RESUMEN ... sbee s I
F AN 151 - 01 APPSR SROPSUBSPRN \Y/
RESUIM ..t bbb VI
130 [T R TTROR XI
LiSta A8 FIQUIAS ..ottt XV
Lista de abreViaturas..........cccceeeeiveie i XVII
R 111 (0o [UToTod (o] HO SO P TSR PPPTP 21
11 INEFOAUCCION ...t 21
1.1.1  TECNICAS NO UESIIUCLIVAS ...evveveveriesirsieeiiereeieie e sie et e s see e eneas 24
1.1.2  EI GPR como técnica N0 deStrUCTIVA.......ccevverierierrrie e eeiesee e 29
1.1.3  Procesamiento de imAgenes GPR..........ccccovveieiieiieie et 32
1.1.4  Métodos multi-criterio para ayudar en la interpretacion de imagenes ........... 33

1.2 (@] o] 1] (1Yo RSOSSN 37
1.2.1  ODbjJetivo GENEIAL........cceeiieie ettt 37
1.2.2  ODbjetivos ESPECITICOS .....c.crviiiiiriiiiiriecte e 37

1.3 JUSHIFICACION......cviiiecie e 38
14 OrganizaCion de tESIS........ueiueirerieieiere et 41

Xl



Analisis, caracterizacion y modelacion 3D de fugas de agua en sistemas de abastecimiento de agua...

2 3D Model evolution of a leak based on GPR image interpretations..... 45
PUBTICACION ... bbb et b e 45
VERSION AUTOR DEL ARTICULO ....ccocouiiiriirriiineissieseesesesssssssseeessssseens 47
2.1 ADSTFACT. ... 47
2.2 INEFOTUCTION ..o 47
2.3 OVverall @PProaCh.......c..o i 50
2.4 Case study: The layout for the laboratory tests...........cccocvvvviviivereiineieenen, 51
2.5 Interpretation and classification of the GPR profiles.........ccccccoovvvviiviiiinnnns 52
2.6 ANAIYSIS OF FESUILS ... 56
2.7 CONCIUSTONS ...ttt bbb 60
2.8 ACKNOWIEAGEMENT ......eeiiiie e 60

3 GPR image analysis to locate water leaks from buried pipes by applying

VariANCE TILEIS ..o 63
U o] FTor= Vol To o H OSSR 63
VERSION AUTOR DEL ARTICULO ......couiriieiiineirneiseiesisseseiseis s 65
3.1 ADSIFACT. ... bbb 65
3.2 INEFOTUCTION ..o 66
3.3 Case study — assay CONTIGUIAtION..........ccevverieriereeieiee e 69
34 Proposed methodology — variance filter .........cccoovvviinveniii i 71

341 VarianCe fIlLer ..o e 71
342 RAW IMAGE .ttt bbbttt 72
3.4.3  Variance filter iMage ........covoeiieieee e 72
344 SMOOLhEA IMAGE ....eoveiiieiee e 73
345 BINAMZALION .ocvviiieccc e nre s 73
3.4.6  Processed image (CONtoUr SEIECTION)........ccvireriiireiciiee e 73
35 Analysis of results — variance filter ...........ccoovviviiieiencsi e 74
3.5.1  First scenario — transversal SHCES.......ccccvvviiiieiiree e 74
3.5.2  First scenario — longitudinal SHICES ........cccccvevieiieiiiiie e 76
3.5.3  Second scenario — transversal SHCES .........ccvcveiereni i 77
3.5.4  Second scenario — longitudinal SHICES ..........ccocvreiiiniiiiice e 79
3.6 Comparison analysis using a multi-agent-based method.............cccccceveienins 80

Xl



indice

3.6.1  Pre-processing algorithm with multi-agent SyStems...........cccevvevvevvevvniiennens 81
3.6.2 Comparison and image analysiS........ccciviveieriereiesesese e 82
3.6.21 First scenario comparison- Transversal Slices.........c.ccocooveiniiicinennns 82
3.6.2.2 First scenario comparison - Longitudinal slices..........ccccceoeviiiicnnne. 84
3.6.2.3  Second scenario comparison - Transversal SliCeS..........ccovvervrvinanns 84
3.6.2.4  Second scenario comparison - Longitudinal slices ...........cccccevvvvivrnnnns 86

3.7 MOdel COMPATISON .....cviiiiiieieie et ens 87
3.8 CONCIUSIONS ...ttt sttt sbeeneas 89
3.9 ACKNOWIEAGEMENT.......eciiiiiiiieiriee et 90
4 A hybrid multi-criteria approach to GPR image mining applied to water
SUPPIY SYSTEM MAINTENANCE ......ecvveeeeriesieeie e see e ae e e 91
PUBIICACION. ......eeiiiicc ettt s sre e nre 91
VERSION AUTOR DEL ARTICULO ..o 93
4.1 ADSEFACT ...t 93
4.2 Introduction and literature reVIEW ...........cccocereriininenee e 94
4.3 Data processing techniques to handle GPR images from WSSs.................. 99
0 N = VY T - To -SSP 99
4.3.2  Multi-agent-based pre-processing algorithm.............cccoevveveienciieiienininennns 100
4.3.3  Subtraction MEthO ...........cooiiiiiiiiiee e 102
4.3.4  VarianCe fIlLer ... e 104
4.4 Integration of MCDM methods to manage results of data processing
ANAIYSES ...ttt e ettt et e et et e reeneeneenren 105
441  The FAHP teChNIQUE....c..oiviiiiie e 105
4.4.2 The ELECTRE Il to rank results of data processing analyses ...........c........ 110
4.5 CASE STUAY ...ovivecieeec ettt bbb 115
451 The FAHP to calculate criteria Weights .........ccoceoeierieniineneieee e, 116
45.2 The ELECTRE I to rank alternatives..........ccocvevvriieieienene e 118
4.6 CONCIUSIONS ...t 121
4.7 ACKNOWIEAGEMENTS ...ttt 123
5 DISCUSION ...ttt ettt 125
5.1 DISCUSION ...ttt et ettt 125

X1l



Analisis, caracterizacion y modelacion 3D de fugas de agua en sistemas de abastecimiento de agua...

5.1.1  DISCUSION GENEIAL.....ccuiiiieiiiiiieiie ettt e 125

5.2 Discusion del capitulo 2 ......c.ccvvvveieiiieicese e 128
5.3 Discusion del capitulo 3 ......ccovvvieieiiieces s 130
54 Discusion del capitulo 4 ..o 131

6 Conclusiones y [ineas fULUras.........cccccevivereiiieie s 133
6.1 INEFOTUCCION. ... s 133
6.2 CONCIUSIONES......cuviiticteetieiec ettt sttt na e 135
6.2.1  ENSayos en laboratorio.........coceiviiriiiiiiiiiinieieeee s 135
6.2.2 EI GPR como método de iNSPECCION .......cccovevvviriiiririinieireeesie s 137
6.2.3 Metodologia basada en sistemas multi-agente...........ccccceeveveieiieciievecennnn, 139
6.2.4  Metodologia basada en el filtrado de varianza. ...........c.ccoceevvevievicieiccennnn, 141
6.2.5 Toma de decision mediante métodos Multicriterio............covvreiiireinnenn 143

6.3 Desarrollos TULUIOS. .......cvoieiciece e 144
CoNntribUCIONES PrOPIAS ....vecvveveeieciiete ettt 147
RETEIENCIAS. ... e et enes 151

XV



