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ABSTRACT

Underground pipelines are an essential part of the transportation infrastructure. The structural deteri-
oration of pipelines crossing railways and their subsequent failures can entail critical consequences for
society and industry, resulting in direct and indirect costs for all the stakeholders involved. Therefore,
continuous and accurate condition assessment is critical for the effective management and mainten-
ance of pipeline networks within the transportation infrastructure. The aim of this study has been to
identify failure modes and consequences related to pipelines crossing railway corridors. Expert opin-
ions have been collected through interviews and two sets of questionnaires have been distributed to
the 291 municipalities in Sweden, with 137 responses in total. The failure analysis has revealed that
pipe deformation has the highest impact, followed by pipe rupture at locations where pipelines cross
railway infrastructure. For underground pipelines under railway infrastructure, ageing and the external
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load were awarded a higher ranking than other potential causes of pipeline failure.

1. Introduction

Pipelines crossing traffic infrastructure represent an ongoing
concern of all the stakeholders involved. Examples of inter-
actions between railways and pipelines are rail tracks built
above existing pipelines and new pipelines installed under
or along existing rail tracks. Such interactions should be a
major concern in the design, construction and maintenance
of both rail track infrastructure and pipeline networks (Ben-
Daya, Kumar, & Murthy, 2016; Garmabaki, Ahmadi,
Mahmood, & Barabadi, 2016; Thomson, Morrison, Sangster,
& Hayward, 2010).

Furthermore, the condition of the land transport infra-
structure (railways, roads, and pipelines) has a strong social
and economic relevance, since a poor condition results in
service disruptions. The next 20-30years will see an unpre-
cedented demand for growth in rail transport in terms of
the axial load and the number of trains in service. European
railways will have to deliver increased productivity to fulfil
the growth demands that will be made on all modes of trans-
port; productivity will have to increase by 80% for freight
services and by 50% for passenger services by 2050
(Transport, 2015). Besides, the ageing of infrastructure will
necessitate more maintenance interventions, which will affect
normal traffic operations. Therefore, one way to increase the
capacity of the transportation infrastructure is to optimise the
performance of the existing infrastructure to fulfil the increas-
ing transportation demand (INFRALERT-H2020, 2015).

From an urbanization perspective, railways going through
towns and cities often enter urban centres with developed
urban areas on both sides of the railway. Therefore, pipelines
for water, sewage and stormwater, for example, must at some
points go under the railway infrastructure to connect these
areas with drinking water and wastewater treatment plants, as
well as to fulfil their task of conveying surface water for
draining towns and cities. With an increasing urbanisation
and densification of cities, underground pipelines crossing
railways have become an increasingly important concern for
railway infrastructure owners and municipalities.

The current changes in the climate will result in a change
in the rain patterns and in more intense rainfall (Andersson
et al, 2015). Depending on the topography, the railway
embankments in urban areas can function as dam construc-
tions. With an increase in the rain intensity, the risk of
urban flooding will increase (Wicklén, 2016). Therefore, it is
likely that the existing drainage pipes running through or
under railway embankments will need to be replaced with
pipes of larger dimensions, and new pipeline-embankment
crossings will be needed to avoid urban flooding in the future.
Gould, Boulaire, Marlow, and Kodikara (2009) found that sea-
sonality impacts could be observed in pipe failure data and
indicated that pipe failures occur due to the complex inter-
action of different factors including pipe attributes, soil prop-
erties, and weather conditions. Furthermore, Rajeev and
Kodikara (2011) identified the relationship between climate
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Table 1. Problem definition and description.
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Problem

Description

1. Railways act as dams

Railway structures act as water dams in urban zones. Once the railway structure can pond up water, it is difficult to

install drainage pipes and other piping across the railway without disrupting the train traffic. Costly solutions exist
(e.g. press-in tunnels), but are rarely used for smaller-scale projects and pipes.

N

. Increased dynamic load
affects existing pipelines

The Swedish mining company LKAB and the Swedish Transport Administration (Trafikverket (TRV)) are attempting to
increase the axial load from 30 to 32.5 tonnes on the Swedish Iron Ore Line, which may affect old piping designed

for a lower axial load. They plan to increase the axial load even more in the future, to over 40 tonnes.

w

. New pipes and old railway
infrastructure

4. Transport infrastructure
crossing pipelines

. Failures occurring prior
to planned maintenance

v

The installation of new piping in pipeline-railway crossings or modification of the existing piping in such crossings.

Pipeline failure at pipeline-infrastructure crossings and/or the performance of maintenance actions at such crossings
can obstruct transport infrastructure and pipeline networks.

Due to the cross-correlation between pipeline failures and railway infrastructure failures, both types of assets can fail
prior to the scheduled maintenance.

change and expansive soil volume variation, which results in
most of the pipe damage occurring in shrink-swell soil.

Despite the critical role of various pipeline networks,
these assets are often regarded as small structures which are
secondary to large infrastructure, and the underground
maintenance of these assets is often neglected, leading to
pipeline failures interrupting both traffic systems and trans-
port infrastructure. For instance, uncased pipes that cross
under major motorways, highways, rivers and railways, and
uncased pipes suspended from bridges belong to the cat-
egory of infrastructure components which suffer the largest
number of consequences of failure events, including disrup-
tions to major roads, railroads or society (Hess, 2015; Kim,
Won, Cho, & Park, 2013; Lines, 1998; Liu & Kleiner, 2013).

An additional problem is that most of the pipelines installed
under railways have an age above 50 years and there is a lack of
nowcasting and forecasting models to assess the health of the
asset. To evaluate the health of pipelines, predict failures, decide
on maintenance actions, and facilitate maintenance, condition
assessment methods are required (Misitinas, 2005; Restum,
2000). Pipeline health monitoring techniques and fault detection
techniques for pipelines under transport infrastructure can be
categorised as direct (e.g. visual) techniques or indirect techni-
ques. Direct observations include, for instance, observations of
settlements within the railway corridor, the accumulation of sur-
face water, or odorisation. Direct observations of failures can be
made by maintenance crew during periodic inspections and can
be reported by customers. Examples of indirect detection techni-
ques are closed circuit television (CCTV), inspection pig-based
monitoring, pressure point analyses, flow balancing and direct
burial detection systems for pipeline leak detection (Misitinas,
2005; Yazdekhasti, Piratla, Atamturktur, & Khan, 2017).

The present study has investigated the dominant modes and
causes of failures in pipelines crossing under railway infrastruc-
ture and has evaluated issues and challenges in this field, for the
purpose of achieving robust pipeline-infrastructure crossings.
The study included comprehensive questionnaire and interview
surveys which involved the participation of a large number of
water and wastewater (W&W) experts representing municipal-
ities, municipal utilities and private companies in Sweden, and
which were conducted to achieve the above aims. To the best of
our knowledge, no previous systematic empirical study has been
conducted which places an emphasis on the maintenance engin-
eering of pipelines crossing under railway infrastructure and
which considers the different factors dealt with in the pre-
sent study.

This paper is structured as follows. Section 2 deals with the
problem definition and the research methodology applied in
the present study. Section 3 presents the condition assessment
and maintenance of pipelines crossing under infrastructure.
The results of two questionnaire surveys and an interview sur-
vey are presented in Section 4. Section 5 deals with the risk
assessment of pipeline-railway crossings. Finally, Section 6
provides the conclusions and a discussion.

