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Summary

The competition for space in urban areas due to an exponential growth of population makes underground
engineering plays a crucial role in the development of cities. New urban planning concepts, technology
advances and innovative construction capabilities condition the implementation of larger and more highly
efficient infrastructures. These urban underground infrastructures deal with variables such as cost, duration,
safety, and management; faces political, social, economic and environmental issues; and guarantees future
sustainability, maintenance, and energy efficiency. To do so, all these concepts and variables must be kept in
mind during the whole construction process: (l) project design, (Il) project construction and (lll) project
exploitation. This thesis aims to demonstrate how the construction cycle deals with the various impacts
produced by the interaction of underground constructions with groundwater at each stage of the process,
with a view to providing improved processes.

During the project design (stage |) previous data is collected, new data is generated, created (boreholes, field
tests, chemical samples...) and processed, helping to understand the context and to design the infrastructure.
There are very advanced tools to store and process geological, hydrochemical and hydrogeological data, but
most of these tools are not common in infrastructure projects. Often most of the constructions only perform



the minimum legal requirement to characterize the ground: a pumping test. Therefore, there is a need to
provide the constructors with a set of methods and tools to allow them to increase the quality of their
hydrogeological analysis, which will allow early detection problems associated with the groundwater.

The interaction of underground constructions with groundwater generates impacts. These impacts can usually
be minimized by using mitigation measures. The most common impacts caused by underground constructions
are the groundwater barrier effect (impact on the groundwater) and the groundwater pressure distribution
and limitation under the bottom slab (impact in the underground construction). In the literature there are
many examples and designs to mitigate both groundwater barrier effect and groundwater pressure
distribution and limitation under the bottom slab. However, to the author’s knowledge, there is no design that
integrates both solutions. Since it is illogical to design a solution without considering all the factors involved in
the problem, all mitigation measures depending on or affecting the groundwater head should consider the
groundwater head variation caused by the affection of other mitigation measures. This thesis presents an
innovative groundwater by-pass design that enables the groundwater to flow through the structure and
provide a homogenous distribution of the water pressure under the bottom slab. The new integrated design
was applied to the largest underground infrastructure of Barcelona: La Sagrera railway station. A
hydrogeological model was implemented to test the original and the integrated designs in three different
scenarios. This new solution mitigates the groundwater barrier effect and optimizes the bottom slab,
considerably reducing the costs and increasing safety during the construction phase.

During the construction (stage IlI) a great amount of new data is generated. Monitoring is required when
dewatering underground constructions in order to anticipate unexpected events and preserve nearby existing
structures and/or buildings. The most accurate and spread monitoring method to measure displacements is
levelling, a point-like surveying technique that typically allows for tens of discrete in-situ sub-millimetric
measurements per squared kilometer. Another emerging technique for mapping soil deformation is the
Interferometric Synthetic Aperture Radar (InSAR), which is based on SAR images acquired from orbiting
satellites or by ground-based stations (GB-SAR). This remote sensing technique can provide better spatial point
density than levelling, more extensive spatial coverage and cheaper acquisitions. Both satellite and ground-
based SAR systems have been used and tested in a variety of analyses. However, nobody has applied this
technology as a monitoring tool during construction works yet.

This thesis contributes to data storing and data analysis software that implies new and significant method
developments for increasing the quality of the hydrogeological analysis; it provides new approaches to address
the groundwater corrective measures definition during the design stage, and it develops and applies new
methods of infrastructure monitoring using ground-based and satellite SAR sensors during the construction
stage.



Resum

Degut al creixement exponencial de la poblacié i tenint en compte que 'espai dins les arees urbanes és finit
és necessari la construccio d’infraestructures subterranies. L'execucié d'infraestructures més grans i eficients
és possible gracies als nous conceptes en planificacio urbanaialI’aveng tecnologic en la construccid. No obstant
aixo0, variables com el cost, la durada, la seguretat i la gestid; els problemes politics, socials, economics i
ambientals; garantir la sostenibilitat futura, el manteniment i I'eficiencia energética, fan d'aquesta execucié
un problema complex. Per aix0, totes aquestes variables han d'estar presents durant totes les fases del procés
constructiu: (I) fase de disseny, (Il) fase de construccid, i (Ill) fase d’explotacié. Les construccions subterranies
interactuen amb el medi subterrani, el resultat de la interaccid s6n uns impactes en la construccio i en el medi
ambient. Tots aquests impactes son avaluats al llarg del procés constructiu per tal de ser corregits o
minimitzats. L’objectiu principal d’aquesta tesi és conéixer com s’avaluen els diferents impactes a cadascuna
de les fases del procés constructiu per poder aixi proposar millores.

