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Abstract

Water pipes are considered as tangible assets designed to provide a level of service throughout an expected lifetime.
The asset can be characterised by two types of values: capital or accounting value and functional value. The capital
value of assets depreciates according to a specific rate per time period. The depreciation is assessed by the annual
amortisation of the capital asset, which constitutes a potential self-budgeting for future renewal. The development in the
last 20 years of public sector accounting standards boards (PSASB) dedicated to tangible capital assets (TCA)
management has encouraged water and waste water utilities to consider capital depreciation as a decision-making
criterion for asset prioritisation. At the same time that the capital depreciates, the asset function deteriorates, but this
deterioration is more difficult to assess. In fact, each asset can be evaluated according to a functional value that
indicates the capacity of the asset to deliver the designated service at the required level. This value declines during the
service life because of the occurrence of unexpected events (failures, breaks, leaks, degradation). The functional
deterioration, also referred to as “obsolescence” or “reliability”, is still misunderstood for water pipe assets. This study
addresses the following questions: How can the functional value be estimated for water systems both at the pipe and
network scale? How can the decision-making process for pipe renewal be improved by incorporating specific
indicators based on both functional and accounting values? The current research focuses on the definition of an
appropriate time-dependent functional value, based on the following hypothesis: the functional value depends on both
structural and hydraulic deterioration of the pipe asset, but is partially restored by curative maintenance actions. The
calibration of the functional value is mainly based on historical incident data, roughness data and managers' opinions. In
order to carry out the decision-making process, the evolution of the functional value is simultaneously analysed with the
depreciation of the capital asset value. The implementation of the approach at pipe and network level leads to an
assessment of innovative criteria for the purpose of assessing possible renewal policies.
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INTRODUCTION

Water pipes are considered as tangible assets @dsigrprovide services at a certain level over an
expected service life. Because the pipe asset is under internal and external pressures, its condition
degrades over time and can harm its function. In order to assess this degradation, concepts such as
“obsolescence”, “depreciation”, “deterioration” and ‘“reliability” are used. The common
denominator of all of these concepts is their relationship to asset assessment: the extent to which it
delivers the function for which it was designed and how it declines over time. The notion of
functional value that we suggest is not widespread in the literature; the concept of obsolescence is
more frequently used. It generally concerns commodities and electronic products and is commonly
used in the industrial environment. The Australian Property Institute, APl (2008) defines
obsolescences ‘a loss in value due to a decrease in the usefulness of property caused by decay,
changes in technology, people’s behavioural patterns and tastes, or environmental changes.
Obsolescence is sometimes classified according to items of outmoded design and functionality,
items with structural design unable to meet current code requirements, and factors arising outside
the asset, such as changes in user demand”.

For Allehaux and Tessier (2002), a property becomes functionally obsolete when it fails to perform
its function. (Gomezt al 2012) discussed the concept of functional obsolescence and highlighted
potential causes that are functional, economic, technological, socio-cultural and legal. All of these
factors influence the evolution of the asset over time. The concept of functional obsolescence
mentioned by (Gomeet al 2012) seems interesting for us because it concerns the functional value

of the asset and its ability to perform its function. The functional obsolescence analysis cannot be
separated from the reliability analysis of the asset. Both analyses should be done at the same time
because a time-dependent relationship clearly exists between them. On the basis of this observation,
the functional obsolescence state can be defined as the state of the asset when it is not able to
perform its function any longer, i.e., the asset has become unreliable. The concept of reliability is
widely dealt with in the domain of safety systems. It defines the ability of equipment or an asset to
perform its function over time. Reliability is a function of time because it measures the right
operation of the asset beyond a certain tilhen the asset becomes unreliable, it is functionally
obsolete. According to the literature, the following types of asset values appear to be relevant: (i)
the capital or accounting value that depreciates over time. The estimation of this value is addressed
in depth; and (ii) the functional value that indicates how the deterioration of the structural and
technical condition can harm the delivery of the designated service of the asset. The functional
asset value declines during the service life because of the occurrence of unexpected events (failures,
breaks, leaks, increased roughness, etc.). It could be estimated based on its physical and hydraulic
deterioration. The estimation of the asset value is based on the measurement of the decline of its
usefulness, and not just on its capital value but on its functionality as well.

This article highlights the time-dependent relationship between the asset degradation at the
individual and network scale and the degradation of its function, making it possible to develop
innovative criteria for the purpose of improving multi-criteria renewal decision making. The current
approach involves the use of statistical models for physical deterioration based on censured data. It
aims at developing an innovative way to over cross limits concerning the use of survival analysis
models and their results (prediction, expected service life) in terms of input for the pipe renewal
decision-making process. The current research addresses the issue of asset value assessment, both at
the individual and the network levels, and how it decreases over time. It aims at improving the
multi-criteria decision-making process for pipe renewal by proposing criteria that combine both
technical and accounting aspects. In order to address the issue in question, this article consists of six
sections. The introduction defines the most important concepts with regard to the notion of asset
value and how our work is positioned in relation to the literature.
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In Section 2, we discuss the possible asset value according to three types of degradation: (i)
physical; (ii) hydraulic; and (iii) capital. An assessment function is discussed for each type. Section
3 details the existing methods and approaches for the diagnosis and the estimation of asset
degradation. This section also highlights the significant lack of methods that have yet to be
identified, and how they can be addressed. Section 4 presents the major improvements to the
existing approach and defines an analytical value function at the individual pipe scale. It also
discusses the main hypothesis of the proposed assessment approach. Section 5 describes the
implementation of the methodology on a real case study. Two types of results are presented: (i) the
decrease of asset value for a pipe, considering its functional, hydraulic and residual value; and (ii) a
feasible renewal policy obtained with a multi-criteria decision-aid model improved by asset value
criteria. Finally, Section 6 discusses the pertinence of the proposed methodology and how it can be
improved, particularly in the context of data scarcity