2. Problem definition and methodology
2.1. Problem definition

Due to the increasing rate of pipeline installation under and
near railways, there is a need to study the modes and conse-
quences of failures in pipelines crossing under railway corridors
and pipelines installed close to railway corridors, for the pur-
pose of reducing the number of potential failures in the future
transport system (Environmental-Protection-Department, 2011;
Wicklén, 2016). Some of the problems related to the interaction
of these infrastructures are listed in Table 1.

2.2. Society’s debt to pipeline maintenance

The infrastructure owners and managers in Sweden have failed
to keep up with the increasing rate of increase of maintenance
required for pipeline networks (InfraSweden2030, 2016). In eco-
nomic terms, the gap between the maintenance performed and
the maintenance required is known as the “development debt”
within the maintenance discipline. It is possible that future
efforts to pay off this debt will be made more difficult by the
addition of an accumulated “interest” to the debt (Bokrantz,
2017; InfraSweden2030, 2016). The above-mentioned issues
were raised in InfraSweden2030 (2016). An explanatory model
of the discrepancy between the required maintenance and the
actual status of pipeline maintenance, in terms of resources,
tools and techniques, is visualised in Figure 1. The discrepancy
between the required maintenance and the actual status of pipe-
line maintenance up to today represents the development debt
until today. If the current maintenance policies are allowed to
continue in the same manner, the debt will continue to increase,
leading to a loss of resources and sustainability in the future.
Figure 1 illustrates the gap between the current status of
maintenance of the pipeline networks and the maintenance
required for pipeline networks based on a simulation using
a typical linear regression model. Pearson’s r nominally used
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Figure 1. The gap between the current status of pipeline maintenance and the maintenance required for pipeline networks, adapted from (Bokrantz, 2017).

to measure the correlation between two variables, namely the
urban development of pipeline networks and the maintenance
required for pipeline networks. The relationship between these
two variables (the black dashed line in Figure 1) is assumed to
be a total positive linear correlation (¥ = 1). Through urban
development, the transport infrastructure networks and the
pipeline networks will be expanded and the importance of
pipeline maintenance is expected to increase at the same rate.
In addition, the correlation between the progression of urban
development and the actual status of pipeline maintenance
(the green dashed line) is also positive and has a lower rate
(0 <r<1). The discrepancy between the required maintenance
and the actual status of pipeline maintenance has created the
development debt until today (the red dashed area in Figure
1), which has increased with accumulated interest. Efforts are
needed to close the gap of the maintenance debt (the green
dashed area in Figure 1) and reach a state where the mainten-
ance required for pipeline networks is reconnected with the
actual status of pipeline maintenance, i.e. where 7 = r = 1.

2.3. Methodology

Different performance indicators, such as reliability, avail-
ability, maintainability and safety (RAMS) indicators, can be

used to evaluate the condition of each asset, considering
their interconnectivity within the transport infrastructure
(Ben-Daya et al., 2016; Garambaki, Thaduri, Seneviratne, &
Kumar, 2016). Since the pipeline degradation rate varies
according to the environmental impact, it is important to
consider this effect on the pipeline degradation process. As
can be seen in the “impacts on infrastructure” block in
Figure 2, different factors such as traffic, weather, etc. have
been considered as input to the condition assessment block.
The expert knowledge-based approach and statistically based
modelling are two appropriate approaches for describing the
failure characteristics of pipelines at pipeline-infrastructure
crossings. In this study, the expert knowledge-based
approach was selected to identify the potential failure modes
and their related consequences. To obtain a more accurate
estimation of the remaining useful life of pipelines in pipe-
line-infrastructure crossings and the failure risk involved for
such crossings, one needs to assess the current health of the
asset and consider critical factors such as the type of soil,
railway operation factors and the pipeline features, etc.
Different categories of fault detection techniques have
been used in the literature. For instance, Dai and Gao
(2013) classified these techniques into three categories: (i)
physical model-based methods; (ii) signal-based methods;
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Figure 2. The interaction of pipelines with transport infrastructure and the
decision process.

and (iii) knowledge-based, historical data-driven methods.
Alzghoul, Backe, Lofstrand, Bystrom, and Liljedahl (2014)
categorised fault detection techniques into model-based
methods and data-driven approaches. Figure 3 illustrates the
different categories of data-driven diagnostic methods.

2.4. Data collection: questionnaires, interviews, and the
failure database of the Swedish railway system, Ofelia

The initial step of the present study was to collect historical
failure data from maintenance records for both the railway
system and the pipeline networks in Sweden concerning
those locations where the railway and a pipeline cross each
other. Most of the pipes are buried underground and a rela-
tively small amount of data is available about their failure
modes, which contributes to an incomplete knowledge in
this field (Restum, 2000) (see Sections 4 and 6 for further
details). In fact, the physical mechanisms leading to pipeline
failures are often very complex and are not completely
understood. Hence, two questionnaire surveys and one
interview survey were conducted, and the Swedish railway
failure database, Ofelia, was used to collect the required
information and knowledge concerning the problems occur-
ring at pipeline-railway crossings. Details of the data collec-
tion procedure are provided in the following subsections.

2.4.1. Details of the first questionnaire survey

The aim of the first questionnaire survey was to identify
those areas which had experienced failures in pipelines
crossing under the railway and in pipelines installed close to
railway infrastructure. The first questionnaire was sent to
the 291 municipalities in Sweden and received 100
responses. In this questionnaire, experts were asked about
their experience of pipeline failures at pipeline-railway

STRUCTURE AND INFRASTRUCTURE ENGINEERING . 415

crossings and pipeline-road crossings. The questionnaire
was distributed to all the municipalities in Sweden without
excluding those which did not have any railway infrastruc-
ture in their municipal area, due to the possible mobility of
experts between municipalities in the previous 10 years. The
questions asked were as follows.

e During the past ten years, have you been working on the
installation or renovation of pipelines at pipeline-rail-
way crossings?

e Have you been working on the installation or renovation
of pipelines at pipeline-road crossings during the past
10 years?

2.4.2. Details of the second questionnaire survey

Based on information received from the first questionnaire
survey, a second and more detailed questionnaire was dis-
tributed to those W&W experts who had experience of fail-
ures of pipelines crossing under a railway area or installed
close to a railway area. The selection of municipalities for
the second questionnaire survey was based on input
received from the first questionnaire survey. The second
questionnaire was sent to 63 W&W experts and received
responses from 25 experts, which represent around 40% of
the total number of experts in the sample. In this question-
naire, the experts were asked a total of eight questions
designed for different purposes. The questions included
both single-choice and multiple-choice questions. The
experts were asked to specify the type of fault detection
technique that had been used to discover pipeline failures at
pipeline-railway crossings. In addition, four of the questions
were designed to identify the potential failure modes of the
pipelines and the severity of the effects of these modes.
Here a method using a scale of four was applied to measure
the severity of the failures and their related consequences.
The experts were asked to specify the underlying reasons for
the installation of new pipelines and the renovation of pipe-
lines under railway embankments and the techniques used
for such installation and renovation. To reduce the uncer-
tainty in the expert judgements, the experts were requested
to give their answers using a multiple-choice checklist, as
well as providing written supplementary explanations.