Durant el disseny del projecte (fase I) i per tal d’entendre el context i el disseny de la infraestructura es recullen
dades historiques i es generen noves dades (pous, proves de camp, mostres quimiques ...). Tot i que
actualment hi ha eines molt avangades que permeten emmagatzemar i processar informacié geologica,
hidroquimica i hidrogeologica, I'Gs de la majoria d'aquestes eines no és habitual en els projectes



d'infraestructures subterranies ja que la majoria de les construccions caracteritzen el terreny Unicament amb
una prova de bombament. Per tant, és necessari proporcionar als constructors un conjunt de metodes i d'eines
que permetin augmentar la qualitat dels seus analisis (com per exemple les proves de bombament), per
augmentar aixi la deteccié primerenca de problemes associats a les aiglies subterranies.

La interaccio de les construccions subterranies amb les aiglies subterranies genera impactes. Aquests impactes
es poden minimitzar mitjangant I'ds de mesures de mitigacid. Els impactes més comuns causats per
construccions subterranies son I'efecte barrera (impacte en les aiglies subterranies) i la distribucié i limitacié
de subpressions sota la llosa de fons (impacte en la construccioé subterrania). A la literatura hi ha molts dissenys
que permeten mitigar |'efecte barrera i millorar la distribucié de les subpressions sota la llosa de fons. No
obstant aixd, no hi ha cap disseny que integri les dues solucions. Es il-logic dissenyar una mesura correctora
sense tenir en compte tots els factors que intervenen en el problema. Aquesta tesi presenta un disseny
innovador per bypassar les aiglies subterranies a través de l'estructura proporcionant una distribucié
homogenia de les subpressions sota la llosa de fons. El nou disseny s'ha aplicat en la infraestructura subterrania
més gran de Barcelona: la futura estacio de tren de la Sagrera. S'ha realitzat un model hidrogeologic per provar
els nous dissenys en tres escenaris diferents. Aquesta nova solucié minimitza I'efecte barrera de les aigies
subterranies i optimitza la llosa de fons, reduint considerablement els costos i augmentant la seguretat durant
la fase de construccid.

Durant la construccié de les infraestructures (fase Il) es generen una gran quantitat de dades. Quan una
construccié rebaixa el nivell freatic cal auscultar els nivells i la deformacid del terreny per tal d'anticipar
esdeveniments inesperats i preservar les estructures i / o edificis propers existents. El métode actual més
utilitzat per mesurar desplagaments en el terreny és I'anivellament, una tecnica que permet avaluar in situ
desenes de punts discrets amb una precisié submil-limeétrica. Una técnica emergent per mesurar la deformacio
del sol és el Radar d'Obertura Sintética Interferométrica (InSAR), que es basa en imatges SAR adquirides des
de satel-lits en orbita o bé des d'estacions al terra (GB-SAR). Aquesta técnica de deteccié remota proporciona
una major cobertura espacial i més econdmica que els métodes d'auscultacié tradicionals. Tot i que la
tecnologia SAR s'ha utilitzat i validat en una gran varietat d'analisis, ningu ha aplicat encara aquesta tecnologia
com a eina d'auscultacié durant la construccié d'infraestructures.

