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Abstract

Break prediction models can help water utility dem-makers to build their pipe rehabilitation prags. For a long time
using them has been a specialist matter. After niwe fifteen years of research in the field of dgeing of water pipes,
Cemagref developed the LEYP model based on couptimgess theory that relies not only on the pipbaracteristics and
environment but also on pipe’s age and previouakseThen it was decided to develop a break piieditbol usable by

water utilities - the “Casses” freeware. To makis fhossible, it was necessary to deal with sevawaktraints. To cope
with the diversity of available data for varioustesmutilities, a flexible input data formats werestgned as well as an
importation module which checks the conformity @hd coherence of data. Tools for data managemehtaanadvice

module dedicated to model calibration were conakfiee non-statistician users. The break predictiesults can be used
directly to compare break evolution with differeahabilitation strategies; they also can feed rotitéria decision tools. In

this case, the freeware “Casses” can work as &e’slaf the integrated application.

Keywords: Asset management, break prediction model, dripkiater networks, integrated software.

INTRODUCTION

Buried pipe networks represent more than 80% oftdked asset value for water distribution systems
and therefore their management is an importaneigsuwater utilities. The service life expectamdy
pipes can be long — there are pipes laid over Ezl@syago still performing adequately. Conversely,
because of their material, installation conditiohgdraulic regime, environment or water quality,
certain newer pipes are decaying and need to b@cezpearlier. Breaks in water distribution netvgork
have several consequences including disruptiorsenace, traffic interruptions and water loss; #os
are one of the major factors dictating rehabiliatiof pipelines. Consequently, this has led to the
development of break prediction models for definirgnabilitation strategies in drinking water
networks.

The “asset management” team at Cemagref Bordeausthdied the ageing of networks for more than
fifteen years. The chosen approach consists imastig, the number of breaks for each pipe for a
future period by using data describing the pipksjrtenvironment and their break history. In 1994,
Patrick Eisenbeis proposed a statistical methoplined from epidemiology (Eisenbeis, 1994; Le Gat
and Eisenbeis, 2000). Then, in the frame of theofean research programme CARE-W “Computer
Aided Rehabilitation of Water Networks”, which wasarried out between 1999 and 2002, the
pertinence of the model was demonstrated and Il&ietdevelopment of the prototype software: Care-
W-PHM (Torterotot et al, 2005; Eisenbeis et al 200Gter that, between 2003 and 2005, Cemagref
and G2C Environnement carried out the SIROCO ptojetch aimed to develop an integrated

decision support system to prioritize pipes foratahtation adapted to small and medium sized
companies (Renaud et al 2007). In the continuatiothese works, Yves Le Gat developed a new
break prediction model in his PhD thesis (Le G&09). It involves a statistical model based on a
counting process, and which relies not only ongipe’s characteristics and environment but also on
its age and previous breaks. The model is a liegtension of the Yule process (LEYP). The Yule



Process, also called Pure Birth Process, is aicégsol for modelling repeated events occurrences
the theory of Yule process is presented e.g. isR@83. Formally, the linear extension of the Yule
process consists in adding memory of the past sventthe non homogeneous Poisson process
(NHPP); a comprehensive presentation of the NHPFbedound in Lawless 1987.

During the research process, Cemagref developadtppe software designed to use the statistical
models, but in fact, these tools were dedicatespxialist users and it was not possible to disteib
them. At the same time, more and more drinking watidities wanted to integrate break prediction
results in their asset management decision pro€amssequently, Cemagref decided to develop the
freeware “Casses” to enable drinking water utiitte use the LEYP model for break predictions of
drinking water pipes (Cemagref, 2008). To make gussible, it was necessary to deal with several
constraints; notably to cope with the diversityavhilable data for various water utilities and &dph
users who are not specialists in statistics todmallevant models.

After a presentation of the LEYP model, this pagiers to highlight the stakes of the changeover from
research to practice and then goes on to descabette final freeware, “Casses”, can be practically
used. Due to the limited size of this paper a fsidias been given to methodological aspects, and
practical illustrations are consequently only byiefxposed. A next companion paper will be devoted
to case studies.