2.4.3. Interview survey

An interview survey was carried out in which experts repre-
senting 12 infrastructure managers were interviewed to
obtain qualitative data for the analysis and classification of
the failure modes and their related consequences for risk
assessments related to the rail-pipe-soil interaction. Based
on the data from TRV’s failure report database and the sup-
plementary information from the questionnaire surveys, 12
municipal infrastructure managers were selected. In total,
experts from 10 municipal infrastructure managers and two
private companies were interviewed by telephone. A sum-
mary of the findings of the interview survey is presented in
Section 4.3. The presentation is arranged according to the
seven questions asked.
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2.4.4. Ofelia - the Swedish railway failure database
Trafikverket (TRV), the Swedish railway infrastructure man-
ager, owns several databases for monitoring and assessing
the condition of railway assets (Thaduri, Galar, & Kumar,
2015). The Ofelia database (TRV’s failure database) was
searched in the present study to find failure-related inci-
dents that had occurred on railway lines, from Kiruna to
Malmo (see Figure 4), during the period 2001-2017. The
records from the Ofelia database were used as support for
the questionnaire and interview surveys. The Ofelia database
was designed to manage railway component failure, and
since pipelines at pipeline-railway crossings are not owned
by TRV, pipeline failures at such crossings are not registered
in the Ofelia database. Furthermore, pipeline-related failure
modes are not defined in this database and tracking such
failure modes is a complex and time-consuming task. In the
case of a failure at a pipeline-railway crossing, the mainten-
ance experts provide a case description in a text format
without any failure mode categorisation, which makes the
failure mode categories difficult to track. Hence, a software
has been developed by using a text-mining technique to fil-
ter the database records and extract related records.

2.5. Processes for data collection

In the questionnaire and interview surveys, a number of
experts were asked to share their ideas and experiences

concerning the failure modes, failure causes and failure con-
sequences, etc. which they had encountered. The procedures
for expert selection and expert-opinion elicitation are dis-
cussed in Step I and Step II below, respectively.

Step I: Expert selection
The expert-judgment process was selected to identify the effects
of different failure modes and to perform a qualitative analysis
of the consequences of failures of pipelines crossing under the
railway or installed in the railway corridor. This process was
selected due to a lack of data or an insufficient amount of data
in the municipalities and the TRV databases. This process can
be considered as a subjective process due to its dependence on
the knowledge and experience of experts and the subjective
selection of experts. The selection of experts is the first and
major step in the process and concerns the selection of an
appropriate number of reliable experts. In the literature, various
definitions of the term “expert” have been offered; for example,
see Naseri & Barabady (Naseri & Barabady, 2015, 2016a;
Otway & Winterfeldt, 1992). According to Meyer & Booker
(Meyer & Booker, 1991), an expert can be defined as: “a person
who has a background in the subject matter at the desired level
of detail and who is recognised by his/her peers or those con-
ducting the study as being qualified to solve the questions”.
Following qualitative criteria for expert selection makes
the expert-judgement process more subjective. For instance,
having “a desired level of detailed background in” W&W
can be considered as a qualitative criterion for the selection
of experts and is subjective. From another perspective, it is
advantageous to select a group of experts with a wide back-
ground, but on the other hand, the person selecting the
experts may be under pressure to exclude experts who are
perceived as being less experienced (Bedford & Cooke,
2001). In the present study, the respondents to the question-
naires were experts at different levels of the W&W hier-
archy, as shown in Table 2 below.

Step II: Expert-opinion elicitation
“Expert-opinion elicitation” was the second step in the
expert-judgment process and can be defined as the process



Table 2. Types of experts participating in the questionnaire and interview surveys.

First Second
Participant type questionnaire questionnaire Interview
Head of W&W and roads 41 9 -
W&W project engineer 24 6 4
Grid manager/Municipal 25 7 4
W&W manager
Operator/Operation and 10 3 2
Maintenance + Other role
Sum 100 25 10

of obtaining the subjective opinions of experts through spe-
cifically designed methods of communication, such as sur-
veys, interviews, group meetings and questionnaires (Meyer
& Booker, 1991). Expert-opinion elicitation may be per-
formed using a qualitative or a quantitative structure. Using
a quantitative structure, the experts are asked to express
their subjective opinions about a parameter in the form of,
for instance, a single-point or distribution estimation, an
absolute rating, an interval scaling, or a ratio scaling (Cooke
& Shrader-Frechette, 1991; Meyer & Booker, 1991; Naseri &
Barabady, 2016b). In the present study, the first question-
naire consisting of two general questions was distributed to
all the municipalities without considering the internal con-
sistency of the questions. However, the second questionnaire
was validated and Cronbach’s alpha value is 0.866 which is
located in the acceptable range.

2.6. Failure modes and effects analysis

This study utilised failure modes and effects analysis
(FMEA) for identification of the dominant failure modes of
pipelines at pipeline-railway crossings. FMEA is a tool used
in operation and maintenance engineering to analyse the
potential failure effects and identify the dominant failure
modes and classify them according to their severity and the
likelihood of their occurrence (Ben-Daya et al., 2016; Naseri
& Barabady, 2015; Stamatis, 2003). Furthermore, an add-
itional objective of FMEA is to provide feedback for the
design phase for improvement of the quality, reliability and
availability of the system being investigated. When applying
FMEA, one determines the failure modes to identify the
potential and actual failures in a product design or oper-
ation, with an emphasis on failures affecting the customer
or end-user. A failure effect is the consequence of a failure
mode for the operation of the product or system. The study
of consequences of identified failures is called “effects analy-
sis”. FMEA prioritises failures according to their severity,
the probability of their occurrence and their detectability.
The severity of failures means the seriousness of their conse-
quences. The probability of the occurrence of failures indi-
cates how often they can occur. The detectability of failures
indicates the degree of difficulty of their detection. The
FMEA process is illustrated in Figure 5.

The risk priority number (RPN) (see Figure 5) is an
important factor for FMEA and can be defined as the math-
ematical product of the severity (S), occurrence probability
(O) and detectability (D). The RPN serves the purpose of
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determining the risk priority for a process or item and is a
useful tool for maintenance decision making.

3. Condition assessment and maintenance of
pipelines crossing infrastructure

When assessing the condition of a pipelines, one can assess
its structural condition and its operational condition. The
structural condition of a pipeline network describes the
physical condition of its pipes, while the operational condi-
tion describes the capability of the pipeline to meet its ser-
vice requirements. Continuous condition assessment is
needed to assure fulfilment of the service requirements.

Numerous documented studies have determined the
main fajlure modes in pipeline networks to be the following:
pipe rupture, deformation, erosion & corrosion, and cracks.
In addition, the effects resulting from each failure mode and
the related consequences, as presented in the literature
(Misiunas, 2005; Muhlbauer, 2004; Restum, 2000) and
determined through interviews with W&W experts, are as
follows: limited sanitation capacity, poorer wastewater treat-
ment, flooding, sinkholes and rail settlement The four
above-mentioned failure modes and the effects resulting
from each failure mode are listed in Table 3. These failure
modes and effects were selected as a basis for the questions
posed to the W&W experts in the questionnaire and inter-
view surveys.