Aquesta tesi contribueix a: (I) millorar I'emmagatzematge i processament de dades a través de nous
desenvolupaments i métodes que permeten augmentar la qualitat de I'analisi hidrogeologic; (11) oferir noves
formes d'analisi per al disseny de mesures correctores durant I'etapa de disseny; i (l1l) desenvolupar i aplicar
nous metodes d'auscultacié d'infraestructura a través de sensors SAR (terrestres i satéllit) durant la fase
constructiva.
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Resumen

La limitacién de espacio en areas urbanas junto al crecimiento exponencial de la poblacién, hace necesaria la
construccién de infraestructuras subterraneas. Nuevos conceptos en planificacion urbana junto con los
avances tecnoldgicos en la construccion hacen posible la ejecucion de infraestructuras mas grandes y de mas
eficiencia. No obstante, variables tales como el coste, la duracién, la seguridad y la gestion; los problemas
politicos, sociales, econdmicos y ambientales; y garantizar la sostenibilidad futura, el mantenimiento y la
eficiencia energética, hacen de esta ejecucion un problema complejo. Por ello, todas estas variables deben
estar presentes durante todo el proceso constructivo: (I) disefio del proyecto, (Il) construccion del proyecto y
(111) explotacion del proyecto. Esta tesis tiene como objetivo principal saber cémo el ciclo constructivo (disefio
del proyecto, construccion y explotacion de proyectos) procesa las problematicas inducidas por la
interaccion de las nuevas infraestructuras subterraneas urbanas con las aguas subterraneas para luego
mejorarlo.

Durante el disefio del proyecto (fase I) se recogen los datos histdéricos, se generan nuevos datos (pozos,
pruebas de campo, muestras quimicas ...) y se procesa conjuntamente, lo que ayuda a entender el contexto y
el disefio de la infraestructura. Existen herramientas muy avanzadas para almacenar y procesar informacion
geoldgica, hidroquimica e hidrogeoldgica, aunque la mayoria de estas herramientas no son comunes en los
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proyectos de infraestructuras subterraneas ya que es comun que la mayoria de las construcciones sélo se
realice una prueba de bombeo para caracterizar el subsuelo. Por lo tanto, hay una necesidad de proporcionar
un conjunto de métodos y de herramientas a los constructores para que puedan aumentar la calidad de su
analisis (como pruebas de bombeo), para aumentar asi la deteccién temprana de problemas asociados a las
aguas subterraneas.

La interaccion de las construcciones subterraneas con las aguas subterraneas genera impactos. Estos impactos
generalmente pueden minimizarse mediante el uso de medidas correctoras. Los impactos mas comunes
causados por las construcciones subterraneas son el efecto barrera (impacto en las aguas subterraneas) y la
distribucion y limitacién de subpresiones bajo la losa de fondo (impacto en la construccién subterranea). En la
literatura hay muchos ejemplos de disefios para mitigar tanto el efecto barrera y como para mejorar la
distribucion de las subpresiones bajo la losa de fondo. Sin embargo, no hay ningun disefio que integre ambas
soluciones. Es ilégico disefiar una medida correctora sin tener en cuenta todos los factores que intervienen en
el problema. Esta tesis presenta un disefio innovador de by-pass para las aguas subterraneas que permite el
flujo de agua subterranea a través de la estructura a la vez que proporciona una distribucion homogénea de
las subpresiones bajo la losa de fondo. El nuevo disefio se ha aplicado en la infraestructura subterranea mas
grande de Barcelona: la futura estacién de tren de La Sagrera. Se ha realizado un modelo hidrogeolégico para
probar los nuevos disefios en tres escenarios diferentes. Esta nueva soluciéon mitiga el efecto barrera de las
aguas subterraneas y optimiza la losa de fondo, lo que reduce considerablemente los costes y aumenta la
seguridad durante la fase de construccion.

Durante la construccién (fase Il) se genera una gran cantidad de nuevos datos. Es necesario auscultar los
niveles y la deformacidn del terreno cuando una construccidn rebaja el freatico con el fin de anticiparse a
acontecimientos inesperados y a preservar las estructuras y / o edificios cercanos existentes. El método actual
mas usado para medir desplazamientos en el terreno es la nivelacidn, una técnica que permite evaluar in situ
decenas de puntos discretos con una precisiéon sub-milimétrica. Una técnica emergente para medir la
deformacion del suelo es el Radar de Apertura Sintética Interferométrica (InSAR), que se basa en imagenes
SAR adquiridas o bien desde satélites en érbita o bien desde estaciones en tierra (GB-SAR). Esta técnica de
deteccidén remota proporciona una mayor cobertura espacial y mas barata que los métodos de auscultacion
tradicionales. Aunque la tecnologia SAR se ha utilizado y validado en una gran variedad de analisis, nadie ha
aplicado esta tecnologia como una herramienta de auscultacion durante la construcciéon de infraestructuras.