THEORETICAL OVERVIEW OF THE LEYP MODEL

Counting and intensity processes

The recurrent failures undergone by a water pipmfits installation until time are accounted for by
the random functioiN(t), that starts wittN(0) = 0 and is incremented by 1 at each random failuane ti
Tj. N(t) is called a counting process, and can be givgrarametric representation as the Linear
Extension of the Yule Process (LEYP). The objectifenodellingN(t) with LEYP is to enable the
computation of the number of failures likely to océn any time interval, possibly in the future dan
hence to allow the ranking of pipes, in order teectethe most relevant candidates for short term
replacement operations, and to compare strategerstioe medium or long term.

The repeated failure occurrences according to LEY® driven by the random intensity process,
formally defined as the probability thal(t), experiences a jump at instantor equivalently as the
expectation of the differentialNft) = N(t + dt) — N(t). The intensity is hence the instantaneous failure
rate. Unlike the well known Non Homogeneous PoidBmotess, the jump probability bit) and the
expectation of N(t) depend on the value thidft) has reached just befare

The LEYP intensity function is designed to accdentmultiplicative effects of:
» Past failures, through the so-called Yule factor.
* Ageing, through the so-called Weibull factor.
« Covariates, which characterise the pipe and itf¥@mment, through the so-called Cox factor.

The intensity function is formally written & Ee{dN [N (t—),Z} =(+aN@E)ot e’ d

with the parameter vectc®' =(a J B)

It is worth mentioning that:



 The Yule factor(1+UN(t‘)) is linear and represents the effect of past faduthrough the
Yule scalar paramel@ ; it reflects the tendency of failures to accumeilain the same pipes.

* The Weibull factor increases the failure rate gsower of age through the Weibull scalar
parameteo .

« The Cox factoie?® makes that the LEYP model belongs to the clas@roportional Hazard
Models, with features similar to these of the Gahsed Linear Regression Models, through
the regression coefficient vecPr

A pivotal property of the LEYP is that its countipgocess is negative binomially distributed which
leads to an explicit formula for the expectatiortted counting process and makes the computations of

predictions fast and easEN(t) = a7 (") - 1) with A(t) =t?€?®

Correcting the selective survival bias

When attempting to apply the LEYP model to actualntenance data, a practical problem arises due
to the left truncation of known failure times ark tselection bias it generates. Maintenance data ar
generally available in electronic format since thea recent date (1975 at the earliest) and earlier
failures are unknown both regarding their time ofwrence and their number. What is even triclger i
that one cannot be sure to observe a complete gioqrul If, indeed, one considers a cohort of pipes
laid in the same year, the pipes that underwent n@my failures before the beginning of the
observation window are very likely to have beenlaepd, and very often, nothing is known about
them up to their replacement. One can thus betkate¢he older the cohort under considerationhis, t
more incomplete it is likely to be. This direct sequence of left truncated data is called a sekecti
survival bias. This sets a difficult problem regagdaccounting for ageing, as the failure rate may
appear to decrease with age.

Correcting the selective survival bias involvedidguishing between two types of events, whereas a
single type was considered until now. We considas two mutually dependent counting processes:

N(t)= N,(t)+ N, (t) with:
* Ns(t) relating to failures followed by a repair,
* Ny(t) relating to failures followed by a replacement.

e “ being the probability to stay in service after adk;, the intensity processes become:
E,{ dN, [N (), N, (),2} = (1= N (£ ) (2ra N(£)o &7 dt

Eo{ N, 0[N, (), N, ().2} =(1- €) (= N (¢ )(Ha N (£ )o T &P d
with: 0'=(a J ¢ B)

Parameter estimation procedure
Two sets of data are needed to estimate the LEY&hpers:

« One describing the pipe segments in service indexed i D{l,...,n} , within the observation
window, by giving their identifier, starting andopping observation ages and b, material,
length, diameter, and all other available covasiatez (water pressure, soil type, traffic type,
etc.)

« The other listing the failure datetj- ] =1,...M  recorded for each pipe along with its
identifier.