3.1. Factors affecting pipeline deterioration at locations
where pipelines cross transport infrastructure

To assess the condition of pipelines crossing transport infra-
structure, which are more prone to damage, one needs to
characterise and standardise the failure modes of these pipe-
lines. This can be achieved by studying and analysing geo-
technical models used in tunnelling, pipeline engineering
and maintenance engineering. Based on the literature
(Morris, 1967; Restum, 2000), the factors influencing the
structural deterioration of the pipeline network can be cate-
gorised into four groups: structural variables, environmental
varijables, internal variables, and maintenance variables. The
parameters under each variable type are presented in
Figure 6.

Today the condition assessment of water pipelines mainly
depends on the information provided in operational disrup-
tion reports. The only time a pipeline can be inspected is
when it is laid bare through excavation, which is too expen-
sive a method to use for status assessment. Internal condi-
tion assessment of pipes is not practical since they often
have coatings along their walls that hide cracks and corro-
sion; therefore, this is not a reliable, time- or cost-efficient
method for pipeline condition assessment.

Furthermore, the relation between the age and the leak-
age rate of pipes is not straightforward and there may be
several covariates that might affect the leakage rate for
instance, previous leaks, pipe loads, construction work, con-
struction periods, the pipe length and material, and the geo-
graphical location (Malm et al, 2011; Restum, 2000;
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Figure 5. The failure mode and effect analysis process.

Table 3. Possible failure modes and effects.

Failure mode Effects resulting from each failure mode

Pipe rupture
Deformation
Erosion & corrosion
Cracks

Limited sanitation capacity
Poorer wastewater treatment
Flooding

Sinkholes and rail settlement

Standard-BVS-585.20, 2005-09-19). For instance, it has
been shown that grey-iron pipes installed during the 1950s
and 1960s have an increased leakage rate. This is most
likely due to the transition from digging by hand to dig-
ging using excavators, as the pipes were dropped into
larger pipes with poor support from the surrounding soil.
Similarly, road salting increases the risk of external corro-
sion. Due to the need to develop urban areas during the
1960s, a construction rush took place in which the
installed pipes were of poorer quality. Pipelines are
installed in various geographical locations, and certain
soils in these locations can increase the external corrosion
of the pipeline. The soils that are especially corrosive are
clay soils with a high sulphur content. In a British study,
it was found that pipes in clay soils exhibited almost twice
as much leakage as pipes in sandy soils (Malm et al,
2011). Moreover, loose soil can cause sedimentation, as
well as changing the pressure conditions, resulting in pres-
sure drops which can lead to leaks in nearby pipes.

According to Sundahl (1996), leaks tend to come in
groups and to be close to each other physically
and temporally.

The traffic load on pipelines and the degree of pressure
are important covariates, mainly at locations where pipelines
and transport infrastructure have an intersection area.
Pressure due to axial loads causes a type of circular fracture
known as a beam fracture. Transverse voltages are caused
by land and traffic pressure. When the ground becomes
cold, it expands and the pressure may create longitudinal
cracks in pipes. The quality of the construction work also
varies from period to period and, therefore, different failure
rates may occur in different areas of the pipeline network.

Temperature has also been considered as an important
factor for the leakage frequency in several studies
(Andersson, Sjors, & Jonelind, 2006; Habibian, 1994). The
connection between increased leakage in the winter and the
temperature of the outgoing water from waterworks has
been studied by Swedish Water (Andersson et al., 2006).
When the temperature of the outgoing water falls below
zero and the ambient temperature in the ground is warmer,
this may lead to leakage. This combination of phenomena
creates stresses in the outer surface of the pipes and ring
pressure in the inner surface (Andersson et al, 2006). A
temperature drops in the outgoing water to below zero can
increase the number of circular cracks in grey-iron pipes,
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Factors affecting the structural deterioration of
water distribution pipes
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Figure 6. Factors affecting the structural deterioration of water distribution pipes (Rgstum, 2000).

and this type of crack can occur in pipes with a diameter of
76-203mm. In addition, grey-iron pipes are sensitive to
rapid falls in the temperature, and by levelling the water
temperature, the number of leaks can be reduced
(Habibian, 1994).

In addition to the above-mentioned factors causing pipe-
line deterioration, internal corrosion can occur and also
cause pipe leakage. The internal corrosion rate may be
affected by the water quality and flow rate. Corrosion results
in a reduction of the pipeline wall thickness and a deterior-
ation of the pipeline’s hydraulic function. An alkaline pH in
drinking water reduces the corrosion rate (Andersson
et al., 2006).

Furthermore, Lee et al. (2017), Misiunas (2005) reviewed
the existing condition assessment technologies for pipelines
in urban areas, but most of these technologies are not
applicable for the condition assessment of pipes crossing
under railway infrastructure owing to the special nature of
pipeline-railway crossings. Hence, most of the assessments
of pipelines at pipeline-railway crossings are performed on
the basis of interruption reports, and these are the main
source of information about the pipe condition status.

3.2. Rehabilitation of pipelines crossing railway
infrastructure

Pipeline renovation and replacement techniques can be div-
ided into two main categories, namely open-cut renovation
and replacement techniques and trenchless renovation and
replacement techniques. Open-cut or excavation-based tech-
niques are a common tool for renovating pipelines and con-
sume a large part of the renovation and replacement
budget. In addition to the substantial cost incurred by these
techniques, excavation-based techniques consume a large
amount of time and reduce the availability of the pipeline
and the surrounding infrastructure.

Recently, different trenchless methods have been devel-
oped to avoid excavation and reduce the high cost of pipe-
line renovation and replacement. For instance, the

installation of a new pipe within an old pipe is an econom-
ically and technologically proven method. A textile-based
pipe impregnated with a resin made of a plastic material
can be installed in the old pipe to reline it. The installation
can be performed through a manhole in one run (up to
about 1km) by using air pressure and hardening the textile-
based pipe with UV light, see Figure 7. With this method,
the infrastructure owner can cut the installation time (com-
pared to that required for installing a new pipe) by about
80% and reduce the installation and material costs and other
costs by (40-60)%; see Hay (2014) for a comprehensive
comparison of trenchless technologies with traditional open
trenching for the replacement of ageing pipelines.

Pushing a new pipe into an old pipe can also be used for
renovating the pipeline without excavation. This technique
is used mainly when the renovation can create different
types of disturbances for society. For instance, the renova-
tion of pipelines at locations where pipelines cross transport
infrastructure can be performed using this method without
causing disturbance to the other infrastructure in the vicin-
ity, see Figure 8.

The installation of a new pipe within an old pipe using
pipe bursting is an alternative approach. By installing a new
pipe with a smaller diameter inside an old pipe, the capacity
of the pipeline will decrease. If there is a demand for a
larger capacity, the diameter of the new pipe should be
larger. In such a case, the old pipe can be broken with a
special torpedo and a new pipe with a larger diameter can
be pulled and/or pushed by the torpedo (Figure 9). All sorts
of pipes, including concrete, cast iron and steel pipes, can
be broken using this method. The new pipe can have a
dimension which is up to 50% larger than that of the old
pipe, thus increasing its area by 125% and its capacity by
200% (Levlin, 2004).