Esta tesis contribuye a mejorar el almacenamiento y tratamiento de datos a través de nuevos desarrollos y
métodos que permiten aumentar la calidad del andlisis hidrogeoldgico; ofrece nuevas formas de analisis para
el disefio de medidas correctoras durante la etapa de disefio; y desarrolla y aplica nuevos métodos de
auscultacion de infraestructura a través de sensores SAR (terrestres y satélite) durante la fase constructiva.

viii



Acknowledgements

First and foremost, | want to thank my advisors, Enric Vazquez and Estanislao Pujades for their continuous
support, for their guidance, their patience, for responding fast when | needed them, for pushing me to become
better, for all that they have taught me. Thanks for bringing me the opportunity to enjoy my PhD.

Half of my thesis is the results of the collaboration with the Centre Tecnologic de Telecomunicacions de
Catalunya (CTTC). Special thanks to Michele Crosetto and Oriol Monserrat, who had the patience to teach me
all I know about SAR. Thank you time and your trust. Working with you has been a pleasure.

I must also acknowledge all of the colleagues of the hydrogeology group. Both those who finished and those
who still have part of the way in front of them. | loved coming to an office where | felt like home. Thanks for
making that possible. Special thanks to Rotman Criollo; working next to him made the task much more
enjoyable thanks to all for becoming friends.



| would also acknowledge ADIF (Administration), INECO (Construction Management), Audinglntraesa-Ayesa-
Cicsa (technical assistance) and Dragados-Acciona-Comsa-Acsa (construction companies) for their support
throughout this thesis. Special thanks to Alejandro Lopez, Ingrid Pujol and Carlos Puig.

A mi familia...

Con un afecto especial quiero dar las gracias a mis padres y a mi hermana. Vuestro apoyo incondicional ha
sido, y aun es, un faro que me muestra que puedo ser mejor cada dia, tanto en lo profesional como en lo
personal. Gracias!

Aquest temps no he caminat sol. He anat de la ma de la meva preciosa dona Anna, a qui estimo
incondicionalment. Ella m’ha donat I'estabilitat emocional i I'amor necessari per fer d’aquests ultims anys els
millors de la meva vida. Gracies bonica per ser com ets. Anna, aquesta tesi te la dedico a tu, perque, a I'igual
que en la nostra relacio, aixo és el resultat de treballar bé cada dia.