THE ASSET VALUE: THE CASE OF THE WATER PIPE ASSET

Decision making for renewal planning of water distribution systems is a sensitive and complex
process based on several criteria that include the condition level and its degradation over time. This
evolution depends on variables that are often not directly related to the service or the composition of
the asset. Factors related to the asset environment such as design, material, construction, climate
and loading have a major influence. This makes the monitoring of the reliability of the asset more
complicated because of the irregular frequency of failures, which leads to the incapacity of
forecasting the asset degradation curve over the time. Most of the time, the asset is not monitored
from the time of its installation. Because data are only available on a partial observation window,
they are censured, so the lack of data makes decision making very complex and unreliable. Another
challenge concerns the assessment of the asset function rendered. This study is based on the
hypothesis that a significant correlation exists between the deterioration of the asset and its
delivered service. The decrease of rendered services could be caused by the occurrence of breaks,
failures, leaks or unwanted events that harm the operation of the system and can lead to temporary
of prolonged service interruption. The increase of internal roughness affects the hydraulic capacity
of the pipe, requested pressure and demand could not be provided in some cases. Therefore the
presence of incrustation due to corrosion or other deposits can lead to a decrease of water quality.
These arguments are close to those mentioned by Rajani and Kleiner (2002). In that case, the asset
value decreases if the delivery of the service is disturbed or interrupted. In reality, an asset is
connected to other assets in the water systems, making it difficult to assess its function
independently from other components. The proposed approach investigates how it is possible to
assess the degradation of the asset over time and how this degradation can harm its function; the
asset value will depend on its condition and its capacity to perform required functions.

It is obvious that the decision-making process for asset renewal is a multi-stage process based on a
multi-criteria analysis (Tlili and Nafi 2012, Nafi and Werey 2009, 2010, Le Gaeffid. 2004,

2008)or a multi-objective approach (Haletl al. 1997; Nafi and Kleiner 2010). Even if interesting
approaches exist in the literature, the decision process concerning pipe renewal is still
misunderstood. Water utilities are generally constrained by other services such as sewer utilities or
roadwork to anticipate the renewal of assets, even if they continue to correctly ensure their function.

To address this situation, this study aims at highlighting innovative criteria for asset value
evaluation based on the establishment of a time-dependent relationship between the multiple
degradation of the asset and its impact on its function. The criteria chosen should: (i) improve the
decision-making process by avoiding the excavation of the pipe asset that still ensures its function,
but should be renewed because of other utility constraints; and (ii) offer mitigation criteria for other
public utilities in order to limit their pressures on the water utility. Many types of degradations can
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have an impact both on the function rendered and the asset value. It is recommended to develop a
better understanding of these potential degradations and to assess them over time. Degradation can
be summarised by two concepts: deterioration and depreciation.

This means that the asset value analysis should be performed not only on the physical and structural
state, but also on the capital or accounting value of the asset. What makes our approach innovative
is that we analyse the condition of the asset from both the technical and economic point of view.
The following section focuses on pipe asset analyses. The review of the literature allows identifying
three types of degradations for pipe assets that could have an impact on the asset value: the physical
or structural state, hydraulics as a function of the deterioration of the carrying capacity, and the
capital depreciation.

Thefunctional value and physical deterioration

Based on the existence of a significant correlation between the decrease of the functional value and
the physical deterioration, the absence of deterioration means that the functional value is
unchanged. Therefore, the assessment of the functional value is done in a subtractive way: the value
declines when the asset physically deteriorates. A way to deal with functional value assessment is to
better understand the physical deterioration and how it can be measured over time.

Physical deterioration has been widely dealt with in the literature. An interesting review is
presented in Kleiner and Rajani (2001). The authors highlight the main approaches for structural
deterioration analysis by distinguishing between those based on statistical models and those based
on specific models for a description of the physical deterioration. The first approach is based on the
statistical analysis of a set of historical data gathered on an observation window. Data concern
endogenous variables (failures, length, roughness, diameter, pipe material) and exogenous variables
(soil occupation, soil type, traffic load, temperature). The use of statistical models makes it possible
to establish correlations between pipe failures occurrences and significant covariates in order to fit
functions for failure prediction or to assess survival functions at the scale of individual pipes or
cohorts. Two types of statistical approaches are implemented: regression and parametric survival
analysis. Shamir and Howard (1979) used an exponential model for pipe prediction and the model
was adapted for economic assessment of renewal policy by Walski and Pelliccia (1982)t(Clark

al. 1982) used a linear regression to predict the number of failures. Constantine and Darroch (1993)
and (Constantineet al 1996) investigated a model based on a Poisson process for breakage
occurrence. In the same way, other applications have been done based on the Non-Homogenous
Poisson Process (NHPP) proposed by Rgstum (2000) and Kleiner and Rajani (2001).

The second type of statistical model is based on a reliability approach. It plebiscites the use of
survival analysis models by using the proportional hazard model developed by Cox (1972) or an
adaptation of it.

Several applications at the individual water pipe scale or at the cohort level have been done (Marks
et al 1985; Andreolet al 1987, Eisenbeis 1994, Le Gat 1998, 1999). The models used highlight
significant covariates for breakage prediction. An interesting observation has been made on some of
the applied models about the existence of an accelerated period for the deterioration process, which
could lead to a decrease of the function rendered and could help the decision maker to prioritise
pipe assets. Another approach, the cohort survival model Herz (1996), based on expert opinion,
was dedicated to pipe cohorts. The model makes it possible to fit the survival function for groups of
pipes and the appraisal of an expected service life.

Physical deterioration models focus on the behaviour of pipes in terms of internal and external
pressures. Deterioration mechanisms are complex and not completely understood. These
mechanisms involve three main aspects: (i) pipe characteristics and the quality of installation; (ii)
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internal and external loads due to pipe pressure, traffic or environment; and (ii) material
deterioration due to external and internal chemical, bio-chemical and electro-chemical interactions.

Rajani and Kleiner (2001) proposed an interesting review of models dedicated to physical
deterioration. Even if these approaches seem relevant, our approach does not deal with the
mechanisms of mechanical deterioration but instead explore the way to adapt statistical analysis to
describe physical deterioration using the collection of data related to unexpected events.

Most of the cited models and approaches aim at establishing a correlation between observed
physical deterioration and covariates in order to predict the cumulative number of breakages on a
time window. The results obtained should be used as an input in the decision-making process for
pipe renewal, but no clear indication exists about how failure predictions should be used. Part of
this question is addressed in the literature by the use of breakage prediction in an economic analysis
based on the balance between the discounted total cost of failures and the discounted cost of pipe
renewal. When the cost of failure exceeds the cost of renewal, the pipe becomes economically
unviable. It is a candidate for renewal even if it ensures its function. The use of this approach may
help to identify the pipe candidates for renewal. It also may estimate the optimal economic date of
their renewal by combining economic and structural deterioration criteria but it neglects their
capacity to deliver their function which can be considered as a shortfall.