The type of method to be selected is highly dependent
on the type of crack involved, the size of the crack, whether
there is a need for a higher capacity, and the impacts on
society, etc. For instance, it may not be possible to carry out
excavation on a main line in an urban area because of the
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Figure 7. Textile-based pipe impregnated with a resin made of a plastic mater-
ial inside an old pipe.

Figure 8. Pushing a new pipe into an old pipe.

different types of social costs that would be involved,
Examples of such costs are the cost of traffic disruption,
costs for the stakeholders concerned, and the cost of losing
public trust, etc.

4. Pipelines crossing the railway - questionnaire
and interview surveys

The present study adopted an expert-based knowledge-based
approach for analysing pipeline failure modes and the con-
sequences of pipeline failure at locations where pipelines
cross railway infrastructure. The data for the study were col-
lected through two questionnaire surveys, an interview sur-
vey and the retrieval of information from the Ofelia
database (TRV’s failure report database). Details of the
adopted research methodology and the outcomes of the sur-
veys are summarised in the following subsections.

4.1. Outcome of the first questionnaire survey

For the first questionnaire, 100 responses were received
from the W&W experts and the participation rate was
around 35%. A plot of the distribution of the responses is
presented in Figure 10.

In the first questionnaire, the first question asked
whether the respondent had experience of working on the
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Figure 10. Geographical distribution of the responses according to municipality
(the colours are in alignment with those in Figure 10).

installation or renovation of pipelines at pipeline-railway
crossings during the previous 10 years. The proportion of
respondents who answered “Yes” to that question was 63%,
while 37% of the respondents answered “No”. It can be
noted that the latter percentage includes those W&W
experts who worked in municipalities which did not have
railway infrastructure in their municipal area. The answers
were analysed and categorised into six groups, and the per-
centage of respondents belonging to each group is presented
in the pie diagram provided in Figure 11, where a different
colour has been selected for each group.

Some W&W experts experienced several issues and these
issues are indicated by their respective colours in the col-
umns on the map provided in Figure 10. For example, a
W&W expert in Gavle reported experience of performing
emergency activities, as well as renovating a pipeline and
installing a new pipeline under railway embankments. These
three categories are represented by the orange-green-red bar
in the Gavle municipal area in the map in Figure 10.



Figure 11. Questionnaire response statistics for pipeline-railway crossings.
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= Reported "yes" but without case description

n Have installed new pipes under the railway
Renovation of existing pipes under railway

w Activities within the railway area

z Operation/maintenance activities

s Acute activities

Reported "yes" but without case description
Have installed new pipes under the road

Renovation of existing pipes under road

m Activities within the road area
# Operation/maintenance activities

x Acute activities

Figure 12. Questionnaire response statistics for pipelines crossing road infrastructure.

Although the focus of the present study was on pipeline-
railway crossings, a second question was posed which asked
whether the respondent had experience of installing or reno-
vating pipelines at pipeline-road crossings. Detailed response
statistics for this second question are presented in Figure 12.

4.2. Outcome of the second questionnaire survey

We received 25 responses for the second questionnaire and the
response rate was around 40%. The questions in this question-
naire survey were designed based on the FMEA framework.

The aim of the first question in this questionnaire was to
identify the types of methods and techniques used for
inspecting pipeline-railway crossings and pipelines installed
close to the railway. Question 1 was as follows: “What
method did you use to detect problems with W&W pipe-
lines crossing under the railway and W&W pipelines
installed close to the railway?”

The results are presented in Figure 13 and reveal that the
identification of most of the faults and failures was based on
visual inspections. This confirms that there is a substantial
need to utilise new condition monitoring technologies for
pipeline networks, especially at pipeline-railway crossings
due to the load and the traffic frequency.

The second question posed to the experts was as follows:
“What types of pipe defects were detected in pipes at pipe-
line-railway crossings or in pipelines installed close to the

railway?” The aim of this question was to verify the failure
modes described in Section 3 and reported in the literature
in this field, namely pipe rupture, deformation, cracks, and
erosion & corrosion. In addition, supplementary informa-
tion has been requested from the experts. A diagram pre-
senting of the percentages for the observed failure modes is
provided in Figure 14. It can be noted that some of the
experts reported more than one failure mode.

In the next step, the respondents assessed the severity of
the effect of each failure mode according to a scale of four
as follows: (1) there is no effect, (2) there is little impact, (3)
there is a moderate impact, and (4) there is a severe impact.
Numerical scale 1, 2, 3 and 4 respectively were used to con-
vert the four linguistic variables into numbers. Based on an
additive weighting analysis, a colour-scaled matrix was cre-
ated and it is shown in Table 4 (where each section has its
own colour-scale). The first four columns of this table con-
tain the severity index for the four consequences in relation
to each failure mode, evaluated using a weighted average
approach. In addition, the experts were requested to rank
the importance of the effects of the different failure modes.
The normalised weights are presented in column 5 till 8
(indicating the importance of the effects). The final severity
was calculated by multiplying the severity index by the nor-
malised weights. Finally, the weighted averages were calcu-
lated through a summation of the final severity indexes of
the four effects for each failure mode.
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Figure 14. Percentages for the experienced failure modes for the railway case.

To visualize the failure modes in correlation with the
consequences of the failure modes, a radar chart was created
and it is provided in Figure 15. This figure reveals that a
limited sanitation capacity and flooding are the two most
dominant effects resulting from the failure modes. Based on
the analyses, it was found that pipe deformation has the
highest impact, followed by pipe rupture at locations where
pipelines cross railway infrastructure.

Misitinas (2005); Restum (2000) reported that there were
several covariates which could be considered as the causes
of failures in the pipeline network, for instance maintenance
actions, the installation period, ageing, corrosion, nearby
excavations, seasonal variation, the pipe properties (e.g. the
pipe’s diameter, length and material), the soil condition,
previous failures, the pressure in the pipeline, and the exter-
nal load stress (due to the traffic frequency, axial load, etc.).
The experts selected these covariates as the most important
failure causes for pipeline crossing railway infrastructure. In
the present study, the W&W experts were asked to identify
the causal factors that had the greatest impact on pipeline
failure at pipeline-railway crossings. Figure 16 illustrates the
experts’ assessment of the impact of each defined cause.
Ageing, the external load, erosion & corrosion, and pipe-
related weaknesses were ranked as having a higher impact
than the other causes of pipeline failures.

The next step involved a more detailed identification of
the possible consequences of failure and their impact by
asking the experts the following question: “What were the
consequences of pipeline failure at pipeline-railway

Cracks Erosions/Corrsions

= Indirect detection

crossings?” Different alternatives had been extracted from
the literature and interviews with W&W experts. In add-
ition, the experts were given the opportunity to describe
their cases in detail. The results reveal that “delivery disrup-
tions or pressure changes” were ranked as having the high-
est impact, followed by “deterioration of roads in the
vicinity of pipe damage”, as shown in Figure 17.