Using the counting process theory and namely thdymt integration tool presented by Andersen et al
1993, the likelihood function of the unknown mogarameters conditionally on the observations can
be built. The parameter estimation procedure ctsgidinding, by using a Nelder-Mead optimisation

algorithm with constraints > 0,5 > 1, > 0 the paramete®’ = (a od¢ B) that maximises the natural
logarithm of the likelihood function.

ALLOWING WATER UTILTIES TO USE LEYP MODEL BY THEMSE LVES
The freeware “Casses” has been developed to impietime LEYP model.

Coping with the diversity of available data
The LEYP model calculations use data collected btewutilities:
« A description of the pipes in the network detailingeir physical, operational and
environmental characteristics
e The break history of each pipe.

Each water utility has its own approaches and témisdata collection. This means that it is not
necessary to construct the database within thevawdtand that it would be better to enable data
import from existing tools. An input data format svdesigned in order to be compatible with most of
the situations.

Input data must be in text (.txt) or .csv formaingsa semicolon (;) as separator. Two input files a
required, the pipes input file and the breaks irfpeit Both of these files have the same structarsy,
number of (optional) comment lines, four lines datktd to the description of the data and one Ifne o
data per pipe or break. Only a few data are mangafour in the pipes input file: pipe ID, datedai
length and material; and two in the breaks inplet foipe ID and break date. Besides the obligatory
data, the software is able to handle the majoffitgifberent data collected by utilities (soil, cosivity,
traffic, depth, pressure, etc.). Two kinds of aiddidl data can be used, quantitative and qual@ativ
data. Depending on context, a wide range of ddaseckto failure risk can be used.

Data imported into the software, has to conforna teet of rules to make calculations possible. The
importation module of the program checks the ifgas and upon finding an error has two options,
refuse importation or treat the data (after condition from the user). There are three phases to the
module:

* Check the conformity of the data description limethe input files

» Check the conformity of each data value with tHeuvant data description format

» Check the coherence of the data files.

A report is produced to detail any eventual anoesadincountered. In practice, it is quite easy¢ater
suitable input files from a database with standaads using the import module to fix any errors.

Being able to understand and prepare data

Upon successful importation, it is necessary tdyseathe data. The first need is to match the pipe
input file and the break input file. Then, it isgsible to represent the distribution of pipes arehks

as a function of the different attributes. It i®fus to observe, for different groups of pipes, tlueber

of pipes, the length of pipes, the number of breaksl the mean break rate. For qualitative



characteristics, these data can be calculatedafdr modality; for quantitative characteristic oteda it
is possible to divide the data into ranges betwieemnminimum and maximum values.

It is also interesting to create sub-groups of piged breaks. It enables the user to study onedind
pipe (for example cast iron pipes) and only foestdd breaks (for example excluding breaks due to
external interventions). In the software, pipe seid break sets can be created, by filtering tha da
and only including pipes with certain charactecistlues.

Pipe characteristics available in imported data afi@an be used as covariates in a break prediction
models but sometimes, more relevant covariate®eabtained by calculations or combinations based
on the characteristics. There are five methodsreating new covariates:
* Merging of qualitative covariate modalities. Forample dividing materials into “metal” and
“plastic”.
* Grouping of quantitative covariates. For examplelaeing absolute diameters with “large”,
“medium” and “small”.
» Assigning a quantitative value to qualitative mdttled. For example replacing soil types with a
corrosivity index.
* Numerical modification of quantitative covariateorFexample using log length instead of
length.
* Combining two or more qualitative covariates toateea new one. For example combining
diameter groups with material.

Helping the user to build a model

Different steps are necessary to build a modestllfia set of pipes and a set of related breaks baus
selected. Then, the period during which breaks relkseon the network are taken into account for
calculations has to be chosen; this choice allthvesuser to eliminate periods during which brealadat
does not seem relevant. After that, the covariafehe model have to be selected and optionally
certain model parameters can be fixed. The paramate as follows:

* Alpha, this is the effect of previous breaks. Ih ¢z constrained to zero, meaning that breaks
are independent of the number of previous breakb®same pipe.