List of Contents

SUMI M A RY ettt ettt et e e e e e e baaaaeeeee e e e baseaaeeeeee e babebaeeee e babaneaaeee e e abnbtaeeeee e ababaateeee e rananaeaeeaanras ]
RES UM et et et e e e e s e s s sat e e ee e e e —n—eeeeeeaaatateeeeee e antnteeneeenanntatneneeaeearantnteenenenrenraenenann \"
RESUMEN it ere et e e s et e e s e st e e eese s enseeeeee s assnseeeese s nsenaneee e na aransneeeee s sanenaeaeeesanenrnnen Vil
ACKNOWLEDGEMENTS ....oietetee et s s e st re e se s e s st e e e e se s s mane e e sesesassnsaaeese s sansnaeeeesse s snransnssesesesasnnsnseesens IX
LIST OF CONTENTS .ot eeeeeesrtte e erte e s e e eessse e e e sa e e sesen e eesssaeeseana e e s sane e saneea e s naeesassane e aseee s snnneesasneasnnnaeannrnnanaras Xl
LIST OF FIGURES ... cteeeiiteiiiieteesie e sesse s sses s e snas e sesans e ssaa e eesanae e e s sanseenanas e aanasaee s bane e snanesesanasa s rsneeesasanesaransesnn XV
LIST OF TABLES ...ttt e e e et e e e e e e e e ataa e e ee e e aaseeae e e e sasbasaeeeee e ssssnseseeeaeeenanssbaseseeeeassnsnnnn XIX
CHAPTER 1.  INTRODUCGTION. ...ccuuiiiimiiiimisiesnniessssasssssssssssssssssssssssssssssssssassssssssssssssssssssssasssssssnsssssassnsasssss 1
1.1. IMIOTIVATION AND OBJECTIVES c.cetteteeeeeeeeeeeeeeeeeeeeeeeeeeeseesseseeeeessseseseessessssseseeeseeseesesssseeseseeeeesereeeeeeereersererereren 1
1.2, THESIS OUTLINE tevtteeteeesesuuereeeeeseeasanureseeesesssasnsneeesesssssssesenseesssssasssssssesssssansssneeessssssssssesessessnssssesesessssssnnes 6
CHAPTER 2. HOW TO IMPROVE AND CUSTOMIZE HYDROGEOLOGICAL SOFTWARE. .....cccccetmmmmmmnncccsnnnenns 9
2.1, INTRODUCTION c.uuuttttteeeseeseutrereeesesssansseneeesesssasssseeesesssasssssssesesssassssesssessssssssesesesssnssssseseeesssnsssssseeesssansnnnes 9
2.2. IVIETHODOLOGY .etteieeeieeeeeeeeeeeeeeeeeeeeeeeeeeesseseseeseseseseeessesseessesesesssesesesesereeeteseseseeereseeeeeseeeeeeererereeeeeeeeeserernn 11
2.2.1. General SYStems dEVEIOPIMENT ...........ccccueeeeecieeeeeeeeeeee e ee e ettt e e st e e st eeesteaeessasaesseeaeenes 11

Xi



2.2.2. The UPdating APPIOGCH ..........eeeeeeeeeeeeee ettt e e ettt e e et a e et e e e st e e ssaeaessseaaessseneesanees 12

2.3, APPLICATION EXAMPLES ....uuiieetteeeeseeaautteteeeeesaausteeeeeeeeaaasseaeeeeeaeaaasseeeeeesesaannbeeeeeeeaaannbeneeeeeaaaannbeneaaeeaanan 15
2.3.1. IIIX 2.0 ettt ettt ettt ettt et ettt et e ettt e bttt e e bttt e ettt et e et e e ateebes 15
2.3.2. OLNEE @XAMPIES ...ttt ettt ettt ettt e et sesaee s 18
2.3.3. Reused SOftWaAre VAlIdQUION...........c.c..ueeeeceeeeeeeeeeeeet e ctee et e ettt e e s tte e e st e e e staaeessasaessssaeenes 20

2.4, SYSTEM REQUIREMENTS AND PROGRAM AVAILABILITY .eeetieeiuuirteeeeeeenauinreeeeessseaunseeeeesssssaunseneeesssssansseneeesesanan 21

2.5, SUMMARY AND CONCLUSIONS ..c.uvveetreeureesueeessressseessseesssesenssesssessnseesssesssssesssssssssesssesssssesssesssseesssesssssesssess 21

CHAPTER 3. INTEGRATION OF GROUNDWATER BY-PASS FACILITIES IN THE BOTTOM SLAB DESIGN FOR

LARGE UNDERGROUND STRUCTURES. ....cuiiiiiiiimiiiiiinniinainssessassssasssssssssssssssssssssssssssssssssssasssssssssnssssssssssnss 23
3.1. INTRODUCGTION ....ciittiiiitiiiiieeeteteeeeeeee e et eeeeeeeeeeeeeeeeeeeeeeeesaeesaeereseetsaeareretereraateereterateteseereererereeererereeereren 23
3.2, MATERIALS AND IMETHODS .....uetiiiiiiteeieiiee ettt ettt e ettt e s st e e sttt e e sente e e saneeeessnbeeesansneeesaseeessnnsenenanne 28