The W&W experts were then asked the following ques-
tion: “What was the main reason/motivation for installing
new pipelines under railway embankments?”. In this con-
nection, five alternatives were suggested, and the results are
presented in Figure 18. The results confirm some of the
hypotheses and show that the replacement of old pipelines
and the need to increase the capacity of pipelines are the
main reasons for installing new pipelines under the railway.
Furthermore, this study was interested in finding out which
techniques had been utilised for the installation of new
pipelines and the experts were given the opportunity to
describe their cases in more detail. The following question
was asked: “Which technique was used for the installation
of new pipes near or under the railway corridor?” The
results for this question are illustrated in Figure 19 and
show that “no-dig” trenchless technology using steered drill-
ing and “no-dig” trenchless technology with pipe pushing
were used for more installations than the other techniques.
Steered drilling is a drilling technique used in wire mesh
construction. The drill head is controlled from the ground
and has a design that makes it possible to perform curved
drilling, for instance under roads, railways and rivers.
Steered drilling exhibits best performance if the ground is
stone-free and the technique can be used for pipes with a
diameter of less than 1,200mm and with lengths of up
to 1,500 m.

It is important to note that 26% of the municipalities
participating in this survey used open excavation for the
installation of new pipes. This issue needs to be studied in more
detail to identify why 26% of the municipalities used such an
expensive solution. Some of the relevant answers through the
interview survey were presented in the next section.

Furthermore, this study was focused on investigating the
extent to which the different new techniques were used for
renovating pipes and installing new pipes. Several popular
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Table 4. Evaluation of the effects of the possible failure modes of pipelines crossing under the railway.
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Figure 15. Distribution of the failure modes in correlation with the consequences of the failure modes at pipeline-railway crossings.

methods were selected based on the literature and interviews
with the W&W experts. The results are presented in Figure
20 and show that trenchless technology with flexible pipes
was ranked highest, followed by open excavation and “no-
dig” lining with a rigid pipe. For this question, some blank
responses or information was received on other techniques
used; for instance, one expert reported the use of drilling to
install a new pipe next to old pipes.

4.3. Outcome of the interview survey

In order to understand the driving forces behind damage to
pipelines crossing under the railway and to reduce the num-
ber of failures in the future, more specific questions were
asked via interviews with experts. The questions asked in
the interviews were based on the findings of the two ques-
tionnaire surveys which were presented in Section 4.1 and
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Figure 16. Pipeline failure causes at pipeline-railway crossings.
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Figure 17. Possible consequences of failure at pipeline-railway crossings.

The city is growing in surface area
Need for increased management
capacity for stormwater

Need for increased wastewater
management capacity...

Need for increased management
capacity for drinking water

0 2 4 6 8 10 12 14 16

Replacement of old pipes

Figure 18. The reasons for the installation of new pipelines under railway
infrastructure.

4.2 above and which highlighted the need to acquire a
deeper knowledge of operational disturbances caused by the
failure of municipal water pipes buried in railroad beds. A
rough estimation based on a selection of all the reported
instances of railbed damage (based on Ofelia database
records) or disturbances between 2001 and 2017 is that only
a minor number of disruptions can be connected to water
or wastewater pipes crossing under railway embankments.
The total number for 2001-2017 was estimated to be a cou-
ple of dozen (<50), while the total number of instances of
railroad damage exceeded 60,000 annually, of which 20%
affected train movements (based on statistics extracted from
the Ofelia database). A first rough estimate of the total
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Figure 19. Techniques used for the installation of new pipes under railway
infrastructure.
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Figure 20. Techniques used for renovating pipelines and installing new pipe-
lines under railway infrastructure.

number of (municipal) W&W pipeline-railway crossings in
Sweden is that there are 3,000-5,000 such crossings (based
on the estimated number of W&W pipeline-railway cross-
ings per larger urban area). The total length of piping in
pipeline-railway crossings in Sweden is 45,000-75,000 m
(based on an estimated pipe length of 15m per crossing).
The estimated frequency of W&W pipe damage occurrence
near railways (i.e. within 15m from the perimeter of rail
bed areas) or inside railway or rail bed areas is below the
overall mean W&W pipe damage frequency of 0.2 damage
instances/km of pipe and year. This estimation is based on
the estimated length of W&W pipes crossing the railway in
Sweden and the reported number of instances of W&W-
related damage in the areas of interest in Sweden, compared
with the total figures for the municipal W&W piping length
and frequency of W&W pipe damage. A summary of the
discussions held with the experts in the interviews is pre-
sented in the following. The presentation is arranged
according to the questions asked.

Questions and answers

1. What kind of legally binding agreements are there
between TRV and the municipal W&W service pro-
viders concerning water pipes crossing railroad beds?
Results: In a rare number of cases (3) there exists a
written legally binding document known as an agree-
ment. The overwhelming number of respondents stated
that an “avtalservitut” (easement agreement), a
“ledningsratt” (pipe entitlement) and a “gravtillstind”
(excavation permit) represent the general administrative



ways to handle this kind of issue. The gravtillstind is
connected to the time when the pipe is to be taken
through the railbed or is to be repaired etc. All the
respondents stated that they did not possess complete
knowledge of “all” the legal documents; the general
belief was that the documents of interest, if needed,
were to be found (and could be found) one by one in
the municipal archives by searching for the occurrences
of pipe crossings and rail beds on W&W service maps.
Are pipes crossing rail beds protected by pipe-in-pipe
technology or by being put inside walkable reinforced
concrete conduits?

Results: Nearly all the pipeline-rail bed crossings are
protected in the vast majority of the municipalities (all
of them but two) by using pipe-in-pipe technology to
100%. In multi-rail track areas, one can find reinforced
walkable conduits large enough to handle the output
from a number of municipal service providers, i.e. pro-
viders of district heating, water & wastewater, electricity
and digital information lines.

Experts from two municipalities reported that gravity
flow (wastewater) pipes are not in all cases protected.
Concerning those municipalities which were reported
not to use protective devices to 100%, it is unclear
whether they did so in many cases and whether they
still continue this practice.

When problems arise connected to pipes crossing rail
beds or pipes installed near rail beds, is there a pre-
pared strategy ready to be implemented and, if not,
have there been any discussions about the need for
one? Or are such problems handled from one time to
another when they emerge?

Results: Since these cases are so rare and in most areas
happen only a few times during a decade, most of the
interviewees representing municipalities could not give
a clear answer, probably because they were usually
responsible for operation and/or maintenance and not
for planning and/or design. In many cases, planning
and design were performed by consultants who had no
further responsibility for this after the completion
of projects.

Has a strategy been decided for the planning and con-
struction of new pipe structures near rail beds and in
rail bed areas, or for the planning and construction of
new rail systems in areas with gravity or pressure pipe
systems?

Results: The strategy reported is as follows: (1) try to
avoid crossings during the pipe system design stage; (2)
if necessary, use natural openings in rail beds (traffic
crossing viaducts) or other technical structures; (3) if a
pipeline-rail bed crossing is necessary, use conduit tech-
nology in combination with inspection manholes on
both sides of the rail bed; (4) regarding multiple rail
bed areas (e.g. railway station areas), use walkable rein-
forced concrete conduits.

What is your attitude to the risks connected to pipes
placed near rail beds in general, and, in particular, in
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the case where these structures together create “shut-in”
drainage areas?

Results: The risks connected to pipes located near rail
beds or even crossing rail beds must be addressed by
proper design and operation. In most cases, the design
of pipeline-railway crossings focused on pipe-in-pipe
technology, with the use of the pipe material at hand at
the time of implementation. In some cases, pipe-in-pipe
technology was not used, usually in the case of gravity
flow sewers. The interviewees representing municipal-
ities were unaware of the present municipal security
policy, and surmised that if there was a person respon-
sible for such a policy, they were probably connected to
a consulting firm and followed the firm’s risk assess-
ments and general standards.