» Delta, this is the effect of ageing. It can be ¢mmeed to one, meaning no ageing is apparent.

e Zeta, this is the selective survival bias and isduso counteract the effect of previous
rehabilitation. In effect old pipes may have beeplaced before the break observation window
and surviving pipes of the same generation ardullgtrepresentative. It can be constrained to
zero meaning no rehabilitation has been carried Bualpha is constrained then zeta is
automatically constrained too.

To be usable in LEYP calculations, qualitative a@atas are converted in{@-1) indices wheren is
the number of modalities. Each index has a valu@ of 1. Then" modality is called the reference
modality. For example:

» Covariate = soil type

* Modalities = chalk, clay, sand

» The covariate is represented as two indices, dradkclay, with sand as the reference modality

» If a pipe is buried in chalky soil, the value oétimdices are 1, 0

» If a pipe is buried in clay soil, the value of tiheices are 0, 1

* If a pipe is buried in sandy soil, the value of thdices are 0, 0



The LEYP calibration model carries out statistitasts to check the significance of the model
parameters (alpha, delta and zeta) and the beiideio chosen quantitative covariates and qusaktat
indices. The standard test for significance is ppreximate chi-squared valid test that provides a p
value for each parameter. If the p-value is less 10.05 then the parameter is considered signtfican
and should be retained.

To help the user to build a relevant model, thévgme includes an automatic mode that carries out a
series of iterations. At each step, if one or muaieameters have a p-value greater than 0.05 tleen th
parameter with the highest value is modified thus:

» If alphais insignificant, it is constrained to a€also zeta = 0)

» If delta is insignificant, it is constrained to one

» If zeta is insignificant, it is constrained to zero

* If a quantitative covariate is insignificant, thevariate is removed

« If all qualitative covariate indices are insignditt, the covariate is removed

« If only some of the qualitative covariate indices asignificant, the index with the highest p-

value is combined with the reference.

Calculations run until all remaining parametergh@ model are significant.

Validating a model

A module is dedicated to perform the validatioraahodel (Le Gat 2002). The basic principle of the
validation is to compare the break predictions with actual breaks for a period when breaks were
observed but discarded from the dataset used iforate the model. To perform the validation, two
distinct periods are defined from the break reswgdoeriod — a calibration period and a subsequent
validation period.

%o breaks avoided as a function of % replaced pipes (by number)

100 —

0 5 10 15 20 25 3/ 3 40 45 S0 55 60 065 F0 75 80 85 90 95 100

Pipes sorted by decreasing predicted break number

|— % actual breaks during Validation period — % predicted breals during Validation period Randaom (x=y)

Figure 1. Validation curves



After having sorted the pipes by descending nuroberedicted breaks per year, the proportion of the
number of actual breaks during the validation pkgan be expressed as a function of the number of
pipes represented by the red curve in Figure 1axiX-represents percentage of number of pipes. A
random ranking of pipes corresponds closely todeatribed by the function y = x (green curve).

Two indicators are defined:
e An: Area under the red curve.
» Cbn Percentage of actual breaks during the validgpernod on 5% of the number of pipes
sorted by descending number of predicted breaks.

For a random rankingin is close to 0.5 an@5nis closed to 5%. The prediction is therefore more
satisfactory when andC5nare greater. In all casesnandC5nare less than 1 (100%).

If a significant proportion of long pipes make upetpipes most at risk then this might lead to an
optimistic vision of the model quality. 5 % of thember of pipes could, for example, represent 15%
of the network length. For this reason an altemeatanking method is proposed in complement: After
having sorted the pipes by descending predictedkbrate, the proportion of the number of actual
breaks during the validation period can be expressea function of the relative cumulative length o
pipes. Using the same method as above, similacatolis can be calculate@élt andC5I

The validation allows the user to choose a mod#h watisfactory predictive performances. He can
then calculate break predictions over any period.

USING THE RESULTS OF THE “CASSES” FREEWARE
The main results from the software are the prediotenber of breaks and break rate for each pipe.