3.2.1. Geographical, geological, and hydrogeological description ...............cccccvevvueevceveseeesereneenee. 28
3.2.2. Basic concepts: Groundwater DArrier €ffeCt..........uuweueeeccieeeeeieieeseieeeeceeeesiteaeesieeeessveaeenns 30
3.2.3. Problem SEALEMENT.............ueeeeeieeeeiee ettt e ettt e et s st a e s st e s s s satae e ssasaeeestaeaennes 31
3.2.3. 1. GrOUNAWALEE BY-PaSS cieeueviiiiiiieiiuiieeeiiiteesitteessiteeesibtee sttt e ssbteessabteesasbeessnbaeeessbeeesanbaeessseeessseesansaeesnsses 31

3.3. NEW INTEGRATED DESIGN ...cciiiiiiiiiiieiiiiieieieieeeeeeeee e eeeeeeeeeeeeeeeeeseeeseesesesesssesssesssssesesssssesersseesssrseesereren 33
3.3.1. Integrated DesSign d@SCIIPLION .............ccccueeeeiieeeeeeeeeecee e e ee e e ettt e e st e e e s ttaeeesteaeessaaeessssaesnes 33
3.3.1.1. Design 1: Artesian wells drilled inside the retaining Walls .............ccooviiiiiiiiiiiiiece e, 33
3.3.1.1. . Design 2: Artesian wells drilled outside the retaining Walls.........ccccccuviiiiiiiiiiieiniece e, 33
3.3.2. NUMELICAI MO ...ttt ettt et ettt ettt e nate et senaneeaeas 35
3.3.1. R o=t Lo [ (o3 [0 1V [ 11 [ B SPS 36
BU4.  RESULTS ittt ettt ettt e ettt e e s a e e s e b et e s sane e e e e s bt e e s ane e e e s ne e e e e s reee s nnneeesanneeeenreeennne 38
3.1.  DISCUSSION AND CONCLUSIONS .....uuttteieiieteeiite ettt e ettt e sttt e e sttt e e s stte e s sieeeessabeeesssaeeesabeaeesnnseeesanns 41

CHAPTER 4. GB-SAR INTERFEROMETRY DISPLACEMENT MEASUREMENTS DURING DEWATERING IN

CONSTRUCTION WORKS. cevtvreuressestearmasmssssmossssssssssiessmosmarssrssssssssessssssiossiosssssssssssesseessasssssssmssssssnsssssesssanes 45
4.1. INTRODUCGTION ...cetttiiititietttettteteteeeteeeteteeeeeretetteetereterereterererereteettttaretrttetetrtterertteteteermteerereerrermrmmm 45
4.2. PROBLEM STATEMENT AND GB-SAR EXPERIMENT DESIGN .....ccctviiiiiiiiiiiiiiiieiiiieeeeeeeeeeeeeeeeeeeeeeseseseeens 47

4.2.1. GB-SAR BASICS ..ottt ettt bttt a b sttt n b s bnbnnn b st nbnbnbnbnnnnnnnnn 47
4.2.2. LA SAGRERA STATION EXCAVATION AREA .....oeeeeeeeieieieieiaiuiaiaiasasasssssssssasssssssssssssssssnsssssssnssnnnnnnns 49
e T 1= o 1= =Y Y1 (U T | 4T o U 49
4.2.2.2. Geological and hydrogeological SETEINGS .......ccccuiiiiiiiiiiiiie e e e s aa e e e 50
V9 0 202 TR @(o 1o 13 d ¥ ot o W ol o =T = ot £ =1 1Y o [ oS OO U SRR PPRPRO 53
4.2.3. EXPERIMENT SETUP ..ottt sttt tssssssssssssssssssssssssssnsssssssnsnnnsnnnnn 53
A.2.3. 1. PUMPING 1Ot uuiiiiiiiiiiiiiieee e e ittt e e s ettt ettt e e s ebtr et e e s sssbabaaeeeeesassbataaeessasssssaaaeeeesassbeaaeeessanssseaeeeessssrsnanens 54
e B0y R €= By Y2 3 e Yo7 | 4 T o U 54
4.2.3.1.  GB-SAR MEASUIEMENTS ceciiiiiiiiiiieei ittt ettt e e e s e s r e e s s re e e e s e s asbbe et e s e seanbneteessesnnnbneeens 55
4.2.3.2.  Other MEASUMEMENTS . ..eiiiiiiiiitieeiiiee ettt e st ettt e sttt e s s stbeeesbeeesssbeeesbbeesasbeeesbbeeeassaeesnsseeessseesanseeesnssees 56
4.2.3.3. Hydrogeological and hydromechanical numerical Models ..........cccccvrrirrcienieriieceeeee e 56

