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Abstract. The role of avaterdrinking water distribution network \WBBN DWDN) is to supply high-quality water at the

necessary pressure at various times of the daefmral consumption scenariascating and identifying water leakage areas
has become a major concern for mandgmsati j

preocecupationfor-managef the water supply, to optimize and improve cansy of supply. In this paper, we present the
resultsebtainedn-thefieldin the fieldfrom-aresearch conducted-erderto identifiydetectandte-locate leaks ithe (\WBBN
DWDN) feeusedfocusingon the resolution of the Fixed And Variable Aresdhiarge (FAVAD) equation by use of the

prediction algorithms in conjunction with hydraulmnodeling and the Geographical Information Syst&@iSj.The leak

localization method is applied in the oldest p&i€asablanca. We have used, in this research, tsthodologies in different
leak episodes: (i)The first episode is based omalation of artificial leaks on the MATLAB platfan using the EPANET
code to establish a database of pressures thatitibssthe network’s behaviour in the presence of ledkse data thus
established has fed into a machine learning alyoritalled Random Forest, which will forecast thakbge rate and its
location in the network; (i) The second was fieddting a real simulation of artificial leaks by apey and closing of hydrants,
on different locations with a leak size of 6l/s dil/s. The two methods converged to comparalsiglise the leaks position
is spotted within a 100 m radius of the actuatdeaks

Keywords: FAVAD; WDN; Leak localization; predictipEpanet.

1 Introduction

Climate ChangécC)is a major global issue, more and more importartherinternational scene. It affects all componefits
the hydrological cycle. The situation of water ne®@s in Morocco is already critical with a statevater scarcity forecasted
for 2020. This problem is accentuated by the effeaft CC Climate Changeand may hinder any further sustainable
development. The expecté&limate Change€ for Morocco would have direct and indirect harméainsequences on the

water resources potential, in terms of both quaritd quality, on the water demand and on theieffay of use of this
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resource by the different users. An anticipationhaf adaptation to the effects of tli§mate Chang&€ must pass by the
valorization of the use of the resources and eaffg¢he minimization of the water losses. In ttégard, in Moroccan urban
areas, drinking water distribution networks haveipalarly low yields. The location and prioritizah of leaking areas is a
major concern for the public authorities to optienfe use of water resources, reduce losses amdvenpontinuity of service.
To guarantee the high-level service of pressueegétection and repair time of leaks is certaihé/most common factor used
in the analysis of decreases in contract pressures.

For most of the time, before starting a leak d@eatampaign in a Discrete Hydraulic Sector (DH®)start with the analysis
of the flows into and out of the sector, in paréithe minimum night flow (MNF) between 2:00 AMd#A:00 AM, as well
as the volumes of major consumers (Alkasseh e2@1.3).

In the literature it is possible to detect leak#h@ DHS Jusually the leakage rate is permanent over timbeifDHS records
an increase in night flow, this increase shoulad @ppear during normal consumption time (Oasen5&D1According to
research by Farley et al., (2008) An increase inimmim night flow can be used for targeting ‘dIHS-"where leakage is
more likely. It is therefore possible to detecks in a DHS by making a hydraulic balance betwbenvolume of billed
consumption and the volume distributed, by compgtfie expected demand and the actual water consam{pakker, 2014).
Once new leaks by DHS are identified, various téples are used to locate the leaks. Acoustic led&etion is a technique
which has evolved a lot in recent years and is ldgirg rapidly (Farley, 2003). Some of these teqhes require partitioning
a DWDNWDBN into smaller DHS, by closing certain valves on tework, which can sometimes shutdown the system
(Colombo, 2009).

In addition, various research projects noted thiatdifficult to apply the leak-detection to centareas due to the complexity
of isolating and partitioning (Andrea et al., 20IThrough the applied works in modeling leakaggarticular, those of Babel
et al., (2009) and Sebbagh et &918017), a reduction in pressure at the inlet of DHS &b a reduction in leakage rate.
For Al-Ghamdi et al (2011), a 25% reduction in gtee contributes to a leakage flow reduction ofual2%% for a 50% rigid
50% plastic network.

Our approach, as we will see through the followpayagraphs, is to do a virtual leak search withmautitioning a
DWDNWDDN into smaller DHS.

The deficiency of leak management is one of thegteplems, given its impacts on production cost@sdurce exhaustion.
The scope of this paper will be mainly focusedtandpplication of the two approaches in two diffédleak events. The case

study is a pilot sector in the city of Casablandarocco), which covers around 24 000 inhabitantdisglayed in Fig. 1
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Figure 1 Delimitation of the study area.

The studyarea is a micro modulated sector with a singlécalipressure point that is continuously monitolédreahas three

inlets, 493 nodes and 42 km of pipésich of the three inlet of the zone has its oww fioeter in diameter 300, and the

hydraulic model was calibrated at each inlet.

Coneerning-the-instrumentatio,ie network flow and pressure are monitored thrdimlmeter in diameter 300 mm and
pressure sensors at each inlet.

The following figure 2 shows the daily average afasured water demand
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Figure 2 Daily average water demand of the study area.

The figure above shows a significant minimum nifiv around 40 LPS between 2:00 and 4:00 AM, witmear loss index

(LLI) of 54 m3/day/km which implies a high probabilof the presence of physical losses.
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Figure23 reveals that the network consists mainly of greyoan (40%). The average age is 40 years, incrgasinerability

and promoting leaks.

LENGHT OF MATERIALS
mashestos-cement-AC  mductile cast-DC = grey cast-GC = HDPE mPVC

Figure 2.3 Types of materials constituting the network

2 Materials and methods
2.1 Software

EPANET is a free software developed by the US Emvitental Protection Agency (U.S. EPA). From theespentation of
the distribution network (nodes, pipes, tank, vajyeump, etc.), it allows the hydraulic balancirfgttee network by the
calculations of pressure losses, flow velocitywflio the pipes and pressure at the nods. (Ross2080).

