good contact at the interface between the sensor and
the material to be inspected, the pipes can consist of different materials (Rajani and
Kleiner, 2004). Nevertheless, according to the same authors, an ultrasound is most
suitable for metallic pipes such as ductile and CI but is not suitable for AC pipes
as the acoustic waves are likely to significantly attenuate in a deteriorated (softened
material) pipe. The authors suggest that it “may work”with polymeric pipes such as
PE and PVC. Misiunas (2005) also argues that this technique is solely applicable to
metallic pipes. Nevertheless, it should be considered that the inspection of metallic
pipes might be problematic. The internal pipe wall must be very clean so that
all of the materials between the sensor and pipe wall have known and well-defined
acoustic properties. In corroded metallic pipes, irregular profiles of tuberculation
make it difficult to transmit ultrasonic waves which are likely to rapidly scatter and
attenuate through the much softer tubercles thus making it difficult to detect and
conduct signal processing of the reflected waves (Rajani and Kleiner, 2004).

Detected failures

It has been reported that defects greater than 3 mm can be detected as well as
pipe deflections and cracks (Feeney et al., 2009). In steel pipes, this technology is
capable to detect metal loss and cracks (Reed et al., 2006). As mentioned previously,
the detected failures are dependant on the frequency of inspection. The ultrasonic
technique can, theoretically, detect 3D geometry of corrosion pits, voids and cracks
(Rajani and Kleiner, 2004).

Possible problems

Makar (1999) argues that the technique is capable of detecting pits, voids and cracks,
although certain crack orientations are much more difficult to detect than others.
In fact, the ultrasonic wave reflects most easily when it crosses an interface between
two materials that are perpendicular to the wave. As an example, cracks that lie
perpendicular to the wave are easily detected, but cracks that lie parallel to the beam
are usually not identified by an ultrasonic examination. Therefore, if an ultrasonic
transducer is located in the center of a pipe, cracks in sewer walls would tend to lie
perpendicular to the beam and, therefore, be difficult to detect. One report suggests
that cracks as fine as 5 mm can be ascertained, if very fine, slow scans are conducted;
however, normal operation will cause such defects to go undetected (Makar, 1999).
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The influence of this downside of the technology in the assessment of plastic pipes
has yet to be studied.

Another disadvantage of using ultrasonic inspection in water filled (or flushed
pipes) is the existence of a significant difference in material properties between water
(or air) and the pipe wall. Therefore, almost all of the sound beams that hit the
wall are reflected away from it, rather than penetrating and reflecting off of defects
inside the pipe wall (Makar, 1999).

In their work, Rajani and Kleiner (2004) argued that the internal pipe wall must
be very clean so that all materials between the sensor and pipe wall have known and
well-defined acoustic properties. However, this might not be a problem with PVC
pipes. Air entrainment, at least during the assessment of sewer pipes, is another
potential problem with this technique, since the air tends to block or scatter the
ultrasonic signal (Makar, 1999).

Reported uses of the technology

Although this technique has been most frequently used for oil and gas pipelines, it
is now being employed to examine the deformation of plastic sewer pipes (Makar,
1999). Demma et al. (2004) mentioned the use of a guided wave technique capable of
screening long lengths of pipes for corrosion. The equipment was aimed at detecting
corrosion defects by removing 5-10% of the total cross sectional area at a particular
axial location. Inspections using ultrasound are normally presented as being able of
detecting a wide array of defects during the inspection of water pipes and are usually
used mounted on a pig (Dingus et al., 2002). Even so, little information is available
on this type of application. Vangdal et al. (2011) provided an example of a field
inspection performed using an ultrasound. However, their results appear to lack the
accuracy that is necessary to size a joint’s gap, and the tool has not yet been tested
in polymeric pipes. Also Reed et al. (2006) tested ultrasound to perform gap sizing
at laboratory scale using ductile iron pipes.

3.3.2 CCTV

A CCTV consists of a television camera and a method of illuminating the interior of
the pipe mounted on a remotely operated vehicle (ROV) (Costello et al., 2007). An
operator controls the ROV and, on a computer screen, can see the inside of the pipe
in real-time. A CCTV for pipe inspection is usually equipped with software that
measures the distance between any two points on the screen. In the present case,
the gap widths can be calculated. This is the most common inspection technology
in wastewater networks (Figure 3.5).