Theoretically, if the physical deterioration is not related to the degradation of the delivered function,
the pipe can break indefinitely. Therefore, the prediction of future breaks is not sufficient in itself

to make decisions concerning the analysed pipe asset. Thus, the observation concerns the survival
function performed in the references cited, where the data were generally right-censured which
indicates that the analysed asset is still in operation. Even if some pipes are removed, the cause of
excavation is not necessarily related to their physical deterioration but to multiple reasons (sewers
or roadwork, pavement refection, interventions on other buried infrastructures, urban development,
etc.). For all these reasons, it is necessary to link physical deterioration and the degradation of the
function ensured by the asset considered to improve the decision-making process.

Thefunctional value and hydraulic deterioration

The hydraulic deterioration of the pipe asset has an impact on its function and obviously decreases
its functional value. Within the scope of this study, the hydraulic deterioration is analysed at the
individual pipe level. Concerning hydraulic deterioration, two closely-related concepts are widely
treated in the literature: the decrease of hydraulic capacity of the pipe asset and the concept of
hydraulic reliability. The decrease of hydraulic capacity is related to the variation of the carrying
capacity of the pipe since deterioration of the internal pipe wall causes an increase in roughness or a
decrease in the internal diameter that harms its hydraulic operation. Colebrook and White (1937),
Hudson (1966) and Sharp and Walski (1988) investigated the increase in roughness and its variation
over time for unlined cast iron (Cl) pipes. Most applications of these approaches aim at improving
hydraulic simulation models of the water network in order to better match its real operation over
time by taking the decrease of the carrying capacity of pipes into account. Because the hydraulic
system is a connected network, reliability also depends on its topology. The location of pipes and
other hydraulic organs have a different influence on the operation of the network, especially when
unexpected events occur. Two concepts of reliability are mainly discussed in the literature:
topologic reliability and hydraulic reliability. They complete the reliability analysis of each
component itself by extending the analysis to all components that belong to a system. The topologic
reliability deals with the impact of the occurrence of an unexpected event on the connectivity of the
network. It expresses the existence or not of links between the nodes of the network and a source
node that continue to supply the connected nodes (Otsffelld2002, Rgstum 2000). According to
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(Xu et al 1999), hydraulic reliability is assessed by the capacity of the network to deliver the
required demand on nodes with a defined minimum pressure level.

Hydraulic reliability depends on both the failures of hydraulic components (pipes, valves, pumps,
leakage, bursts) and the decrease of hydraulic capacity that depends on pipe deterioration (increased
roughness, corrosion, etc.).

(Wagneret al 1988) defined two notions in relation to hydraulic reliability: (i) reachability that
deals with the probability of a given node (consumer node) to be connected to one or more source
nodes; and (ii) the concept of connectivity that estimates the probability that all the nodes of the
network are connected to a minimum of one source node. Shamsi (1990) and Quimpo and Shamsi
(1991) defined NPR (Node Pair Reliability) as the probability that a given node is connected to a
specified source node. Topologic reliability appears to be linked to the research of a path between
the network’s node and one or more source demands, without considering the hydraulic aspects
such as pressure, flows and demand. It is clear that even if possible paths exist, and that the delivery
of water is possible, the service level is not necessarily ensured. Todini (2000) indicates the
importance of taking the topology of the network into account in the decision-making process by
comparing the reliability of a network with mesh and branch topology, for example. The topology
of the network is not imposed by the utility manager but depends in most of the time on constraints
linked to the location of consumers, roads, natural obstacles and the presence of other networks:
gas, sewers and electricity. Todini (2000) defined the concept of resiliency as the capacity of the
water distribution network (WDN) to ensure a correct operation when an unexpected event
occurs and restricts the impacts. For the author, the WDN should be able to deal with temporary
incidents when the degradations are considerable. The reliability of the network therefore depends
on its capacity to decrease the impact of the occurrence of failures on its operation. Ormsbee and

Kessler (1990) defined redundancy as a measure of the reliapility. Moderl and Rauch/(zo—{ Mis en forme : Couleur de police :

proposed an interesting model for vulnerability assessment of water pipes. It is based on (NoF

combination of specific performance indicator (PI) calculated from pressure and demand variation
due to abnormal condition in one hand, and a spatial risk assessment in other hand. Several
reliability (or critical) indices and indicators have been computed based on the relationship between
demand and pressure established by (Wagheal 1987). Most of these indices compare the
delivered volume of water before and after failure occurrence or took the variation of demand and
pressure on the hydraulic model into account.

According to the literature review, the hydraulic deterioration seems closer to the concept of
hydraulic reliability that can be defined on the basis of the topology of the network than on its
operation. It is clear that the hydraulic deterioration can be assessed at the pipe scale (on an
individual element of the whole system) or that it can be measured on the whole operating system.
In the current work the hydraulic deterioration analysis is used to estimate the functional value at
the individual pipe level.

Theresidual value and capital depreciation

From an accounting point of view, a water pipe is a tangible asset characterised by a capital or
accounting value that is maximal at its installation date and that corresponds to the amount of
capital expenditure (CAPEX), also referred to as historical value. The value depreciates over time
because of the use of the asset, deterioration and possible obsolescence. The loss of value estimated
by the amount of depreciation is theoretically equal to the amount of accounting amortisation over a
period of time. This period of time is known as the expected service life or useful life, which
corresponds to the desired time period when the pipe asset correctly delivers its function. For pipe
assets, the expected service life is generally considered to be between 50 and 70 years. The
legislation encourages the asset's owner to amortise tangible assets over an estimated service life
period that makes it possible to compensate for the depreciation of the asset value. Even if
accounting depreciation practices are not new, they were more commonly used for private
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enterprises in the past and not widely applied for the management of public infrastructures. Water
utilities have not been used to amortise network assets or to constitute a reserve for self-budgeting.
The practice of depreciation has been developed by the implementation of specific public sector
accounting standards boards, (PSASB) (FRS 1999, DGCL, 2004, CICA 2007, IFRS, 2012, AASB
2013) for water and wastewater utilities in several countries.