4.3. RESULTS AND DISCUSSION ....coiitiiiiiiitiiiiieieieeeeeeeeeeeeeeeeeeseeeseeeseeessessessesssssesesssesssesesessesaesesesseeseeseesereren 56
4.4. CONGCLUSIONS. ...ttt sansnen 61

xii



CHAPTER 5. LEVELLING VS. INSAR IN AN URBAN UNDERGROUND CONSTRUCTION MONITORING: PROS

AND CONS. coereiicitertertuiiserterearseeeesteatsersarssisossastssssssssssosssressessssssssssnrssrsssssostessssssssssssassssensssssesssanen 63
5.1, INTRODUCGTION ... .ctttittteeiititt ettt ettt e e ettt e e sittee s sabe e e s s bbe e e snbeeesasbeeesaasseeesanseeeanbeeesansaeessasneessnnsenesanns 63
5.2, MATERIALS AND IMETHODS .....uuttiiiiiieeiiiietesiiteeesieeeesite e e siteeeseteeesssaeessseaaesssbaeesnsssessssseessnnseeesnnns 65

5.2.1. Geographical, geological and hydrogeological description ...............ccceeecueeeeevcvieeciiieeesieeeeenns 65

5.2.2. CONSLIUCEION CAGIACLEIISTICS .....vvveeeiiireeeiieeeeiiee ettt e et e e e et s st e e e stte s s s satesessasaessssaeassnes 67

5.2.3.

5.2.4.

5.2.5. Calculation of the pumping settlements (numerical model and analytical equations,.............. 68
5.3, RESULTS AND DISCUSSION ....oiiiiiiiiiiiieeiiietesiite e et eeesite e s site e e seteeessseeessnaaaesnsbeeesnsseeessnsseessnsseeesnnn 70

5.3.1. J =Y | T USSRt 70

5.3.2. Y Y 2 S PSPPSRt 72

5.3.1. LEVEIIING VS. INSAR ...ttt ettt e e ettt e ettt e e e st e e et e e e s seaaeatsesaessssseessssaaeassseanenes 73
5.4, CONCLUSIONS ...ttt ettt ettt ettt e st e st e e s st e e e s bte e e saba e e s s baeessasteeesaseaeeesbeeesnnsneessnseaessnssenesnnns 76

CHAPTER 6. GENERAL CONCLUSIONS......ccittttmtmntiiieiimansamstisisesssssssiasisisiesssssssisesmessssssssssssessasssssssssssanes 77

APPENDIX  ciiiiiiniiniisinisssssnsiestssasssssssssssssssssesssssssssssssssssesssssssssssssssssssssssssossssssssssssssssssssssnssnsasnnsss 79
6.1.  SUPPLEMENTARY MATERIAL CHAPTER 2 ....ettieeiiiiutrereeeeeeasnreteeeeesesamnnreeeeesesannnreeeeessseannreneeeessesnsreneeesesanan 81
6.2.  SUPPLEMENTARY MATERIAL CHAPTER 3 ...oiitieiiiiiiitttieee e e e sttt et e e e e e seiiet et eeeeeseannbeeeeeeeeeannbeteeeeesesnnbeneeaeeaanan 84
6.3.  SUPPLEMENTARY MATERIAL CHAPTER 4 .....eeieieiieeeeiieee ettt e e ettt e e st e e sttt e s et e e saneee e e s reeesnnneeesanneessnneeesnns 87

REFERENGCES  .oiiiiieittetnuiuieaniasnnsssseeisesteasmasssssimessesssssssesssssssssssssssessessssssssssessssessssssessesrsnssssssssesssernnsnssssns 91