In practice EPANET is used by water utilities (ER@05) and in literature (Farina et al., 2014).

The basic demand for the hydraulic modeling sofeMBPANET 2.0 is defined as a water output at eacte nWe consider
that there are two main methods to simulate a vieédrin EPANET, as an additional demand; or evatenflow rate through
a Valve, the formula to calculate the head losg¢ip&Veisbach) was used with the default valuegHerroughness (Brown,
2002).

2.2 Method

(i) Relationships between pressure and leakage imistribution networks.

Pressure management not only involves reducingspresbut also other pressure control and optimzahethods without
compromising customer service. A definition of gte® management in its broadest sense is givemsnion et al., (2005),
"pressure management is about controlling the press the system to achieve a level of optimaliser to ensure an efficient

supply to consumers while avoiding the unnecessargsses of this pressure which would unduly irseré@aks.
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Water utilities often take to design their disttibn networks the minimum pressure that occurshatdritical point at
maximum demand. Understanding this concept is @fitgmportance as pressure regulation can signtficeeduce leakage
without compromising the level of customer service.

Empirical research has repeatedly shown that tkesdFand Variable Area Discharges (FAVAD) principidich demonstrates

the fact that most discharges from pressurizedipggvary with pressure to a greater or lessegragxilhis concept, via the

definition of an exponent N1, defines the relatlipdetween the leakage rate and the pressureseafaressure modulation
According to (Lambert, 2000) and (Rozental, 20he

the pressure (Rozental, 2010):
Fherelationship between pressure and flow leaks isrglwy Eq. (1):
L1 = L0 x (P1/PO)N? Q)

AMith 1O and —Reteakage+How-betoreaRaartlgsurefead .n

PO-and-P1-the pressure-before-and-afterredugtitare L1 and P1 are respectively the leakage ratelee average pressure
in the DHS during the day, LO and PO are respdytihe leakage rate and average pressure at thimmomimnight flow (MNF)
time, between 2:00 AM and 4:00 AM.

According to Al Ghamdi, (2011) et Cobacho et @&0Q%4), the main method for representing leaks ry@raulic network
model is through adding a leakage valve for eadenthe emitter parameter is used to model floevttaiough a valve. These
emitters devices permit the modelling of flow evated to the atmosphere through a nozzle.

the equation below represents the concept of FAVIAERyugh a flow rate, pressure and emitter coeffitEq. (2):
Qleakj=CxPj"V @)

where Qleak is the flow rate at node j, C is théttemcoefficient, P pressure at nodenjd N is the pressure exponent.

The exponent M of the above equation varies according to the niadtef the pipeline (mainly its elasticity), forarcular
opening on a rigid pipe (cast iron, steel), N1fithe order of 0,5 whereas it reaches 1,5 or mordadngitudinal slots on
plastic materials (PVC, PEHD). However, internasibfeedback shows a variation of N1 between 0.262285 depending
on the networks experienced, as shown in Eig(Rozental, 2010). Figur&4 illustrates the influence of N1 the exponent

emitter on the impact of pressure reduction ondgaekrate.
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Figure 43 Relationships between pressure and leakage rate using the N1 Appr oach (Rozental, 2010)

The data collection relative to the various compasef the drinking water networks (pipes, resasjaivell, drilling, pumps,

valves) is made by means of shapefile exported frematabase cart@jour. It's an interface GIS (fBagghical Information

System) available for consultation in intranet vhiscludes three networks managed by the drinkiatemoperators as well
as all of the hydraulic structure which constituttem. The interface allows extracting all the dasilayers while

geometrically targeting the study area (zone ofituiThe following Table illustrates the roughness valused during

modeling (Chadwick et al., 2013).

Table 1 Roughness coefficient of materials (values from Chadwick et al., 2013)

Material Age [year] Darcy-Weisbach roughness
coefficient [mm
AC 0-10 0.1C
1C-4C 0.1t
>4C 1.2
All plastics: HPE, PVC, ZP!I 0-10 0.0t
1C-4C 0.1C
>4C 0.1t
ST 0-10 0.2
1C-4C 1.C
>4C 2.C

The elevations are extracted from the Digital ElewnaModel (DEM) layer and automatically assignedetwork nodes.
The annual average consumption for 2017 in additiomdistributed into each node in the model atingrto the geographical
distribution of subscribers within the tour. Ond¢® thetwork template is prepared using ArcGIS, itrémsferred to the
EPANET software in .inp file.
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The EPANET hydraulic simulation model calculated@pressure and pipe flow for a fixed reservoielend variable water
demands over time and spac¢epredicts the dynamic hydraulic behavior withidrinking water distribution system operating
over an extended period ®hetime. The pressure changes due to discharge, peesalculating and changes according to
base demand and daily consumption patterns at-eade. The pressure drop during a peak period afwoption is due to
higher consumption patterns in the DHS (The patbeavides multipliers that are applied to the BBsgnand to determine
actual demand in a given time period).

The Figure 5 bellow shows an example of daily comstion patterns in the study area.
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Several simulations using the Epanet software wsexl to determine the roughness coefficients ofpipes to obtain
calculated pressures which indicate the actuakpres in different nodes of the hydraulic system.

Different factors are attributable to the uncetttgiof the pressure measured on the network, the mmortant of which is

the fluctuation of the pressure in the network. dxding to the pressure differences observed ogritiend when determining

roughness, according to the work of Paquin e(2000) this error is estimated at 0.3 mCE. Regarttie error in modeling

the reference pressures, a value of 0.2 mCE isidenesl realistic. The total uncertainty relatedhe pressure difference

between the measured pressure and the refererssupreés therefore 0.5 mCE.