The PSASB provides recommendations and detail how the asset should be analysed and how
accounting should be practiced. They define specific rules and parameters concerning the type of
depreciation, its duration (expected service life) and the installation value that should be taken.
Graham (2007¥escribed the current practices used in the calonlaf depreciation infrastructure

assets held by Australian ‘not for profit’ entities such as local government and water authorities. He
defined depreciation as the irreversible reduction of the status of an asset, spread out over a period
of time, which is an accounting recognition of a reduction in the value of the asset due to usage,
time, changes in technology, etc. Generally, depreciation is deducted from the original values in
order to show the net book value of fixed assets.

The depreciation is calculated by an annual amortisation amount that assesses the annual decrease
of the asset value in the elapsed year. The difference between the initial value of the asset and
depreciation makes it possible to estimate the residual value of the asset concerned. We assume that
the asset capital value on timis equal to the residual value. The accounting depreciation indicates

the economic obsolescence of the considered asset, but constitutes a source for self-budgeting for
the asset owner at time From an accounting point of view, the amount of depreciation is
considered as a non-cash charge, which can be reinvested to renew the pipe asset.

Because of the inflation and the importance of service life of the pipe asset, the total depreciation
amount can represent up to 25% of the budgeting of a new pipe asset. The monitoring of residual
value can thus help decision makers to keep pipes with high residual value in place until the
investment is amortised. It is obvious that the water utility should maintain the pipe asset as long as
possible and should not excavate those with high residual value for two reasons: (1) there is no
market for excavated pipes, so even if the residual value is still high, the asset cannot be sold; and
(2) the utility loses the capacity to amortise itself over its entire expected service life. The early
renewal of the asset implies a loss of value for the water utility because it requires a new investment
with higher value than the historical one. The capital residual value is time-dependent: it can be
assessed at each time periday the functionV;;(t). It depends on: (i) the historical or initial value

of the pipe asseély at the installation datig; and (ii) the duration of the expected service Difeas
recommended by tHeSAB

Before assessing the capital residual value, the asset accounting depreciation must be fitted. Several
depreciation trends can be applied (linear, constant, increasing, decreasing). In practice, linear
amortisation is the most frequently applied trend. It assumes that the annual depreciation rate is
constant, which corresponds to a constant annual depreciation amount. The annual depreciation rate
AR for pipej is given by the following equation:

AR = o
=0
D (1)

]
The residual value decreases over time until it reaches zero at the end of the accounting life. The
residual valué/y (t) of a pipg at timet is computed from the new value in new conditiGpor the
historical value of the pipe, and the accounting lifetibne The calculation is as follows:
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Y()= AR(D - Ags(t))
@)

where the age of the asgett timet is obtained by:

Ageg () =t-t,

3
where § is the installation date. ®)
Equation (2) becomes:

Y()=-ARt+AR.(D, +t)
4

The capital residual value function is obtained according to a linear equation with a negative slope
of (-AR) and constant ofAR.(D;+tg)).

The residual value can be evaluated on a cohort of pipes by summing up the weighted values of
individual pipes with a length, for n pipes. Because the capital value of the pipe is correlated to
the pipe length, the residual value is obtained as follows:

le V; ()

V()= 2— (5)

2

j=1
Because of left-censuring of financial data, the historical value of assets installed decades ago is
unknown. The lack of this information makes it difficult to estimate the annual depreciation rate
AR. To tackle this problem, the residual value at a given time can be measured by the relative value
V' (t) that expresses a percentage of the remaining value as follows:

. V. (t
Vr (t) = ”7()
Vo, (6)

By substituting these equations fg(t) and \4;, respectively, the following equation is obtained
for calculating the relative residual:

D, —(t-ty)

Vi) =
' D, 0

It can be observed that this equation depends on the installation date and the expected service life.
The maximum value is equal to 1 when the asset is new, and decreases over time to 0 at the end of
the asset lifetime. The residual value is therefore correlated to ageing. The purpose of recording
depreciation is to show the decline of usefulness of an individual or a group of assets. The equations
presented make it possible to estimate the residual accounting value in an interesting way for
counterbalancing the lack of data concerning the installation value, which is rarely available.
Beyond the assessment, this study aims at using the monitoring obtained to carry out a joint analysis



Author-produced version of the article published in Structure and Infrastructure
Engineering: Maintenance, Management, Life-Cycle Design and Performance, 2015, 11 (2) 194-209
The original publication is available at http://www.tandfonline.com/, DOI: 10.1080/15732479.2013.862728

of the capital and functional value of the pipe asset. This way of dealing with the problem is
innovative since the deterioration of the function performed by the asset is not completely
correlated to the capital depreciation or the physical or hydraulic capacity degradation, but is the
combination of all of them. It can also be linked to specific factors such as caducity or
obsolescence. The proposed approach also investigates the possibility of maintaining an old asset or
an asset with low capital value in operation, particularly when the asset continues to deliver the
needed service.

Many questions arise about these concepts of depreciation and deterioration because phenomena are
simultaneous, time-dependent and concern different aspects of the asset. Concerning the decision
process for pipe renewal, this study addresses how and when the pipe asset should be renewed in
order to reach a trade-off situation that will ensure a low capital residual value and a high functional
value. The figure below clearly illustrates the problem and raises the question of how the increase
of knowledge about the deterioration and depreciation functions can help us to improve decision
making for pipe renewal. The challenge is to help decision makers to use the analysis of asset value
to enhance their decision-making process.

[Figure 1. near here]

RELIABILITY ASSESSMENT AND SURVIVAL ANALYSIS APPROACHES: STATE OF
THE ART AND POTENTIAL IMPROVEMENTS

This section discusses the main approaches dedicated to the survival analysis used to deal with the
problem of reliability assessment. The survival analysis applied for technical devices is generally
based on statistical models adapted from the domain of biology and epidemiology. By analogy with
the birth and death events of individuals (or species), a pipe asset is considered to be similar to
individuals within a population (in our case, the pipe network), which is damaged by unexpected
events (failure, breakage, interruption) assimilated to a death. In the survival analysis, the
occurrence of an unexpected event on a pipe is considered to be a "death", and the repair of the pipe
asset leads to the birth of a new individual that lives until the next event occurs.