3.3.3 Panoramo®

Panoramo® is also a visual tool and uses two high-resolution digital photo cameras
with 186° wide-angle lenses fit into the front and rear section of the housing as
exhibited in Figure 3.6. The system is also mounted on a ROV. The images taken
by the two cameras at 5 cm intervals result in an unwrapped 360° image of the pipes’
interior. From these, two different views are generated for analysis in the office - an
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Figure 3.4: B-scan data. The x-axis represents an in-pipe axial position. The y-axis
represents sound travel time (or travel distance). In the middle of the
image, a discontinuity in the horizontal lines between the two vertical
black lines is seen - the gap. Courtesy of Applus RTD.

Figure 3.5: Photography of a CCTV camera used during the tests. Courtesy of MJ
Oomen.

unfolded two-dimensional view of the entire section and a three-dimensional view
of the pipe which permits the viewer to pan the angle of view in all directions
(IBAK, 2012). Using the 2D unfolded image, the distances between two points can
be calculated at the office. Therefore, unlike CCTV, the analysis is conducted a

posteriori and not in real time.
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Figure 3.6: Photograph of a Panoramo® tool. Courtesy of MJ Oomen.

3.3.4 Laser scanner

Principle

According to Feeney et al. (2009), laser profiling generates a profile of the interior
surface of the pipe wall. The laser is utilized to create a line of light around the
pipe wall, highlighting its shape. This technique allows detection of changes to the
pipe’s profile which may be caused by deformation, corrosion, or siltation. This
equipment is often used to complement other inspection methods, most commonly
CCTV and/or sonar (Feeney et al., 2009).

Materials that can be assessed

According to Feeney et al. (2009), any pipe material can be inspected using laser
equipment.

Detected failures

According to Makar (1999), laser scanning systems are capable of finer resolution
than ultrasonic systems and are better at the detection of cracking. Moreover,
the information from the laser scans is automatically recorded and analyzed by a
computer, substantially reducing operator errors. While the initial equipment may
be more expensive than the CCTV system discussed later, the reduced operator
time that is necessary to use the technique may also signify that its operation will
be more economical. It has also been claimed that laser is more effective since finer
defects can be detected and less subjective than CCTV.

Possible problems

Laser inspection can only be employed above water to inspect the sections of a pipe
wall that are, as well, above the water line. Therefore, to assess the entire internal
surface of a pipeline requires the pipe to be taken out of service (Feeney et al., 2009).
In addition to this, laser equipment is not yet commercially available as ultrasound
equipment or CCTV (Makar, 1999).
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Reported uses of the technology

Both Makar (1999) and Feeney et al. (2009) extensively discuss the technical char-
acteristics of commercially available laser equipment.

3.3.5 Ground-penetrating radar

Principle

Ground-penetrating radar (GPR), also known as georadar, operates by transmitting
pulses of ultra-high frequency radio waves (microwave electromagnetic energy) into
the ground through a transducer or antenna. The waves travel through the ground
until they reach a material which has a different conductivity and dielectric constant
than the earth. The signal is then reflected and recorded by a separate receiving
antenna. The amount of time it takes for the electromagnetic radio waves to be
reflected by surface materials can be analyzed to determine the position and depth
of features below the earth’s surface (Feeney et al., 2009). Moreover, the GPR can
also be operated from the inside of a dry pipe. For in-pipe use, significant physical
characteristics between the air, the pipe wall, and the soil lead to the attainment of
valuable results.

Materials that can be assessed

Any pipe material can be assessed using GPR (Feeney et al., 2009). Moreover,
(Misiunas, 2005) considers GPR a proven NDE for inspection and location of buried
objects.

Detected failures

According to Makar (1999) and Feeney et al. (2009), GPR has the ability to evaluate
the properties of the soil (e.g. detect subsurface voids). Moreover, with this tech-
nique, voids, rocks and regions of water saturation produced by exfiltration should
all be readily detectable by the technique. If used in-pipe, GPR can also provide in-
formation regarding the physical characteristics of the pipe wall. Maierhofer (2003)
argued that GPR is capable of locating tendon ducts (depths<50 cm), voids and
detachments, and measuring thickness of structures that are only accessible from
one side. According to Slaats et al. (2004) and Mesman and Wielen (2005), GPR is
a suitable, non-destructive method for determining the degree of internal leaching
from AC pipes. Similarly, Smolders et al. (2009) demonstrated that GPR is a ben-
eficial tool for assessing the condition of AC force mains: the authors estimated a
maximum and average deterioration speed of the wall thickness of the pipe.