Various factors including the measuring devices thedstate of equilibrium of the network can inflae the accuracy of the

value of the roughnesses measured in the fieledss for the estimation of roughness for theeottonduits of the network.

The following figure 6 presents 3 curves which espond to the pressure drop caused by a leak mititie of a pipe without

a junction, one with roughness as measured ini¢gheg find two others with limit values taking irdocount a +/- 10% error
related to this parameteft £ 10%,E —10%).
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Figure 6 Influence of the error on the roughness of the pipe

When the roughness is increased, the pressuredtitfe caused by a leak is greater. Conversely, Wieepipes are smoother

(plastic), the pressure difference decreases. tetdction by the method studied therefore seeme promising on networks

whose hydraulic capacity is weakened by corrosibes:

To solve this localization of leakages we will tise random forest algorithm (R Learning and PréaficAlgorithm).
Algorithm 1 (Section 2,3,2) illustrates briefly teeggested leakage detection procedure.

The leakage localization methodology displayed iq. B-8is based on data mining algorithms, the startinmtpof the
algorithm is the learning of the data obtained inyutation using EPANET simulator. Then four traigidata elements are

used to predict the location of the leak:

. The distance between simulation node and theosens
. The leakage flow

. Emitter Coefficient

. Pressure at the sensors

In order to estimate the network flow, the leakag#low at each node, and the distance of leak Bensors, a leakage model

is implemented within a classical hydraulic simidatmodel (EPANET).

There are two ways to model a water leak in a hyldraetwork model EPANET (i) as an additional nbdemand, and (ii)

by adding a leak valve to each as shown in figubel@w.
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Figure 7 Waysto model awater leak in a hydraulic network model

where QDi is the node base demand (consumptionRi@gAthe node additional demand, Pi is the nodesgure, Ci is the

leak valve coefficient and Qi is the leakage flow.

According to Cobacho et al., 2014 the best wayefmasent leakage in a hydraulic network model tsbhyomeans of an

additional demand, but rather by adding a leakesédveach node, the dynamic behavior of leakagppseciated in this case

rather than the case as an additional demand.

In Epanet, the closest element to a leak valvéeseimitter, which presents an open valve to thespimere, the emitter

behaviour equation is as shown above in Eq 2.

The emitter coefficient is placed at the junctiohmitter coefficients ( 0.8, 1.6, 2.4 and 3.2&revused in this simulation

step at each node, which correspond respectivappooximate flow leaks: 5, 10, 15 and 20 |/s.dbgctive of this simulation

step is to vary the leak rate at nodes, to calewatd generate the new profile of pressures at@animes in flow rate.

The simulation results obtained constitute thenir@ data for our machine learning model.

(ii) Leak simulation in Epanet:

This training data is obtained by using EPANET kd&oavailable in [https://github.com/OpenWaterAnidg/EPANET-
Matlab-Toolkit] for use in MATLAB. It is an open-soce software that provides programming interfaceEPANET within
MATLAB framework. It is easy to modify, simulate @plot the result produced by EPANE&+ariedibraries (Eliades et al.,
2016) Figure5-9 reveals that 493 nodes were defined to simulatesladth different emitter coefficients: 0.8, 1.642nd
3.2, which corresponds approximately to leak rafes 10, 15 and 20 I/s as per Eq. (2)
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200 Thus, at each node, we simulated 4 leaks with engtiefficients equal to 0.8, 1.6, 2.4 and 3.2aftwtal of 1972 simulations.

| The purpose of this 1972 simulations was to stiteutllie pressure behavior at each node, the ar¢airted93 nodes, thus,

10
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we simulated 4 leaks with emitter coefficients ddod®.8, 1.6, 2.4 and 3.2. This makes a total3af2lsimulations. Each time,

the leakage rate, the emitting coefficient, theatmmn of the leak, the distances from the four sen®14, P57, P58 and PC

are noted, as well as the maximum, minimum andsaMepressures at these measuring points. the auwtbaid like to record

the maximum data of pressure variations in the eas@ if the leaks are triggered in the loopedofat on the network. A

Table 2 Result of Modd Leak Simulations

Data Node 1 Node 2 Node 3 Node 4 Node|5 Node 6 NodeNode8 | ......
Pmax1 38,91 38,85 38,78 38,70 38,91 38,85 38,78 7038, | ......
Pminl 37,33 37,16 36,98 36,80 37,33 37,16 36,98 8M6,
Pmoyl | 38,39 38,29 38,17 38,04 38,39 38,29 38,1Y 0438,
Pmax2 37,48 37,43 37,36 37,29 37,48 37,43 37,3 2937,
Pmin2 35,66 35,50 35,34 35,16 35,66 35,50 35,34 1635,
Pmoy2 | 36,87 36,77 36,65 36,53 36,87 36,77 36,65 5336,
Pmax3 36,89 36,84 36,78 36,71 36,89 36,84 36,78 7136,
Pmin3 34,91 34,75 34,59 34,42 34,91 34,75 34,59 4134,
Pmoy3 | 36,20 36,11 35,99 35,87 36,20 36,11 35,99 8735,
Pmax4 34,51 34,46 34,40 34,33 34,51 34,46 34,40 3334,
Pmin4 32,17 32,02 31,86 31,69 32,17 32,02 31,86 69RB1,
Pmoy4 | 33,66 33,56 33,45 33,33 33,66 33,56 33,45 3333,

(92}

C 0,8 1,6 2,4 3,2 0,8 1,6 2,4 3,2
Q 4,96 9,90 14,83 19,73 4,96 9,90 14,83 19,73
D1 478,21 478,21 478,21 478,21 475,51 475,51 475,6875,51
D2 399,55 399,55 399,55 399,55 483,06 483,06 483,0483,06
D3 486,43 486,43 486,43 486,43 483,06 483,06 483,0883,06
D4 729,73 729,73 729,73 729,73 726,19 726,19 726,1926,19

Or:

. D1: the distance from the simulation node toRlid

. D2: the distance from the simulation node toRb&

. D3: the distance from the simulation node toRb&

11



. D4: the distance from the simulation node toRi&

. Q: the leakage
. C: emitter coefficients
. Pmax 1: The maximum pressure during low conswngteriod at P14
220 - Pmin 1: the minimum pressure in rush hour peabB14
. Pmoy 1: average daily pressure at P14
. Similarly, for the indices 2,3 and 4 which copend respectively to the P57, P58 and PC,

The table thus constructed constitutes the inpiat dfour algorithm

2.3 Location and simulation of leaks on the ground

225 2.3.1leak pre-locating

In this section we remind the existing techniguekak Fhedetection. Thadechnique used to search preventive leakage on
distribution networks is organized around thredinlis but complementary operations: sectoring, lpoation, followed by
localization. These methods must be adapted agcuptdithe dimensions and the degree of knowledgheofargetedT he

following figure 10 summarizes the existing predtization stages, these stages make it possityje foom hundreds of km

230 of network to tens of m, by proceeding by eliminatiln the identified leaky zones, the night flofasectors is measured then

sub-sectors to identify leaking sections and pedgiguide acoustic detection and then the locatideaks.
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Figure 10 Stages of sectorization
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The objective of sectorization is to define priestbetween different sectors and to estimate en epantify the level of

leakage. It defines fugitive areas larger thanlitiear kilometer;

The objective of the pre-location is to check tmespnce of leaks in a given sector and to deterthi@ie position with a

precision of the order of magnitude of the hundreders;

meters. The correlation is sometimes used to godéak position. It consists in positioning 2 sa8smn access points of the

network (if possible on both sides of the leak) smdeek the similarities between the noises withiely record.When a leak

noise is identified, it is possible to calculatepbsition, knowing:

- the distance between the two sensors.

The objective of this correlation is to define thesition of a leak with a precision of the orderoofe meter, to avoid extra

cost of earth work without leak.

The objective of this research was to skip somthefsteps, especially all the steps of sectorimapoesenting a high day

operation cost of the network and achieve dirgtitylast step of prelocalization. The purpose was¢ localise a leak within

a hundred meters raditis
meter.

2.3.2 Pre-localization of leaks by learning data
- Random Forest

The type of learning we apply to anomaly detectiothis article is a supervised learning. In Zh@bgl., (2008), decision

tree forests are used to detect intrusions frorméte/ork.
To execute the anomaly detection method by supshlearning, we used the statistical software -Ra(ig et al. 2008).

Random Forest is a type of tree based superviseditg algorithm (Ho, 1995). It uses many decigi@es to aggregate the
answer. In this paper, the supervised Random Falgstithm was used as technique to detect theslé@iteiman, 2001). In

addition to its efficiency, this algorithm is fan®for its ability to treat big-data.

The random forest optimization principle is basadlite combination of multiple decision trees, ter&ot different classes
from the original raw dataset. Then, the averagsses are determined based on the classes outbytthd decision trees
used. Thus, the performance of the resulting misdehhanced, compared to one decision tree maakhe ability to apply

the resulting model in other datasets is acquirggures-11illustrates the principle of running a random faragorithm.

13
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Figure 6-11 Random Forest Tree

- Leakage Detection Algorithm:

The input data are: Training data tdeijsor node numbm#mberof-senser-rodthe distance between simulation node and

the sensor, the leakage flow Emitter Coefficiertt Bnessure at the sensors).
265 The process engaged in the proposed leak detéstammcisely discussed in the following Algorithm:

Algorithm:

1: Start {

2: Load Training data network parameters

3: Read network parameters and initialise
270 4: for node i= 1 to nt, (nt: The number of nodeshi& network)

Run hydraulic analysis and compute leakage Qleak

5: if Qleak < tolerance (relatively low)

6: Print “L= 0" No leaking node”

7: else

275 8:i: Print “Leaking node ID”

14



9: if Qleak > tolerance
10: Print “L= 1" leaking node”
11: else
12: i: Print “Leaking node ID”
280 13: Display “Distance from sensor, pressure nodeaky...”
14: end if
15: end if
16: end for i

17: Stop}

285 2.4 Preparation of input data for thealgorithm

Several pressure profiles for reference (withoak$ are required to attain satisfactory level @diction from the data
analysis algorithms. This pressure profiles araioktd by using EPANET. Around 7 references casesidded to the table
1. A first case is the pressure reference thatoeas simulated, the others constitute a translatidhe reference curve of
+0.1, +0.2, +0.3, -0.1, -0.2, and 0.2 meters, fagrénvelope with 0.6m amplitude as shown in Fi@2 below case of P14

290 measuring point.

we imposed this error range to avoid false resaltsording to the field tests we carried out, &lef6 I/s implies a minimum

pressure drop of 0.3 m. the band is a translatforn-00.3m, those 7 references cases are addeckssure profiles without

leak.

42 oo Pressurs (mCE)
41,50
41.00
40,50
40,00
39,50
39,00
38,50
38,00
37,50

0 5 i0 15 20 Time (h)

295 FigureZ12 Thereference pressures profile at P14

For each measurement point we considered severemetecurves. This envelope is the area of vanatfdhe daily pressure,

it was calculated from several measurements oSpresspread over several days.

15



To simulate the artificial leaks in the study aréee leakage rate was created by opening fire mgslan three locations at

three times (during night-time hours, peak time dadng off-peak periods of the day) with a leaesdf 6 I/s and 17 |/§he
300 astiicioteole oo peocnredbih fee badpnn s oy [RE00,

During the leaks simulation, the results are reedrdnd localized with four pressure measuremergossmplaced on fire

hydrants.

We then simulated these leaks on EPANET model kingastock of the time interval of real simulatiomeking a time step

305 of 5 min equal to the recording step of the sensptise field.