Christodoulou(2011) defined survival analysis as a branch dfssies that addresses deterioration

and failure over time by modelling the elapsed time between initial events and the next tracked
event, from a population of observed objects (assets, individuals, components). Survival analysis is
based on the analysis of data concerning event occurrence. These data are left-censured, which
means that the observation of the asset did not start at the time of the installation. Another type of
censuring concerns right-censored data, which means that the condition of the analysed asset is
unknown after the observation date. This is the situation that mainly characterises the pipe asset,
which is damaged by several events but that could operate if it is repaired. Three types of assets can
be defined: (i) non-repairable assets, for which the function is interrupted when an unexpected event
occurs (death); (ii) repairable assets, not right-censored, that correspond to the situation where the
asset is faced with unexpected events but continues to operate until an observed end of life; and (iii)
repairable assets, right-censored, that correspond to the situation where the asset faces unexpected
events but continues to operate until an unobserved end of life. The first situation is largely
addressed in the literature by the use of two types of survival analyses: parametric and non-
parametric analyses.

Parametric survival analysis

Parametric survival analysis has been widely dealt with in the literature and is commonly based on
the Weibull density probability functiofit) to describe elapsed time between the occurrence of
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failures and ends of lives (Lee, 1992). Survival analysis is based on the calibration of the survival
function St) that estimates the likelihood that an asset will continue to function at least beyond a
timet where T is the time elapsed from the installation date or observation dadié)atite hazard
function that indicates the intensity of failure occurrences where:

9= AT t):l—TLf(u)du ©

The hazard function corresponds to the conditional probability to survive untit time fails at
time ( + 4t). The analytic expression is given by the equation below:

PUST<t+At/T21t) _ (1)
At S(t) )

h(t) =, lim,

[Figure 2. near here]

The second and third situation concerning data censuring and asset repair characteristics are
partially addressed by the survival analysis. In spite of improvement through the use of exogenous
and endogenous covariates, a better understanding of the structural deterioration processes such as
those implemented on the Proportional Hazard MdeleM) or Non-Homogeneous Poisson Model
(NHPM) makes it possible to improve the prediction of cumulative failures for the pipe asset.
Statistical models were designed to predict events, but not necessarily for survival functions fitting.

Non-parametric survival analysis

The widest approach dedicated to investigating the duration of an individual’s life based on
population data is th&aplan-Meier survival analysis metho@Kaplan & Meier, 1958). The
method was initially applied in the medical domain but has been adapted for survival analysis in
several domains. The object of the analysis can be individual, animal, equipment or any technical
device. It is based on the following hypotheses: (i) each individual is tracked on an observation
window where only one event can happen (failure, death). The method is mainly adapted for
uncensored data or for right-censured data, which means that the individual is still in life beyond the
end of observation; (ii) the method analyses the occurrence of events on a population of individuals,
e.g., a population with decreasing cardinals; (iii) for technical devices, the method is applied for
non-repairable equipment, and the occurrence of an event corresponds to the end of life of the
device. The method is broadly implemented to measure how long it takes for any tracked event
occur, e.g., for a technical asset, the time until the end of service life or the time until failure occurs.

Based on the hypothesis that an asset is considered out of order (dead) when a failure occurs, the
method counts the number of operating assets (individuals alive) and of those out of order (number
of deaths) that occur over intervals of time or at ttmEor each period of time, these data are
computed to assess two survival probabilities: i) the conditional survival probability function and ii)
the cumulative survival probability function.

The conditional survival probability functioB(t) at timet, is the probability of surviving beyond a

timet based on the record of deatl{s) that corresponds to the total number of deaths that occurred
(or out of order equipments) at timeor over the time period t, angt) that corresponds to the

-10 -



Author-produced version of the article published in Structure and Infrastructure
Engineering: Maintenance, Management, Life-Cycle Design and Performance, 2015, 11 (2) 194-209
The original publication is available at http://www.tandfonline.com/, DOI: 10.1080/15732479.2013.862728

number of individuals still alive in the population with respect to the consttéing n(t). The
ratio betweertd(t) andn(t) estimates the mortality probability or death probability at im& (t) is
obtained as follows:

s0=1-29
n(t) (10)

Equation (10) makes it possible to assess the cumulative survival fug)iaheach time step t.
It is obtained by the cumulative product of the conditional probabilities from the beginning of the
observation window until timeas follows:

IENTO)
S“)"D( n(i)J )

The survival function curve plot is a concatenation of horizontal steps with constant magnitude over
a time step until the next event occurs, implying a decline of magnitude. The curve forms a stair-
step shape.

Since the survival function estimates the likelihood of an asset to still operate ovet,dttoaa be
used to evaluate the residual physical functional value of an asset.

The popularity of the Kaplan-Meier method can be explained by its simplicity of implementation
and the ease with which conditional probabilities can be assessed. It seems relevant in certain
domains with respect to the method’s hypothesis. The method is better adapted for non-repairable
assets, where the asset is replaced by a new one when it fails.

In the case of pipe assets, the use of this method requires its adaptation, which implies violating its
hypothesis. A pipe asset cannot be excavated completely when it fails for the first time; this is
unrealistic and economically unfeasible. The first adaptation concerns the release of the constraint
concerning the number of unwanted events, which becomes greater than one. A pipe asset will be
excavated after a certain number of failures that make its structural condition fragile and affect its
function. In that case, an individual will die, not when the first event occurs but over a threshold of
failures that should be fitted. This situation is quite similar to the accelerated deterioration period
highlighted by models dedicated to parametric survival analysis. It is also close to the concept of
degradation states that is commonly used in the Markov chain process to define possible states of
the analysed state. This approach seems more adapted to repairable assets.

In fact, (Saldanahat al 2001) considered that the distinction between repairable and non-
repairable systems (or components) is not clearly established by the reliability community. In
reliability analysis, the use of the Markov chain approach has been used to perform the analysis of
inspectable and repairable systems. The analysis of asset condition is based on the definition of
deterioration states according to specific inspection diagnoses. The transition from one state to
another is characterised by transition probabilities. The use of the Markov chain approach for buried
water pipes is not relevant because of the difficulty to inspect pipes and to diagnose their states. The
method seems more relevant for inspectable assets (Shatatla?006).

INNOVATIVE APPROACH FOR THE FUNCTIONAL VALUE ASSESSMENT OF
WATER PIPES

The proposed approach for functional value assessment of the pipe asset is derived from the non-
parametric survival function analysis applied for discrete variables. It is a low level approach that
makes it possible to assess the function value of individual assets. The methodology developed is an
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adaptation of the Kaplan-Meier approach, Kaplan and Meier (1958). The proposed adaptation
enables calibrating an interesting residual function for asset value based on both structural and
hydraulic deterioration.

We assume that the functional value is composed of: (i) a structural functional value; and (ii) a
hydraulic functional value. The structural functional value is a particular adaptation of the concept
of survival function for repairable assets.