Possible problems

One of the disadvantages of the technique is the difficulty of measurement interpreta-
tion. Additionally, GPR inspection does not provide extensive information regarding
the condition of the pipe (Misiunas, 2005). Moreover, in a test performed by Makar
(1999), many problems with the surface use of GPR were reported. First, a very high
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level of both false positive and false negative results was obtained. In addition, GPR
results appear to be significantly dependent on local soil conditions, thus making it
necessary to adapt the inspection approach for each location. In addition to this, the
use of GPR was not in any way recommended for locations with clay soils. Finally,
Makar (1999) concluded that surface use of GPR with the current technology would
not be able to detect actual problems in sewer pipes. What is more, the detection
of water saturated soil regions in permanently water saturated soils, for example, in
the Netherlands, might be impossible.

Reported uses of the technology

In their extensive review, Feeney et al. (2009) indicated that there are a number of
commercially available GPR systems. Some are designed for locating underground
utilities. Others have been employed to date in North America for internal pipe
inspection, which actually could be considered more in the prototype stage than
in commercial use. Research into exploiting GPR for sewer and bedding condition
inspections is ongoing (Feeney et al., 2009).

3.3.6 Multi-sensor systems

Principle

Many multi-sensor systems (MSS) have been presented for wastewater networks.
According to Costello et al. (2007), the different condition assessment technologies
described above have specific characteristics, strengths, and weaknesses that make
them suitable for the detection of particular defects. Nevertheless, such defects re-
flect only a limited subset of anomalies. A possible approach for wastewater networks
is the combination of CCTV and sonar mounted one above the other on the same
tractor. While CCTV captures the information above the waterline, the informa-
tion below the waterline is captured by sonar. Therefore, some of the disadvantages
of both systems are surmounted. At the completion of the inspection, the images
from both systems can be subsequentely superimposed to form a full profile of the
pipeline.

Materials that can be assessed

At least in theory, any pipe material can be assessed using this inspection equipment.

Detected failures

The equipment provides more reliable data and is capable of producing a continuous
profile of the pipe walls. An increased benefit/cost ratio was also anticipated by
some authors (Makar, 1999).

Possible problems

Some of the projects have been abandoned. Despite the aforementioned high ben-
efit/cost ratio, the initial investment cost is high when compared to the cost of the
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individual tools.

Reported uses of the technology

Two developments are worth mentioning: KARO, a German robot (Eiswirth et al.,
2001), and PIRAT (Pipe Inspection Real-time Assessment Technique), a robot
developed by the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) of Australia (Kirkham et al., 2000). KARO comprises a broad range of
inspection and navigation sensors, specifically, a microwave sensor and a 3D optical
sensor. These complemented the standard video camera and ultrasound transduc-
ers. The PIRAT robot included a camera and a laser scanner. The laser could be
replaced by sonar while inspecting flooded pipes. However, according to personal
communications from the developers, PIRAT and KARO are no longer in use.
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3.3.7 Characterization of the NDE equipment

The three NDE tools were tested in three different occasions: laboratory, field, and
full-scale tests. Each of these tests had a specific objective:

1. Laboratory tests: characterize the accuracy and reproducibility of the ultra-
sound, CCTV, and Panoramo® and select the two most promising tools for
gap sizing to be employed in the field tests;

2. Field tests: characterize the reproducibility of the two selected tools in the
laboratory tests and select the most promising tool for gap sizing to be used
in the full-scale tests. The inspected pipe was selected so that an ultrasound
could be used; and

3. Full-scale tests: perform several inspections in various PVC pipes used to
supply drinking water and further characterize the reproducibility of the NDE
tool selected in Point 2. Although following a similar approach as the field
tests, which were a one-day experiment with the same operator, the full scale
tests attempted to characterize the reproducibility of the CCTV through the
inspection of different pipes, in different days, and with different operators.

During the field tests and the full scale tests, the accuracy of the measurements
was not calculated because it was not possible to non-destructively confirm the
gap sizes, i.e., without exhuming the pipes.