One interviewee, representing who represented a con-
tractor responsible for nationwide pipe repair and
replacement, reported that many pipe materials could
be expected to have a very limited remaining oper-
ational time, e.g. the material of reinforced concrete
gravity flow sewers.

Concerning the issue of shut-in areas and potential
drainage problems associated with them, the interview-
ees gave very vague answers and regarded this issue as
a problem to be handled internally by the land owner
concerned (usually Jarnhusen and not a municipality).
During recent work on pipes crossing rail beds or
located near rail beds, what kind of technology was
used?

Results: Very few instances of such work were reported
and in all of them, a “no-dig” technology was applied.
During the digging and installation phase, continuous
and accurate measurement of the rail levels had to be
performed and on-line warning technology had to be
used.

Concerning pipes installed in the ground parallel to rail
beds and pipes installed near rail beds, the approach
adopted was not known.

In general terms, is there something which we have not
discussed yet and which, if discussed, would or could
facilitate projects involving pipeline-railway crossings?
Results: An experience described by interviewees repre-
senting municipalities is that TRV, the state owners of
the rail bed areas, and Jarnhusen AB, the owner of
many railroad structures, tend to see their ownership
and connection to the Swedish state system as entitling
them to certain prerogatives, and they tend to regard
their interests and regulations as being of primary
importance to society. In consideration of this and in
order to enhance the possibility of increasing the speed
of structural change in society, there is a need to create
a better balance between the interests of the local muni-
cipal infrastructure owner, the state railway infrastruc-
ture owner and the operators (which include private
businesses). This can be achieved by creating a better
and more stable legal structure.
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5. Risk assessment of pipelines at pipeline-railway
crossings

As explained in Section 2.6, the severity, probability of
occurrence, and detectability of failures are the key parame-
ters in RPN evaluation. The severity and occurrence prob-
ability of failures were discussed in Section 4 and estimation
of the detectability parameter is discussed in this section.

5.1. Scaling the detectability parameter

In the literature, one can find that a detectability scale rang-
ing from 1 to 5 has been commonly used to convert the lin-
guistic variables into numerical values, as shown in Table 5.
It can be noted that if the detectability scale is arranged in
the reverse order, a high ranking will be awarded when fail-
ures are not likely to be detected and a low ranking when
they are very likely to be detected.

In general terms, W&W pipe failures can be detected by
the following means: (i) water flooding up to the urban soil
surface, (ii) sudden cracks or depressions in the surface
layers of streets etc, (iii) pipe capacity changes as observed
by rising levels in manholes, (iv) loss of access to a water
service in dwellings in urban areas, (v) basement flooding
caused by both wastewater and drinking water, (vi) sudden
or unexpected changes in the water level in water reservoirs,
(vii) unforeseen capacity problems in waterworks, (viii) dra-
matic changes in the incoming flow to wastewater treatment
plants, (ix) unexpected disturbances in the operating hours
of pumping stations, (x) manual observations of sewage or
stormwater overflow entering recipients (even under an ice
Or SNOW COVer).

Most of the municipalities do not have a SCADA system
dedicated to detecting the occurrence of the above-men-
tioned changes in the pipeline network and alerting the
operation staff as to their occurrence. In some of the munic-
ipalities, it is the case that the general SCADA system has
been installed and has been running for more than a dec-
ade, while the system software for detecting the above-men-
tioned changes in the network has not been added. To
obtain a more accurate estimation of the detectability par-
ameter, W&W experts were interviewed and the results can
be summarised as follows.

o Pipe rupture detectability: This was judged by the experts
to have a level of 2.

o Deformed pipe detectability: The estimated level for this
is 2. “Deformed pipes” mostly means “pipes that are
near collapse”. The detection of deformation can either
be immediate (e.g. soft PP pipes not laid in the soil
properly) or take place when the pipes start to break
down into large pieces due to soil pressure, for example,
at some point in time during a 30-50 year period (e.g.
concrete pipes lacking steel reinforcement).

e Pipe crack detectability: This was given an estimated level
of 4. If water is transported by gravity, the crack might
be harder to detect, especially in the case of small grav-
ity systems.

Table 5. Detectability scale.

Ranking Likelihood of detection during diagnosis
1 Almost certain

2 High

3 Moderate

4 Low

5 The fault is unlikely to be detected by

operators or maintenance personnel

o Detectability of eroded or corroded pipes: The estimated
level for this is 4. The problem with this kind of failure
mechanism is that it is expected to be fairly widespread
and is a major factor for drinking water leakage, espe-
cially in the case of customer service pipes made of
galvanised steel (which represent 40-50% of all service
pipes). Most damage connected to corrosion is difficult
to detect in time and it can result in a deteriorated
water quality.

A summary of the statistics of the detectability index and
the RPNs are presented in Table 6.

5.2. Risk priority number (RPN) and
uncertainty estimation

Due to the subjective nature of the data collection and the
expert opinions, there was a need to analyse the associated
uncertainties of the analysis. Nonsequential Monte Carlo
simulation (MCS) is utilised to investigate how such uncer-
tainties propagate through the risk priority number (RPN)
model (Zio, 2013).

In the first step of the uncertainty analysis, the probabil-
ity mass function and, further, the cumulative distribution
function (CDF) of the expert data on the detectability of the
different failure mechanisms were obtained, as shown in
Figure 21.

As mentioned earlier, the severity of each failure mechanism
was discussed from the perspective of the effects of the failure
mechanism, which include a limited sanitation capacity, poorer
wastewater treatment, surface flooding and pinholes. Different
experts expressed their opinion on the degree of these effects
(ie. the severity of each failure mechanism) by choosing a
ranking from “one” to “four”, with “one” representing “no
effect” and “four” representing “the maximum effect”. Later,
the experts were also asked to rank the importance of the fail-
ure causes. In order to obtain the distribution of the effects of
each failure mechanism, a weighted arithmetic averaging
method was used, as given by the following equation:

Fi(s) = Y _wWF(s) )

j=1

where i = 1,...,4 refers to the i th failure mechanism
(i.e. pipe rupture, deformation, cracks or corrosion), j =
1, ...,4 refers to the j th failure effect (i.e. limited sanitation
capacity, poorer wastewater treatment, surface flooding or
pinholes), F.(s) is the CDF of the severity of failure mechan-
ism i from the viewpoint of failure effect j, and F;(s) is the
CDF of the severity of failure mechanism i. In Eq. (1), the
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Table 6. Summary of the statistics for the severity and detectability indexes and the RPN for each failure mechanism.