The functional value redefines the hypothesis of standard functional analysis by considering the
pipe asset as an individual that can “die” several times. This hypothesis relaxes the hypothesis
where the asset is removed (dies) when it breaks or fails, which can be true for non-repairable
assets. In the case of the pipe asset, there is no theoretical limit to the number of repairs (or breaks)
that leads to asset renewal. In reality, even if a pipe psset be indefinitely repaired, the utility
manager will decide to renew it after the cumulative number of failures goes beyond a certain
threshold, designated;. Another hypothesis concerns the non-censoring of failure observations
(right-censoring) at the end of the observation window, which assumes that the pipe asset still
operates and is not removed (does not die) at the end of the analysis, a situation that cannot be
treated by parametric or non-parametric survival analysis. The current method is developed in the
context of non-left-censured data, which means that the observation of the asset begins at the time
of its installation. The occurrence of an unexpected event (failure, breakage, leaks) deteriorates the
condition and harms the functionality at the same time. The instantaneous deterioration rate at time
with number of incidenta(t) observed for the asset pipis calculated by;(t) as:

n(t)

rt)=—————
=Y e (12)

For a repairable asset, it is obvious that a curative maintenance action partially or completely
restores the structural condition. In that case, the deterioration rate is attenuated by the restoration
rate, designateff and comprised between 0 andThe instantaneous deterioration rate is corrected

as follows:

- n(t)
O

The structural deterioration rate allows us to calculate the instantaneous structural functional value
fvsj(t) for the pipg at timet by:

fv, ,€) =17, (1)
(14)

When the pipe asset is observed over the observation window [0,T], the cumulative structural
functional valueFVs (t) is given by the following equation:

RV (T) = |] v, (1)

(15)
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The following section presents how the hydraulic deterioration of the pipe asset can be measured
over time. It is assumed that it is correlated to the change in pipe roughness over time, which has an
impact on the hydraulic capacity of the pipe and decreases its hydraulic function.

Colebrook and White (1937) were among the first to address the evolution of roughness over time.
Hudson (1966) investigated the variation &t‘Cover time for several water networks in the USA.
Sharp and Walski (1988) proposed an equation that described the effect of ageing'8h tid€
equation is as follows:

C™; €)= 18- 37.2Ln[(w:jmgi)]

i (16)
where gy the initial roughness value of pipe j when it is new

a;: roughness growttft(yr) in pipe j

D;: diameter of the pipp(ft)

g;: age of the pipe j at the present time (analysis period)

t: elapsed time from the present to the future

Based on previous elements, the hydraulic functional value foij gipemet can be calculated by
the ratio between Hazen-William coefficients as follows:

CHW (t)
c™(0) an

FV,; () =

The proposed equation does not deal with the decrease of the pipe section due to potential
incrustation over time. This aspect should be addressed in a future study. Beyond the possible
improvements of proposed assessment functions, it appears that the evaluation of the functional
value should be deduced from the structural and hydraulic functional values simultaneously. Many
analytic functions can be tested. They must ensure that the functional value is low if the structural
or hydraulic functional value is also low. Let's consider a threshofdr the hydraulic and
functional value below which the pipe is considered as candidate for renewal. Based on this
observation, a possible analytic function to assess the functional value is defined by the equation
18.

FV,, ) FV,, () if FV, () <1,0rFV, @) <1,

FVj (t) = K F\/s,j(t)+ kn'FVh,j(t) if FV (t) > l/and:V (t) >| o
ok, e

Wherek;s is the weight indicative of the importance of the structural function values,andicates
the importance of the hydraulic functional value. The weight values can be elicited from the
decision maker's opinion.
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The interpretation of the calculated values depends on the preferences of the decision maker and
how the deterioration types are sorted. Beyond this aspect, what should be relevant in the analysis is
the comparison between hydraulic and physical deterioration, on the one hand, and the residual
capital value, on the other. What will be interesting for the water utility is to maintain the installed
pipe asset that has been amortised, with low capital residual value and high or medium physical or
hydraulic value. In order to make the interpretation of the value obtained easier, the interval of
values between 0 tol is split into three intervals, each defining a category as follows: (i) “high
value” for values above 0.66; (ii) “medium value” for values between 0.66 and 0.33; and (iii) “low
value”, for values unddy=0.33. In order to help the decision maker to interpret the obtained value,
the following table indicates the situation where the pipe asset should not be considered as a
candidate for renewal; all other cases require possible replacement. The table 1 provides an
alternative way for water pipes prioritisation by analysing simultaneously obtained residual values
and without using a specific analytic function to assess the functional value.

[Table.1. near here ]
CASE STUDY

The methodology was applied to the same case study treated in Tlili and Nafi (2012). The network
is part of a real municipal network consisting of 147 cast iron pipes, with a diameter ranging from
150 to 250 mm and installed from 1951 to 1960. The pipe networks have been monitored since their
installation date, making the history of annual breakage available until 2003 (last observation year).
It constitutes an observation window with right-censored data. The total length of the network is
approximately 23 km. Two types of data are available: (i) the breakage events over the observation
window for each pipe; and (ii) the value df*€at the installation date and for the year 1997 (values

had been randomly generated). The implementation of the method is detailed in three sections. The
first section presents its application at the pipe level in order to: (i) assess the hydraulic, physical
and capital residual value; (ii) understand the evolution of each value and how it can be interpreted.
The second section addresses the assessment of functional values over the whole network and how
the results obtained could be used in the decision-making process. The last section shows how
criteria based on the concept of functional value can be used for a multi-criteria decision-aid
approach. Three innovative criteria (the structural functional value, the hydraulic functional value
and the capital value) are implemented according to a Normalized and Homogenous Weighted Sum
(NHWS) and compared to the result obtained in Tlili and Nafi (2012).

Individual pipe asset value

The method can be implemented at the pipe level in order to evaluate the decrease in asset value
over the observation window. Figure 3 shows the decrease of asset values on pipe N° 3092,
installed in 1955, with a length of 339 m and damaged by 21 breaks. For accounting purposes, an
expected service life oD3p9=70 years was chosen. It corresponds to the highest value
recommended by most public accounting boards for pipe assets. This theoretical duration makes it
possible to estimate the capital residual function at each time step, even if the historical value of the
pipe is unknown. This is made possible by using Equation 4.