3.4 Materials & methods

3.4.1 Laboratory tests

Equipment

The ultrasound equipment is composed of 8 ultrasound probes connected to a wa-
terproof core where batteries are kept and data are stored. The probes are aligned
on a star-shaped head. Each probe is separated from each other by 45° (Figure 3.7).
To record the exact position of the ultrasound a calliper arm is attached to the end
of the tool (Figure 3.7, left). Certain technical characteristics of the equipment are
depicted in (Table 3.2). The equipment travels inside the pipe attached to a foam
pig (Figure 3.8) using water pressure (in the Netherlands, typically 3 bar). This is
similar to the cleaning pigs typically employed in drinking water network flushing
(Vreeburg, 2007).

The CCTV used was an Argus 4 manufactured by the German company IBAK.
A typical pan and rotate CCTV camera is mounted on a ROV. The system has
integrated halogen lighting (2×35 W) which pans and rotates in accordance with
the direction of view. It can be operated in 200 mm pipes and higher IBAK (2012).

Panoramo® was also manufactured by IBAK. The system is mounted on a ROV,
and it operates in pipes that are 200 mm and larger. It has a maximum scanning
speed of 35 cm.s-1 IBAK (2012).
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Figure 3.7: Ultrasound equipment being introduced inside the pipe during a labora-
tory test (left). The red foam pig is visible inside the pipe. The calliper
is outside the pipe fixed to the ultrasound tool. Schematic of the 8 ultra-
sound probes each numbered consecutively from one to eight (right).

Figure 3.8: Photograph of the ultrasound tool used in the tests attached to a foam
pig. Courtesy of Applus RTD.

Table 3.2: Operational characteristics of the ultrasound equipment used in the labo-
ratory tests. This information was supplied by Applus RTD.

Minimum internal diameter 300 mm

Optimal operation speed 20 cm.s-1

Resolution 0.5 mm

Frequency 2.25 MHz
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Table 3.3: Overview of the equipment and set-up of the laboratory tests. The in-
spected pipe was PVC DN315 equipped with double-socket push-fit joints.

NDE Positions Repetitions [#] Nr tests [#]

US
0 cm, 3 cm, 6 cm and 10 cm

2 8
4 positions

CCTV
0 cm to 10 cm;

3 33
1 cm steps

Panoramo® 11 positions 2 22

Operation & set-up

With CCTV and Panoramo®, gap sizing was accomplished at 12 h and 6 h. With
Ultrasound performed gap sizing is performed with eight different ultrasound probes
(Figure 3.7, right). Probe one is facing the 12 h position; probe five is facing the 6 h
position. The tests with the ultrasound and with CCTV were duplicated; the tests
with Panoramo® were triplicated. The total number of laboratory tests conducted
with each of the NDE tools is illustrated in Table 3.3.

A metallic loading frame was constructed for this project to test all NDE equip-
ment. A schematic of the loading frame is provided in Figure 3.9, and photos are
demonstrated in Figure 3.10. The metallic frame supports two 2-meter DN315 PVC
pipes coupled with a double-socket PVC push-fit joint. On the left hand side, the
pipe could be accessed through a flange. On the right hand side, a 45° elbow allowed
the pipe to remain filled with water while open to the exterior. This elbow was also
the way of retrieving the foam pig used during the ultrasound inspection and to grant
access to the pipe’s interior when using the CCTV and Panoramo®. The height of
the pipe support can be varied from 10 cm (0° angle) to 0 cm (5° downward angle)
in 1 cm increments (11 positions). This arrangement allows variation in the gap
width between the two barrels. Fixed points were marked on the pipe’s outer wall
at a fixed location, 0.5 m away from the beginning of the joint (dotted lines in Fig-
ure 3.9). The exact length of pipe inside the joint at the top and at the bottom was
also known. Thus, both the lengths of pipe from the fixed points until the beginning
of the joint and the length of pipe inside the joint were known. During downward
bending while the gap at the top increases, the gap at the bottom becomes smaller;
during upward bending, the opposite occurs. Using these fixed points, the gap width
at the top and at the bottom was calculated for each pipe support height.

3.4.2 Field tests

Equipment

The ultrasound and CCTV equipment used on this inspection were the same as in
the laboratory tests.
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Figure 3.9: Schematic of the loading frame. Two 2 m-barrels (1 and 2) are connected
with a double-socket push-fit joint (J). The dotted lines represent the fixed
points on the pipes’ walls used to calculate the joint’s width. These were
located 0.5 m away from the joint. The variable pipe support (below the
joint) allowed the pipes to be bent on the joint from a horizontal position
to 5° (downward) in 11 increments. On the left-hand side, the loading
frame was equipped with a flanged door while, on the right-hand side, a
45° elbow was installed. Image not to scale.