Pipe rupture Pipe deformation Pipe cracks Pipe corrosion
Severity index Mean 2.32 2.53 217 2.28
5™ percentile 1.52 1.69 1.30 1.59
Median 2.31 2.55 2.12 2.27
95t Percentile 3.15 3.32 2.98 3.06
Detectability Mean 1.892 1.927 3.862 4.145
5% percentile 1 1 2 3
Median 2 2 4 4
95" Percentile 3 4 5 5
Occurrence probability 0.31 0.18 0.22 0.28
RPN Mean 1.359 0.876 1.841 2.651
5™ Percentile 0.583 0.355 0.880 1.507
Median 1341 0.819 1.835 2.601
95™ Percentile 2.429 1.867 2.993 3.818
95th percentile) of failure mechanisms which may due to
! dealing with a limited amount of data for RPN analyses.
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Figure 21. CDFs of the severity index of each failure mechanism.
parameter M is the normalised weighting factor denoting
the importance of effect j of failure mechanism i, where:

w =1 2)

1

4
]:

Using similar approaches, the CDF for the detectability
can be obtained. The mean, median, 5th percentile and 95th
percentile are presented in Table 6. Finally, having obtained
the values of the occurrence probability of the failure mech-

anisms, the risk priority number is calculated as:
RPN; = O; x S; x D; (3)

where O; is the occurrence probability of failure mechanism
i=1,...4, and §; and D; are the severity and detectability,
respectively, of failure mechanism i=1,...4, obtained
from the corresponding CDFs.

The corresponding CDFs of the risk priority numbers of
the respective failure mechanisms are depicted in Figure 22,
which also represents the uncertainties associated with the
pool of expert opinions and their propagation through the
risk priority number model.

As this figure shows, the RPN for erosion & corrosion has
the highest value, which means that if the resources are lim-
ited, this hazard should be treated first. It may note that there
is overlap of confidence intervals (for instance, 5th percentile-

5.3. Qualitative risk assessment

In Section 4, it was identified that the failure modes of pipe-
lines crossing railway infrastructure can lead to undesirable
situations. Different approaches to risk analysis have been
proposed in the literature (Abspoel et al., 2018; Barabadi,
Garmabaki, & Zaki, 2016; Hu, Yang, Macey, Moncrieff, &
Agha, 2016; Muhlbauer, 2004; Taylor, 2003). In the present
study, failure modes and effects analysis (FMEA) was
applied for risk analysis. Moreover, having obtained the
occurrence rate for the different types of consequences, as
well as the frequency of failure, the level of risk for each
failure mode can be plotted on a risk matrix. The decision-
makers, including W&W project engineers, grid managers,
municipal W&W managers, operators, and operation and
maintenance experts, can use the risk matrix to determine
whether the current level of risk is acceptable or whether
some mitigation method should be implemented to reduce
the risk of each failure.

Based on the FMEA results provided in Tables 4 and 6,
the risk matrix shown in Figure 23 was created for pipe
rupture, erosion & corrosion, cracks and deformation. On
the basis of the risk matrix, the failure mode/modes with
the highest risk level should be chosen for a risk reduc-
tion programme.

6. Conclusions

The aim of this study was to identify pipeline failure modes
and their consequences at locations where pipelines cross
railway corridors. The analysis revealed that pipe deform-
ation has the highest impact, followed by pipe rupture at
pipeline-railway crossings. Ageing and the external load
gained higher rankings than other potential causes of pipe-
line failure. Furthermore, with regard to failure consequen-
ces, analyses show that, at pipeline-railway crossings,
delivery disruptions were ranked as having the highest
impact, followed by deterioration of roads close to pipe-
line failures.

To identify the most important reasons for the installa-
tion of new pipelines under railway embankments, the
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W&W experts participating in the study were provided with
five alternatives to choose between, and the results show
that the replacement of an old pipeline and a need to
increase the capacity of the pipeline are the two main rea-
sons for installing new pipelines under railway infrastruc-
ture. Furthermore “no-dig” trenchless technology using
steered drilling and “no-dig” trenchless technology with
pipe pushing are the most commonly used techniques for
the installation of new pipelines. The analysis shows that,
according to the W&W experts, trenchless technology with
flexible pipes has been used most, followed by open excava-
tion for pipeline renovation under rail infrastructure.
During the course of the study, it was found that the
data availability, the data quality and the data management
system are the main bottlenecks for RAMS analysis. In gen-
eral, small datasets and incomplete failure data are the main
two obstacles for the reliability analysis of pipeline networks.
Small datasets may originate from the use of an inappropri-
ate data collection system. Each municipality has their own
reporting system and each individual system acts independ-
ently, which restricts comprehensive data analysis.
Furthermore, many municipalities have recorded their
inspection and failure data in handwritten documents, and
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Figure 22. CDFs for the RPNs of the respective failure mechanisms.

integrating such records may not be a cost- and time-effect-
ive solution. A lack of protection of data integrity is also an
important issue leading to small databases. The above-men-
tioned factors can explain the low level of use of advanced
condition assessment tools for the health assessment of
pipeline networks.

Based on the investigation and the literature review per-
formed for this study, it was concluded that few water util-
ities in Europe are trying to implement preventive
maintenance in their pipeline rehabilitation policies. The
majority of utilities are following a corrective maintenance
strategy and only a few of them are concentrating on a
rehabilitation strategy that maintains pipelines before they
wear out. This is contrary to the strategy adopted for trans-
European oil and gas pipelines, although W&W infrastruc-
ture can be of equal importance to the local stakeholders. In
Sweden, most of the municipalities are aware of the advan-
tages of prediction-based maintenance. In addition, it was
found that unavailability of data is an issue that is not
restricted to pipelines at pipeline-railway crossings.
Maintenance managers are also having to face the challenge
of poor availability and quality of data for pipelines buried
in urban areas due to the structure of old pipeline networks
and the utilities connected to them. Hence, there is a need
to use new condition monitoring tools based on state-of-
the-art hardware (using highly advanced sensor-based tech-
nologies), software and data management tools. The success
of implementing a proactive approach obviously depends on
the criteria used for rehabilitation planning. The rehabilita-
tion strategy should be based on the prediction of future
pipe failures, continuous assessment of the reliability of the
water network serving the customers, and estimations of the
cost of improvements. If this information is available, it will
be possible to optimise the rehabilitation programmes.

The present study revealed that there has been insuffi-
cient interest and investment in monitoring the operation
and maintenance of pipelines using advanced condition
assessment tools and related technology, which has led to
the creation of a large gap between the required level of
maintenance and the actual level of maintenance; this gap is
referred to as the “maintenance debt”. Extra efforts are

Consequence
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Figure 23. Risk level for identified pipeline failure modes at pipeline-railway crossings.



required to close this gap and reach the state where the
maintenance required for pipeline networks coincides with
the actual status of pipeline maintenance. In addition, the
utilisation of digitalisation and artificial intelligence (AI)
techniques can convert the current maintenance engineering
for pipelines and railway infrastructure into smart infra-
structure maintenance. The present authors believe that the
maintenance debt can be reduced through smart infrastruc-
ture maintenance via the installation of sensors for the col-
lection and analysis of new datasets for the condition health
monitoring of buried pipelines. Smart infrastructure main-
tenance will enable pipeline maintenance to be more effi-
cient and to be kept in alignment with current and future
maintenance technology.

The present fresh water networks, sewage networks and
culvert installations are ageing, and estimations of their
remaining useful life can be performed based on their age
and material properties. Estimation of the remaining life of
older pipelines requires the availability of different data, for
instance installation dates, the maintenance history, the
costs of inspection and condition assessment, inspection
records, etc. At present, work is in progress to collect such
data from different stakeholders to estimate the remaining
life of pipelines at pipeline-railway crossings.
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