Comparing break evolution with different rehabilitation strategies

The first use of break prediction results is crgat hierarchy of at-risk pipes, sorting the pipiker
according to decreasing predicted number of breaksccording to decreasing predicted break rate.
While using number of breaks tend to select pretaty long pipes, using break rate tend to select
preferentially short pipes (Poulteh al 2007).

Several tests carried out by Cemagref, notably wd#ta from Oslo water network (Norway)
demonstrate that the LEYP model provides a goachason of the number of breaks predicted. So, it
is possible to calculate year-by-year, a forechtte@overall number of breaks in a network. Theesa
calculations can be done applying different reli@ibn policies based on a hierarchy of at-rigkgsi
built with the model. This allows the evolution the number of breaks to be compared for different
rehabilitation policies.

SAUR FRANCE (a French water company), uses freet@asses” in this way. Figure 2 represents
the case of a French rural drinking network 550l&ng. The significant covariates of the model are
diameter, length, material and pressure. If no giteation is carried out, the number of breakslwil
increase from 90 in 2007 to 126 in 2016. If a relitabon rate of 0.5% per year is used, the nundder
break will almost stabilise. For any greater reliaion rates, the break rate will fall.
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Figure 2. Break evolution with different rehabilitation stegies

Feeding multicriteria decision tools

Many tools dedicated to prioritise pipes for relitdiion use a mulicriteria approach. Examples
include Care-W integrated decision support systeenGauffreet al 2005) and SIROCO, a decision
support system for rehabilitation adapted for snaaitl medium size water distribution companies
developed by “G2C Environnement” and Cemagref (Rdret al 2007). The multicriteria tools use
indicators which, usually, include the rate of pipeaks.

The freeware “Casses” can work as a “slave” ofrdegrated application. This is the case within the
SIROCO software. In order to overcome the problencrdically small databases, the SIROCO
approach involved creating a database that amatgandata from several companies. It is based on a
geographic information system (GIS) which enablesractured data organisation. Same data can be
used as potential covariates in the LEYP model ananulticriteria analysis indicators. Four of the
seven criteria need the predicted break rate Vfalugheir calculation:

e Linear index of hydraulic criticality. The impact the pipe in terms of continuity of water
supply to users is calculated using hydraulic miodglcombined with break prediction
(Bremond and Bertin 2001). It is here worth poigtiout that the relevance of the hydraulic
criticality index could be substantially improved lbising a pressure dependent model for
hydraulic computations.

* Road traffic disturbance index. This combines #nesl of road traffic above the pipe and its
break rate.

* Repair/Replacement cost ratio. This compares tinearcost of repairs of the pipe knowing
the predicted number of breaks and the annual dpien allowance of the pipe.

* Index of local disturbance to continuity of servicéhis combines the annual time of
unavailability of the pipe (deduced of the prediomber of breaks) and the vulnerability of the
users directly connected to the pipe.

The user can automatically produce the input dega &nd then, use the “Casses” freeware to caédibra
a model and calculate break predictions. After,thatcan use selected results to run the SIROCO
analysis and rank pipes as rehabilitation candsdate



CONCLUSION

With the ageing of the network, drinking water itigls have to plan the rehabilitation of their Epe
Many of them now have large databases with detalkstription of the pipes and break history of
each pipe. Besides that, the last twenty yearséas significant research concerning statistiaalsto
dedicated to forecast pipe breaks and provide aaetewmodels.

A new step is to design tools using these modetlsthat are available to be used by the technical
staffs of water utilities or by consultants. To radakat possible, it is necessary to be able to vofhe
the wide diversity of data and to design tools datid to prepare data for the calculations.
Furthermore, the user must be assisted to calitmatelevant model. Then, the results of break
predictions can be used to compare rehabilitativategies and to rank pipes as rehabilitation
candidates using multicriteria approaches.

After having developed the break prediction freew#asses”, based on the LEYP model and having
integrated it in the decision support software STIRY) Cemagref continues working in the field to
improve the model and the tools:
» Research is ongoing to integrate “time dependaovadates like climate in the LEYP model
(Babykinaet al 2009)
* The use of break prediction models to assess tivecadife distribution of pipes is also under
study.
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