Figure 3.10: Photos of the loading frame. Top left: overview of the frame. Top
right: variable pipe support. Bottom left: 45° elbow. Bottom right:
flanged door.

Operation & set-up

The CCTV and ultrasound inspections were performed in one run and were not
duplicated. For the CCTV, control measurements were made in the office using
frames obtained from the inspection. The control measurements were obtained by
a different operator. With the ultrasound, the complete pipe length was inspected
(620 m). With the CCTV, only 420 m of the pipe’s entire length was inspected.
This limitation was caused by the drag created by the umbilical chord connecting
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the CCTV to the inspection van.

An overview of the characteristics of the inspected pipe and of the NDE tools
employed in the field tests is presented in Table 3.4.

A DN300 620 m long AC pipe was used. The first 20 m of pipe were PVC. This
pipe was selected for the following reasons. First, it possessed all of the adaptations
necessary to perform an ultrasound inspection using a foam pig - an entry and an exit
point. The entry point was a flange connected to the network through a hose (Fig-
ure 3.11, left). The exit was a sliding door above ground level (Figure 3.11, right).
Second, the barrels of this AC pipe were also connected with push-fit double-socket
joints. Finally, an inspection of another pipe material proves that this assessment
procedure can be applied to any pipe material connected with push-fit joints.

Figure 3.11: Entry point with flange and hose (left). Exit point with sliding door
above ground level (right).

3.4.3 Full scale

Equipment

The Panoramo® and CCTV equipment employed for this inspection were the same
as in the laboratory tests and in the field test.

Operation & setup

All inspections were duplicated (run 1 and run 2). The runs were re-analyzed in
the office by a different operator (control 1 and control 2). An overview of the
characteristics of the inspected pipes and of the CCTV used in the full-scale tests is
depicted in Table 3.4.

Three inspections were performed in PVC pipes used in the Dutch drinking water
supply network.
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Table 3.4: Overview of the equipment and set-up of the field test and of the full-
scale tests. Field test: the inspected pipe was AC DN300 equipped with
double-socket push-fit joints. Full scale tests: all inspected pipes were
PVC DN315 equipped with double-socket push-fit joints. Only CCTV was
used.

Tool or test Access
Length
[m]

Repetitions
[#]

Joints
[#]

Age
[years]

Field

Ultrasound

Flange

600 Run 132 47

CCTV 420
Run +
Control

90 47

Full
scale

1st Cut 350
2 runs +
2 controls

48 37

2nd

Flange

70
2 runs +
2 controls

10 37

3rd 250
2 runs +
2 controls

14 42

3.5 Statistical analysis

3.5.1 Accuracy

At maximum accuracy, the measured gaps using an NDE and the calculated gaps
using a ruler should have the same value. In a plot with measured gaps, against
calculated gaps the values should align along an x=y line. In a genuine situation,
deviations will occur between measured and calculated gaps. In the laboratory, these
deviations will be quantified using the root mean squared error (RMSE). The RMSE
(Equation 3.2) provides information about the tool’s accuracy - the tool with the
lowest RMSE (minimum = 0) measures the gap width most accurately.

RMSE =

√

√

√

√

1

m
×

m
∑

i=1

(calculated − measured)
2

(3.2)

Where calculated is the calculated gap width using a ruler [mm], measured is the
measured gap width using the NDE [mm], m is the number of laboratory tests [#],
and i refers to the ith test. RMSE will have the same units as the measurements.

3.5.2 Reproducibility

Consecutive runs performed with an NDE were compared employing the Wilcoxon
Rank Sum Test which is a non-parametric statistical test. The parametric equivalent
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is the Student’s t-test. Corder and Foreman (2009) have thoroughly discussed non-
parametric statistics and the Wilcoxon Rank Sum Test. The Student’s t-test and
other traditional tests follow certain assumptions called parameters - parametric
tests. One of the assumptions in traditional statistics is that samples approximately
resemble a normal distribution. If a sample breaks one of these rules, all of the
assumptions of a parametric test are violated, and parametric tests cannot be used.
To avoid violating the normality assumption, the non-parametric Wilcoxon Test was
selected.