A total of 4 leaks were simulated by opening figglifants rated A, B and C, the artificial leaks tbmas are shown in Fig.
813

Leak location

[TTT T TT]
0 0,10,2 0,4 Miles ,x

‘ Figure 8- 13 Sensors and leaks locations

310 The leak localization method depends on the hesg] Itself depends, among other factors, on theedithe leak. Thus, if we
have a limited leak, the sensors could not detecsimall head loss, a leak of 6 I/s is chosenlawer simulation limit. As
upper limit, we chosen the 17 I/s leak, and weunresthat those bypassing this limit finish by scirig, and therefore do not

‘ require any localization process. (Pérez et all4a).

At "PI A" we simulated two leaks of 6 I/s and 1§; ifor the "P1 B" a small leak of 6 I/s and for "®©1 a leak of 17 I/s (Table
‘315 3).
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The flow rate at each fire hydrant was controllgduking a pressure measurement and flowmeter rempfist (PFP). The

hydrants were kept opened for around 30 minutesltect data. The time of simulation was limited3fd minutes for reasons

of water conservation and safety considerations.

320 Table3 Leaksinformation in the study ar eaFhe-artificial-leaksthat-werecreated-for-each-location

1D of | Emitter leak flow | Duration of | leak flow | Duration of | leak flow rate aff Duration of

hydrants | Coefficient | rate at| simulation | rate at| simulation | 05:00 pm simulation
04:00 am | (min) 11:16 am | (min) min

Pl A 0.8 6 L/s 30 6 L/s 6 L/s

Pl A 3.0 17 L/s 20 17 L/s 30 17 L/s 30

Pl B 0.8 6 L/s 20 6 L/s 6 L/s

PIC 3.0 17 L/s 30 17 L/s 17 L/s

LA PLA 6-1<

LA-2 PLA 17 L

LB pIB 6-1<

LC Pl C 17 L

3. Results and Discussion
3.1 Data-reading pressure at sensor

325 The performance of the pressure for the artifigak simulation during May the 3rd is shown in FgThe blue line in Fi§.

14 shows the daily pattern of pressure at P14.

Pressure(mCE
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Figure 9-14 Pressure profile of 3/5/17 at P14

The red circle shows the decrease of the pressuiegdthe real simulatian
330 These leaks were simulated on the EPANET modehbgsing the same time slot of the real simulations
The model was calibrated without errors. It wasetsind validated by comparing the measured andlatied pressures

The resultefthe-simulatiorarevery-close to-whatis-measuredsiown in Figd0-15 and1116.

| B Time Series Plat - Pressurefor Node P14 E= Bl |

Figure10-15 Pressure profile at P14

TE Time Senies Plot - Dressiae for Niode B E=RE=E

Pressure (mCE)

; '.'I (; ll é 1‘5 '; é !‘) l;ﬂ lll 12 l;.) lil l; 16 l‘? 18 l;? 20 :Il 22 2'.9 24
Time (hours)
335
Figure11-16 Pressure profileat PC

The figures show an example of comparison betwestheted pressure and measured pressure in theate@at sensor P14

and PC. The red line is the simulated pressur&Epanet and the green squares is the measuredngressu

The comparison shows that the results of the sitioulare very close to what is measured, the misdsllibrated and is ready
340 for simulation.

The calibration is also made against the flow atttiree inputs of the study area, the result ofltdwe simulation (red line)

are very close to what is measured green squaEsoas in Fig.17.
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To calculate the magnitude of the leak for eachetamd node, Eq.2 was used. The following Table shith& emitter

coefficients simulated on each network ng8ebbagh et al., 2037

Table 4 Emitter coefficients corresponding to smulated leaks

ID Leak Flow Emitter coefficient
LA-1 6l/s 1

LA-2 17 l/s 2,2

LB 6l/s 1

LC 17 l/s 2,4

Table 5 resumes where the leaks are spatiallyegpatid the value of leakage flow at each nodeeoh#twork —tusing the

350 Random Forest algorithm.

Table 5 Quantification of the leaks.

Date L Emitter Flow rate D1 D2 D3 D4
coefficien

22/0¢ 0 0,41 2,41 91 45 39 84
23/0¢ 1 2,21 13,75 52¢ 362 33¢ 35¢
24/0¢ 0 0,3: 2,62 122 47 41 86
25/0¢ 0 0,34 2,31 48 53 44 14¢
26/0¢ 1 2,9¢ 17,8¢ 52¢ 344 32C 332
2710¢ 0 0,32 2,1C 65 37 46 45
28/0¢ 0 0,01 0,0 4 0 0 2
09/0¢ 0 0,01 0,0z 3 0 0 2
10/0¢ 0 0,01 0,0z 3 0 0 2
11/0¢ 0 0,0z 0,27 37 16 14 18
Leak LA-1 | 1 2,3t 14,12 22¢ 23¢ 291 591
Leak LA-2 | 1 2,6( 16,04 201 214 25¢ 517
Leak LB 1 2,62 16,2t 257 207 271 464
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380

Leak LC |1 | 3,0 | 18,3¢ | 28¢ | 11C | 164 | 345

Note that for the 4 last leaks we have L = 1 whiekans that the algorithm classified them as ldd&siever, the leak is over-

estimated. The algorithm shows the days of 23/@426104 as being cases of leaks.

The results of these two days are not used bet¢hesshange in pressure profile during these daysneabecause of a leak

but because there was closure of some valves iard@eto do some work,
For other days we have indeed L =0

The data analysis confirms that, for an emissiaffaent of at least 2, the leaks pre-localizatioa the adopted method is
possible in particularly for flows passing 10 lisdeed, these values of flow provoke important thieess” easily detected by

the pressure sensors implemented within the agting, which confirms the hypothesis made at thénbetg of this study.