Concerning the functional value, the tolerated number of breaks that defines the threshold for pipe
end of life @s099) is equal to 25 breaks. The restoration rate defineg isyfixed at 25%. Both
parameters were defined according to an elicitation process with the water utility decision maker.
The parameter values are considered similar for the entire pipe network.

Various decline trends can be observed. The decreases in capital, hydraulic and physical values are
completely different. The physical deterioration appears to be faster than the capital and the
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hydraulic deterioration. At the end of the observation window, the relative residual capital value can
be estimated according to Equation 7, wher@&=2003) = 0.31. The structural functional value

FVs 3092(t = 2003) = 0.26 and the hydraulic valb¥, 309o= 0.85. It is clear that at 48 years of age,

pipe asset N° 3092 is still in good condition from the hydraulic point of view, but has physically
deteriorated as shown by the low structural value. Both the structural and capital residual values are
low. Consideration of the pipe asset as a candidate for renewal depends on the weight of the type of
deterioration in the decision process. If we focus on the hydraulic deterioration, the pipe can be
considered to be in good condition, in which case it should not be selected for renewal, but
according to its capital and physical deterioration, it should be removed because its value declines
and converges to 0. In this case, the pipe becomes a candidate for renewal with a time to be
candidate for renewal, TCR = 48 years. The analysis of Fig. 3 indicates that the proposed
methodology makes it possible to monitor the decrease of value depending on three types of
deterioration. The interpretation of results depends on the priorities and preferences of the decision
maker. In the event of the same preference, weights are similar and equéltk-1], and the
functional value of pipe N° 3092 can be calculated by the equatiorF18agt=2003) = 0.22 with

[,=0.33.

[ Figure 3. near here]

It is essential to plot the three functions representing each type of residual value in the same graph.
It makes it possible to compare and diagnose the pipe asset based on several asset values in the
same time. The calculation of an average value by considering a functional value leads to a decrease
in knowledge with regard to the asset condition. The analysis of several residual values
simultaneously offers more flexibility and helps the decision maker to diagnose the condition of the
asset from various point of view which leads to adapt the decision according to his priorities. The
following section focuses on the sensitivity of the pipe selection process to the value of the
parametersr and 8. They are inferred on the basis of the utility manager's opinion. The values of
these parameters are ad hoc and depend on each water utility context.

Sensitivity analysis of theresidual structural value

The evaluation of the structural deterioration depends on two parametemsd S These
parameters are fitted by the decision makers based on their knowledge of the network and their
preference for pipe asset prioritisation criteria (pipe location, closeness of other buried
infrastructure works, concerned consumers). It is clear that the parameter values will influence the
pipe selected for renewal. To tackle this situation, a sensitivity analysis was carried out by testing
several possible values for the parameters. First, brand ranges of valaesrging from 5 to 40

were tested. The variation of the value has a strong impact on the residual structural value that
oscillates between 0 and 0.63. When the valua & low, the decrease of the residual value is
rapid because the pipe is considered to be vulnerable and critical as a result of the number of breaks
or failures. In contrast, this value decreases slowly when the threshold of the acceptable number of
events is higher. This type of analysis should be carried out at the pipe level or the level of the
cohort of similar pipes in order to help decision makers to fit a compromise valwadéoording to

the context of the water utility and their preferences. Another way to fit th@rameter value is

based on the search for the optimal number of breaks that minimise the discounted total cost of pipe
(considering replacement and maintenance) at the date of simulation. This can offer a mitigation
solution that is exclusively based on the economic dimension. Improvements have to be made in
future studies in order to more effectively fit thgparameter value.

[Figure 4. near here]
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[Figure 5. near here].

The variation of the structural value according to the restoratiorGraseillates between 0.19 and

1. It depends on the capacity of the impact of the curative maintenance on the pipe condition. Two
extreme situations can be observed: 1) wfda equal to 0, it means that maintenance does not
restore the previous level of the asset condition. Therefore, in this situation, the structural residual
value decreases to its lowest value of approximately 0.19; 2) under the hypothesis that maintenance
makes it possible to restore the entire condition, the residual value is always equal to 1. Both
situations are obviously unrealistic but allow the decision maker to fit the vajdeafording to

values comparison to the extreme cases. As for the calibration of vhéue, the same type of
analysis is recommended at the pipe level or the level of the cohort of similar pipes tofit the
value. The value off seems to be time-dependent because the effect of the curative maintenance is
not the same over time and the restoration rate could decrease in the case of ageing assets.

The sensitivity analysis highlights the importance of the fit of parametansl3 and how they can
influence the decrease of the structural residual value and the TCR. The calibration process is
therefore important and difficult. It offers flexibility to the decision maker in terms of adapting
values from pipe to pipe or group of pipes, depending on their importance in the water system
operation. To match realistic conditions, the values of parameters should not be constant from pipe
to pipe or from one time step to another. They should be adaptable and depend on specific
covariates derived from pipes and their environmental characteristics, on the one hand, and the
effect of maintenance and technological advances in over time, on the other. The calibration and
selection of parameter values is the decision maker's prerogative.

Analysis of residual value on the whole network

In this section, a descriptive statistical analysis of hydraulic and capital residual values on the whole
network is carried out for fixed values 0£25 andp= 25%. The analysis aims at diagnosing the
whole trend of pipe asset conditions. It uses the obtained residual values at pipe level in order to
describe the repartition of the obtained values into classes. For each class, frequency of value’s
apparition is assessed, which allows plotting the residual values distribution and cumulative curve
on the whole network for the structural functional value in Fig.6.a, for the hydraulic functional
value in Fig.6.b and for the capital residual value in Fig.6.c.

[ Figure 6a. near here]
[ Figure 6b. near here]

[ Figure 6¢. near here]
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The analysis of the distribution of the structural functional value displayed by the Fig.6.a shows that
more than 90% of the pipes have values over 0.7. Concerning the hydraulic aspect, more than 90%
of the pipes have a high hydraulic functional value comprised between 0.6 and 0.7 as shown by the
Fig.6.b. This global trend indicates that even if the residual capital value tends to decrease to low
values, the structural and hydraulic functional values are still high, which indicates that the network
is still in good condition and is able to perform its function, even if 2/3 of the capital value had been
amortised. According to Fig. 6.c, more than 90% of the pipes have a medium capital residual value,
comprised between 0.33 and 0.4.