The null hypothesis in the Wilcoxon Rank Sum Test is that two data sets which
are independent samples from identical and continuous distributions with equal me-
dians are compared against the alternative that they do not have equal medians. The
returned p-value rejects or fails to reject the null hypothesis. A high p-value (over
the significance level of 5 % for the current work) demonstrates that the probability
that the alternative hypothesis was obtained by chance is very high; impossibility
of rejecting the null hypothesis, H value equal to 0. A low p-value (< 0.05) demon-
strates that the probability that the alternative hypothesis was obtained by chance
is very low. Therefore, the null hypothesis is rejected; the H value is equal to 1. Also
in the current work, the null hypothesis was that two consecutive measurements are
statistically similar (reproducible), against the alternative hypothesis that they are
not. In this work, the p-values are not expressed as a percentage.

3.6 Results

3.6.1 Laboratory tests

In order to compare the ultrasound and the visual tools, only the measurements
made with the ultrasound at the top (probe 1, Figure 3.7, right) and the bottom
(probe 5) are presented.

The gaps measured at the top and at the bottom with each one of the three
tools are plotted together with the calculated gaps employing the marks on the pipe
exterior. The results for the ultrasound, CCTV and Panoramo® are respectively
presented in Figure 3.12, Figure 3.13, and Figure 3.14. In these figures, certain
calculated gap values are negative because, at a maximum bending angle, the pipes
overlap inside the joint. The error-bars are representations of the standard deviation
of the measurements. The results of the RMSE and of Wilcoxon Rank Sum Tests
are depicted in Table 3.5.

Ultrasound

In Figure 3.12, a valuable agreement between measured and calculated gaps can
be seen. RMSEs of 2.2 mm and 2.4 mm were obtained respectively for the set of
measurements made at 6 h and at 12 h. No statistical difference (Wilcoxon Rank Sum
Test) was ascertained between the gaps measured during each of the two runs. The
results were reproducible. Additionally, the ultrasound could perform a complete
inspection in one run without interruptions.
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CCTV

In Figure 3.13 a very good agreement between measured and calculated gaps can
be seen. RMSEs of 2 mm were obtained both for 6 h and 12 h. This demonstrates
that the CCTV was more accurate than the ultrasound. No statistical difference at
95% confidence level (Wilcoxon Rank Sum Test) was ascertained between the gaps
measured with CCTV in the different runs. The results were reproducible.

Panoramo®

In Figure 3.14, a deviation between measured and calculated gaps is shown. This
is confirmed by the RMSEs: 5.6 mm and 2.5 mm respectively for 6 h and 12 h.
these are the largest RMSE obtained during the tests. This shows that Panoramo®

struggled to deliver accurate results. No statistical difference at 95% confidence level
(Wilcoxon Rank Sum Test) was found between the gaps measured with Panoramo®

in the different runs. The results were reproducible.
From Figures 3.12, 3.13, and 3.14, it is also evident that all three tools fail to size

negative gaps (overlapping pipes), which was expected given their characteristics.
Nevertheless, this is the reason why all three tools seem more accurate for wider
gaps.

Figure 3.12: Results of the NDE inspection with the Ultrasound. The measured gap
with the ultrasound is plotted against the gap calculated using the marks
on the pipe’s outer wall. For the 12 h data points, the support height
increases from left (0 cm support) to right (10 cm support). For the 6
h data points, the support height increases from right (0 cm support) to
left (10 cm support).
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Figure 3.13: Results of the NDE inspection with the CCTV. The measured gap with
CCTV is plotted against the gap that is calculated using the marks on
the pipe’s outer wall. For the 12 h data points, the support height
increases from left (0 cm support) to right (10 cm support). For the 6
h data points, the support height increases from right (0 cm support) to
left (10 cm support).

3.6.2 Field tests

The gaps measured by the eight ultrasound probes are provided in Figure 3.15 (left).
The gaps measured by the CCTV at 3 h, 6 h, 9 h and 12 h are depicted in Figure 3.15
(right). In Figure 3.15 (right), the error bars represent the standard deviation of
the measurements. The results of the Wilcoxon Rank Sum Tests are presented in
Table 3.6.

Ultrasound

For the AC sections of the pipe, several gaps appear to be wider than 20 mm with
many reaching 30 mm to 40 mm.

The ultrasound tested in this experiment freely flowed inside the pipe during
inspection while it rotated axially. Without a gyroscope, it was not possible to know
where each probe was focusing during the inspection. However, it is important
to note that this problem is intrinsic to this individual ultrasound and not to all
ultrasound equipment.






































































































































































