Two phenomena can explain the limits of the curreethod in terms of its capacity to detect leakb vaw flow values. First
of all, according to Jarrige et al., (2011) sevéamators may influence the leak noise propagatictheé sensors, such as: the
material type, the pipe diameter, and more impdistatme pipe roughness. In fact, the misevaluatdrthis last factor
influences the reference pressure calculation. Ating to Paquin et al., (2000) the results prow iths necessary to measure

the real roughness in order to interpret corregtfymulated and a measured pressure.

The second reason beyond the limited performanciefroposed method to spot leak characterizetbwyflow was

highlighted by a study of Mirats-Tur et al., (201#) their paper the authors demonstrated thatsacadibrated hydraulic
model (in terms of the topographic structure asdpdrameters), the precision regarding the esomaif the spatial water
need distribution within the sector of applicatimd the precision of the sensors embedded in tteorieare all eventual

causes of the mentioned detection issues.

In fact, like the Mirats-Tur et al. (2014) studyrgroposed method is mainly relying on the serigjitanalysis of the pressure
measures to the water demand fluctuation in therarétnodes. The only difference is that we simuddtsk flow series at
the level of fire hydrant according to differentten (radius of 2100m, 200m, 300m..), and the oy & to study the influence
radius of each sensor to detect the real flow sitedl. This analysis permitted an optimal distrimutf sensors in the network.
For Mirats-Tur et al (2014), although the sensoesennarrowly installed, the leak position was detaed within a 150 m

radius, compared to the 100 m radius of our method.

The presented results are outputted from a modableshed using measures from the network. Sonthese measures are
considered to have a good precision, and other Aaesztain level of uncertainty. For instance,tigghness and the nodes’
elevations measures are highly impacted by unceiai Another factor that impact the precisiorthef proposed method is
the measuring devices in terms of their recordimigrival (the pressure is measured each 5 mindtesjder to optimize the

detection, and to focus on the leaks with high Heasles spotted by standard sensors, it is reconedeio use sensors with
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390

395

high frequency, capable of recording a high nundfesamples. This will help detect the small presswariation caused by
low leak flow.
3.2 Displaying results

The proposed method outputs are not always relidbléact, instead of a deterministic mapping of tkaks, there is a

probabilistic output that maps the probability aEorrence of leaks in space (Pérez et al., 2014b).

If the forecast indicates a leak, which is estimdate locate it on the map, we have 4 distanceas fitte 4 pressure sensors,
around each sensor we draw a circle of radius spords to the given distance by the prediction £248, the ideal would

then be that these four circles intersect at deipgint which corresponds to the leak point,

The intersection of these 4 circles will then béhat maximum at 12 points if all the circles inssswith each other at two

points, considering two circles, there are thresesa

. The circles intersect at two points, one corresisao the leak point and the other is his symmatmwith respect to

the line passing through the centers of the twdlest,

. Circles tangent to each other intersect at desipgint that corresponds to the leak point

. The circles do not cross, but if the forecagided, they can get closer in the leaking zone

By drawing all the points of intersection, arourstie of them, the leakage location is identifiechinita 100 m radius.

A good performance with highest probability of hayithe location of leak when there is a big agglatien of circle that
has a more intersect point. This agglomerationesponds to the cumulative probability of the gimedes to experience a

leakage (Fig1319).
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Figure13-19 Spatial location of theleak LC

Our research objective was the purpose of discoappropriate solution for detection and localizatwf leakages and
estimation of the size of leakages for a waterrifistion system.

405 The results obtained using this approach is satigfyl he leak is identified within a 100 m radius.
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That said, the detection of a leak is extremelgtszl to its location within the network. For instanone located in the looped
section of the network is less likely to be spoitedight time. In the mesh part of the network phessure fallen at the sensor
levels are too low, which could lead to disturb umcertainties in the model, the measured presabem®usly involve

significant errors, which reduces, in the analytis,possibility of detecting leaks of lesser intpoce.

410 4 Conclusions and per spectives

Our research objective wake-purpese—of —discoveniscoveringappropriate solution for detection and localizatimn
leakages and estimation of the size of leakages Weaiter distribution system. The FAVAD parameteese optimized via a

prediction algorithm, to constitute the core of adopted procedure. The adopted approach necessitabupled hydraulic-

GIS interface by mean of the random forest algorith

415 This work helped to spot critical leaking pointedaherefore contribute in the effort of physiazd reduction. Although, the
detection results were not always accurate in @frspace localization, the radius of search is cedwsubstantially, which

make the detection rates during field campaignsersaccessful and less time-consuming.

Conflicts of interests: the authors declare thaythave no conflict of interest.
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Point-by-point reply to the comments

Wethank the Editor-1n-Chief, reviewer 1 and Pr Said RHOUZLANE for their helpful comments. The comments from

reviewers were constructive and helped to improve the quality of the manuscript. We have taken the comments on

board to improve and clarify the manuscript. Please find below a detailed point-by-point response to all comments.

reviewer 1 comments:

Referee comment: “water drinking distribution network (WDDN)"??? Shid be “drinking water distribution network
DWDN)".
Author response: (marked up manuscript lines 187.4and 55)

We have replaced the phrase ‘water drinking distiim network (WDDN)' with ‘drinking water distridion network
(DWDN) (line 140).

Refer ee comment: “on the field” must be “in the field
Author response: (marked up manuscript line 14)

This change was made.

Referee comment: don't use CC for Climate Change
Author response: (marked up manuscript lines 2@%8nd 31)

We have removed the citation from the manuscript.

Refer ee comment: don't use capitol after comma
Author response: (marked up manuscript line 40)

this remark is integrated in the revised paragraph

Referee comment: “DHS” must be “DHS”
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Author response: (marked up manuscript line 40)

This change was made.

Refer ee comment: So there is no flow meter at each inlet??
Author response: (marked up manuscript lines 64-65)

Each of the three inlet of the zone has its oww fleeter in diameter 300, and the hydraulic moded ealibrated at each inlet.