The proposed approach could encourage the decision maker to monitor the water network without
renewing a large number of pipes, as was observed for this network where only three pipes (2% of
the total length) have a structural functional value under 0.33. The analysis of structural, hydraulic

and capital residual values offers an interesting insight into the current condition of the network. It

makes it possible to globally assess its condition in order to adapt the renewal policy.

Innovative criteriafor multi-criteria analysis

This section explores the use of criteria based on the concept of functional analysis as input for a
multi-criteria analysis. A test was performed by implementing the Normalized and Harmonized
Weighted SumNHWS proposed in Tlili & Nafi (2012) on the three criteria built according to the
concept of asset value: functional, hydraulic and capital residual value. The results of pipe sorting
based on the previous criteria were assessed by specific indicators (the number of avoided breaks,
the number of previous breaks per replacement, the number of contiguities, the average replaced
pipe length and the amount of savings due to mobilisation). This analysis was compared to the one
carried out for the eight other criteria defined in our previous study (breakage rate, demand,
hydraulic capacity, residual lifetime, component of loop or branch, material, diameter and
clustering). The comparison was done over a time step defined as follows. The observation window
was split into two intervals: a calibration period as of the time of installation and up to 1995, and a
validation period between 1996 and 2003. It should be recalled that the solution recommended by
the NHWS approach in Tlili and Nafi (2012) concerns ten pipes that represent approximately 5.61%
of the total network length. The same multi-criteria approach was implemented on the three criteria
presented above. Pipes were sorted; a selection of those representing 5.60% of the total network
was done, corresponding to six pipes. The assessment of the two sortings obtained based on the two
different sets of criteria was carried out according to the indicators defined above. The values are
plotted on Fig. 7.

Analysis of the results shows that a small difference exists between the two applications. The main
difference concerns the number of breaks avoided (calculated over the validation period), whereas
the proposed approach shows that only seven breaks were avoided instead of nine. Another
observation concerns the number of concerned pipes and their average length. The proposed
approach focuses more on taller pipes with an average length that is twice as great. A significant
difference concerns the previous cumulative breaks calculated for the calibration period and for the

same percentage of the network length. The cumulative breaks are higher with 52 breaks for six
pipes, compared to the solution obtained by the other set of eight criteria with 42 breaks for ten

pipes. The criteria based on the asset value seem involving more the structural deterioration.
Concerning savings due to mobilisation, the proposed approach does not result in significant

savings because it does not ensure any gathering of work sites.

[Figure 7. near here]

The implementation of a multi-criteria approach based on criteria inspired by the asset value
analysis leads to a pipe sorting with relevant assessment indicators. The tested sets of criteria could
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complete the multi-criteria approach by better considering the structural deterioration of pipes,
which is not sufficiently taken into account since it is indicated by the indicator, “the cumulative
number of previous breaks”. The proposed criteria based on the asset value offers a trade-off
between the number of criteria chosen, the complexity of criteria building and the relevance of pipe
sorting obtained.

SUMMARY AND CONCLUSION

Like all other types of assets, the assessment of the condition of water distribution networks and
their depreciation remains a rather complicated task. The prioritisation of pipe candidates for
renewal depends on both the multi-criteria approach to be implemented and the decision criteria that
can deal with technical, hydraulic, structural and economic dimensions. Criteria were weighted
according to the decision-makers' opinions. The added value of the current research is the
consideration of new dimensions in the prioritisation process for the renewal of drinking water
pipes on the basis of the concept of functional value and asset depreciation. The aim of this study is
to develop a conceptual framework around the functional value of an asset in order to mitigate its
condition and help decision-makers to plan renewal policies in independent way with regard of
other utilities constraints. The functional value was studied according to three different forms of
degradation: structural, hydraulic and accounting. The proposed assessment functions for functional
values should be improved by taking more covariates into consideration, as well as the issue of left-
and right-censored data. The sensitivity analysis showed that results can be strongly influenced by
the choice of the values of tlleand S parameters that represent the maximum number of incidents
and the percentage of restoration due to maintenance actions.

Obviously, the choice of the values of these parameters depends mainly on managers’ opinions and
their degree of requirement or tolerance.

This paper focused on two main analyses using two types of data: i) historic of failures and ii)
accounting data. The first part emphasized the evaluation of each of the three functional values: the
structural value based on the rate of deterioration and the number of failures, the hydraulic
functional value based on the instantaneous evaluation @@ tiecoefficient, and the accounting

value based on a depreciation analysis approach.

The second part underlined the asset value at the level of individual pipes and at a larger scale by
considering the whole network underlying their contribution to the decision-making process in
terms of the prioritised pipe candidates for renewal. A sensitivity analysis was carried out to show
the variability of the residual functional value and the shape of its depreciation curve by varying the
values of ther and g parameters. The sensitivity analysis helps the decision maker to better assess
the global condition of pipe assets. Obviously and as already mentioned the asset value is also
influenced by the percentage of recovggyhat indicates the impact of maintenance and repair
actions. The measurement of these action impacts and the description of the relationship between
the action and the recovery of the state are still misunderstood. These aspects should be addressed
in a future study.

Another aspect to be emphasized here is that the calibratimamd S parameters also depends on
the hydraulic importance of a pipe. Even if the notion of hydraulic importance seems more
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interesting in the case of a branched network characterised by low resilience, a pipe which is
upstream of a drinking water distribution system connected to a tank should have an elevated
functional value, a low failure tolerance and a maximum recovery rate in order to be maintained.

The current study developed a conceptual framework for assessing the value of assets through the
notion of functional value and the depreciation concept. This methodology confirms the hypothesis
that aging assets could be maintained because they still perform their functions. The results are
sensitive to changes in the parameter values that reflect the opinions and the requirements of
decision makers and water utility managers. The present approach must be improved by carrying
out a survey of more specific functions for assessing the asset value.

This methodology offers a good compromise between the analysis of the past and the future
according to the occurrence of failures and the functional state of the asset. The results obtained are
encouraging. They clearly highlight the relevance of considering both the physical and accounting
depreciation in the ageing analysis of pipe assets. The proposed framework addresses an important
challenge concerning the maintenance of ageing pipes in order to avoid unnecessary expenses and
to limit the risk of not excavating a deteriorated pipe asset. This can help the water utility to better
mitigate pipe renewal and provides them with an argument they can use with other utilities to avoid
the excavation of pipes that are still in good physical condition. This could eventually be used to
save money that could be used to renew more sensitive and deteriorated assets.
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