Refer ee comment: End with “

Author response: (marked up manuscript line 93)

This remark is integrated in the revised versiothef manuscript.

Referee comment: What is N
Author response: (marked up manuscript lines 97488B457)

Empirical research has repeatedly shown that tixedFand Variable Area Discharges (FAVAD) principlehich

demonstrates the fact that most discharges frossprized pipelines vary with pressure to a greatdesser extent. This

concept, via the definition of an exponent N1, wesi the relationship between the leakage rate lmngdressure in case of

pressure modulation.

L1/L0=x(P1/PO)"N1

where L1 and P1 are respectively the leakage nadetlae average pressure in the DHS during the dayand PO are

respectively the leakage rate and average preastiie minimum night flow (MNF) time, between 2:80M and 4:00 AM.

The number of references were increased to 1.

Lambert, A.: What do we know about pressure-leaka&dgtionships in distribution systems. In Procagdiof the IWA

Conference in Systems Approach to Leakage Conbl\&ater Distribution System Management, Brno, GizZeepublic,
16-18, 2001.

Referee comment: No, this is not dynamic simulation; this is consgve static simulations. Epanet can only do stati
calculation, no dynamic calculation including dynamspects of accelerating and slowing down of wate
Author response: (marked up manuscript lines 135-14

predicts the dynamic hydraulic behavior within aking water distribution system operating oveeatended period of time.

the pressure changes due to discharge, pressurdatimig and changes according to base demand aihydcdnsumption
patterns at each node. The pressure drop durirggla period of consumption is due to higher consigngtatterns in the
DHS (The pattern provides multipliers that are @abto the Base Demand to determine actual denmeadiven time period).
Figure 4 daily consumption patternsin the study area
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Referee comment: | don’t understand. How can you vary the Emitiarefficient? Do you suggest that you keep pressure

constant and leak size constant, and let Emittefficeent determine the leak flow? Why did you ckedhis method? How

do you model a leak in Epanet?

Author response: (marked up manuscript lines 17%-18

There are two ways to model a water leak in a hyldraetwork model EPANET (i) as an additional nbdemand, and (ii)
by adding a leak valve to each node Fig 2a and 2b.
Figure 5 Waysto model a water leak in a hydraulic network model

where QDi is the node base demand (consumptionRi@sAthe node additional demand, Pi is the nodsssguire, Ci is the
leak valve coefficient and Qi is the leakage flow.

According to Cobacho et al., 2014 the best wayefwresent leakage in a hydraulic network model isbyomeans of an
additional demand, but rather by adding a leakevédveach node, the dynamic behavior of leakagppseciated in this case
rather than the case as an additional demand.

In Epanet, the closest element to a leak valvééseimitter, which presents an open valve to theogpimere, the emitter

behaviour equation is as shown above in equatiesl@w:

The emitter coefficient is placed at the junctiohsmitter coefficients ( 0.8, 1.6, 2.4 and 3.2&revused in this simulation

step at each node, which correspond respectivalgpooximate flow leaks: 5, 10, 15 and 20 /s ghjective of this simulation

step is to vary the leak rate at nodes, to calewatl generate the new profile of pressures at@wiges in flow rate.

The simulation results obtained constitute thentr@ data for our machine learning model—But-beftaunching-the
) : . - )

m on he-modelm herefore be bratmdnst me ad-d of pbre e_and W reimdéationed-inline 24

Refer ee comment: Why 1972 simulations?
Author response: (marked up manuscript lines 20820

The purpose of this 1972 simulations was to stiteutlhe pressure behavior at each node, the ard¢ain®d93 nodes, thus,
we simulated 4 leaks with emitter coefficients ddad#.8, 1.6, 2.4 and 3.2. This makes a total3f2lsimulations. Each time,
the leakage rate, the emitting coefficient, theatmm of the leak, the distances from the four sen®14, P57, P58 and PC
are noted, as well as the maximum, minimum andameepressures at these measuring points. the awtbaid like to record
the maximum data of pressure variations in the easa if the leaks are triggered in the loopedpfat on the network. A
completely new base for data learning.

Referee comment: Did you also simulate leaks at different times@. &t 6 am; at 3 pm; et cetera

Author response: (marked up manuscript lines 298-30

To simulate the artificial leaks in the study arée leakage rate was created by opening fire Imyslen three locations at

three times (during night-time hours, peak time duadng off-peak periods of the day) with a leakesof 6 I/s and 17 |/s—Fhe
TFable below illystrate the leakage-information.

Table43 Leaks information in the study area
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During the leaks simulation, the results are reedrdnd localized with four pressure measuremergogsplaced on fire

hydrants.
We then simulated these leaks on EPANET model kindastock of the time interval of real simulatiotesking a time step

of 5 min equal to the recording step of the sensotise field.

Refer ee comment: This seems very precise. How large is the areydhi researched?
Author response: (marked up manuscript lines 228-238-246)

The following figure 10 summarizes the existing-frealization stages, these stages make it possifije from hundreds of

km of network to tens of m, by proceeding by eliation: In the identified leaky zones, the nightiflof sectors is measured

then sub-sectors to identify leaking sections amdipely guide acoustic detection and then thetimecaf leaks.

Figure 8 Stages of sectorization

The correlation is sometimes used to confirm leaditipn. It consists in positioning 2 sensors otess points of the network

(if possible on both sides of the leak) and to gbeksimilarities between the noises which theprédVhen a leak noise is

identified, it is possible to calculate its positi&knowing:

- the distance between the two sensors.

The objective of this correlation is to define fhasition of a leak with a precision of the orderooE meter, to avoid extra

cost of earth work without leak.

The objective of this research was to skip somthefsteps, especially all the steps of sectorirapoesenting a high day

operation cost of the network and achieve diretitylast step of prelocalization. The purpose was¢ localise a leak within

a hundred meters radius

Referee comment: Change “number of sensor node” to “sensor nodebey’
Author response: (marked up manuscript line 263)

This change was made

Referee comment: Why is this? Why simple linear band?
Author response: (marked up manuscript line 291)}293

we imposed this error range to avoid false resaltsording to the field tests we carried out, &lef6 I/s implies a minimum
pressure drop of 0.3 m. the band is a translatforn-00.3m, those 7 references cases are addeckssure profiles without
leak
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Referee comment: What is the average demand in the area? Canhow a graph of an average day of measured water
demand?
Author response: (marked up manuscript line 68-70)

The following figure 2 shows the daily average @asured water demand

Figure 2 Daily average water demand of the study area.

Referee comment: For how long was de leak simulated? 15 minutels@uts? ??
Author response: (marked up manuscript line 318)31

the flow rate at each fire hydrant was controllgdusing a pressure measurement and flowmeter r®pbst-CPI (PFP)-or

flowrate-and pressure-testson-fire-hydrants. Mwrants were kept opened for around 30 minutesliect data. The time
of simulation was limited to 30 minutes for reasohsvater conservation and safety considerations.

Refer ee comment: What is simulated (red line?) and what is meab(geeen squares?)? Please explain
Author response: (marked up manuscript line 337-340

The Figures show an example of comparison betwestelad pressure and measured pressure in theateaat sensor P14
and PC. The red line is the simulated pressur&panet and the green squares is the measured ngressu

The comparison shows that the results of the sitioulare very close to what is measured, the misdsllibrated and is ready
for simulation.

The comments from reviewer 2 Pr Said RHOUZL ANE were constructive and helped to improve the quality of the

manuscript. The comments ar e addr essed below.

Referee comment: you have mentioned “Concerning the instrumentatibhe network flow and pressure are monitored
through flowmeter” the study area is it moduled¢cnmimoduled, how many critical points, measurenpatts ?? all this is
not clear in your article

Author response: (marked up manuscript line 63)

The study area is a micro modulated sector witin@les critical pressure point that is continuousignitored.

Referee comment: « The average age is 40 years, increasing vibiliéyeand promoting leaks » you have to descreitoze
scientifficaly. You have to write and talk to sdlea criteria: (you need to talk about the perfoneaindicators for this area,
MNF, ILP for example)

Author response: (marked up manuscript line 71-72)

The figure above shows a significant minimum niiiv around 40 LPS between 2:00 and 4:00 AM, witmear loss index
(LLI) of 54 m3/day/km which implies a high probabilof the presence of physical losses.
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Referee comment: “Roughness coefficient of materials” Physical mling of your network requires the roughness of the
pipes. It should be noted that there is great daitey about the values considered. How did yonimize these uncertainties
and their impact on the results given by EPANET

Author response: (marked up manuscript line 149163

Different factors are attributable to the uncetttgiof the pressure measured on the network, the mmmortant of which is

the fluctuation of the pressure in the network. dxding to the pressure differences observed ogritiend when determining

roughness, according to the work of Paquin e(2000) this error is estimated at 0.3 mCE. Regarttie error in modeling

the reference pressures, a value of 0.2 mCE isidenesl realistic. The total uncertainty relatedhe pressure difference

between the measured pressure and the refererssuprés therefore 0.5 mCE.

Various factors including the measuring devices thedstate of equilibrium of the network can inflae the accuracy of the

value of the roughnesses measured in the fieledss for the estimation of roughness for theeottonduits of the network.

The following figure 6 presents 3 curves which espond to the pressure drop caused by a leak mitlide of a pipe without

a junction, one with roughness as measured ini¢gheg fand two others with limit values taking irdocount a +/- 10% error
related to this parameteft £ 10%,E —10%).

Figure 6 Influence of the error on the roughness of the pipe

When the roughness is increased, the pressureatiffe caused by a leak is greater. Conversely, tieepipes are smoother

(plastic), the pressure difference decreases. tetdction by the method studied therefore seeme promising on networks

whose hydraulic capacity is weakened by corrosibes:

Refer ee comment: you have mentioned “. Dynamic simulation is usedescribe the operation of the network duringvam

period, while considering the variation in custosh@onsumption over time.” Physical modeling ofuymetwork requires
consumption at nodes. It is important to indicadevhyou estimated this parameter. It should be ndttetl there is great
uncertainty about the nodal distribution of thedstwarea. How did you develop your consumption pastéor dynamic

modeling?
Author response: (marked up manuscript lines 135-14

Author response: (marked up manuscript line 68-70)

Referee comment: you have mentioned that you have used the Maibdittvare, For EPANET code, please find a better
reference
Author response: (marked up manuscript line 198;:44R,468-470)

For EPANET code, the original work based on:

D.G. Eliades, M. Kyriakou, S. Vrachimis and M.M.g@rpou, "EPANET-MATLAB Toolkit: An Open-Source 8ware for
Interfacing EPANET with MATLAB", in Proc. 14th Inteational Conference on Computing and Control fee Water
Industry (CCWI), The Netherlands, Nov 2016, p.&i0.5281/zenodo.831493).
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potable par I'optimisation du modeéle hydrauligue win algorithme évolutionnaire, La Houille Blanch&9-66,
doi.org/10.1051/Ihb/2016062,2017

The number of references were increased to 2.

Referee comment: you have mentioned “The model was calibrated avitherrors” What are the calibration data for your
model? Discuss them clearly
Author response: (marked up manuscript line 337343

Refer ee comment: the calibration results of pressure are presentag need to complete with the flow calibration
Author response: (marked up manuscript line 341}344

The calibration is also made against the flow atttiree inputs of the study area, the result ofitwe simulation (red line)
are very close to what is measured green squassoas in Fig.17.
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