LIST OF PUBLICATIONS ....ciiiiiitiumuiiiieiiisrmesssissiiestesssssssisssiasssssssssssesssssssssssisessassssssssssssassssssssssssssssssasnsnas 105
6.4.  SCIENTIFIC ARTICLES eteeteeeauuuereeeeeeeaauueeeeeeesaaauuseteeeessaaaunseeaeeesssaaunstateeeesaasannteneeeesaaaannbaeeeaesaesansaneeasesanan 107
6.5, BOOK CHAPTERS ..eeuuteeeeiurteesaireeesausteessuseeesasreessamsaeesauseeesanseeesnsaeesaaneeesasnseeesnsneesanneeesansneeesannneessnnnnenan 110
6.6, PROCEEDINGS ..uuuuettttteeeeaaaitttteeeeeeaautttteeeeeesauuastteeeeesaaunneeteeeeesaaannbeteeeeeaaaansbeeeeeeeaeansbebeeeeeeeaannbaneeaeesanan 111
6.7.  SOFTWARE REGISTRATION ...ceeteuureeerurreessureeesasreeesannseesaureeesansseessansneessnneeesssnsesesansneessnneeessnssesesannnesssnnenenan 112
6.8.  PROJECTS DEVELOPED AND RELATED WITH THE THESIS «.eeeteiuiutreeeeeeeaaurteteeeeseasunrereeeeseesnnreneeesssesannseneeesesannn 114

6.8.1. PUBIIC RESEAICH PrOJECES. .....eeeeeeeeetieeeetee et e ettt e et e st e e et e e e st e e ssstaaenssaeasaasseaesassneaaas 114
6.8.2. Private RESEAICH PrOJECES......cc..eeeeeeeieeeeee et e ettt e eetee e et e e et e e e etaa e e s saaaestsaaensssaessssenaaas 115
ABOUT THE AUTHOR ...ciitiitttciieaniessassiiiiessssssssesssasssssssasissssessssssssssitessssessssssssssetsstssssssssssessassssssssssasanse 121

xiii



xiv



List of Figures

FIGURE 1. MODIFICATION OF THE “MACLEAMY CURVE” WHICH ILLUSTRATES THE CONCEPT OF MAKING DESIGN DECISIONS EARLIER IN
THE PROJECT WHEN OPPORTUNITY TO INFLUENCE POSITIVE OUTCOMES IS MAXIMIZED AND THE COST OF CHANGES MINIMIZED,
ESPECIALLY AS REGARDS THE DESIGNER AND DESIGN CONSULTANT ROLES. ..ceuvetevrerreeerueesreessseessessnseesssesssseesseesnseesanes 5

FIGURE 2. DECISION FLOW DIAGRAM: PROGRAMMING STEPS. ....uuuuuieteeeeeaaiurterteeeeaasaunreteeeessasaunnseeeeesesannsneeeeesssannnnseeeess 14

FIGURE 3. COMPARISON BETWEEN THE OLD MIX INPUT FILE (TOP) AND THE NEW MIX v2013 INPUT DYNAMIC TABLE (DOWN)...17

FIGURE 4. COMPARISON BETWEEN THE OLD MIX OUTPUT FILE (WITH MORE THAN 6.000 LINES) (LEFT) AND THE NEW MIX v2013
OUTPUT GUI (PIE PLOTS, DATA REARRANGEMENT AND SCATTER PLOTS) (RIGHT).veuverurerurereeeeeeeesneesneesseeseesesnsesneesnnes 18

FIGURE 5. FLOW DIAGRAM PATHS FOLLOWED BY EACH OF THE PRESENTED CASE STUDIES: EASYQUIM, EASYBAL, MIX AND BRINEMIX.

FIGURE 6. BOTTOM SLAB WATER PRESSURE DISTRIBUTION SCHEME. (1) STATES THE PROBLEM, (2) SHOWS A POSSIBLE SOLUTION. 24
FIGURE 7. GROUNDWATER BARRIER EFFECT SCHEME. (1) STATES THE PROBLEM, (2) SHOWS A POSSIBLE SOLUTION. ....cvevrvennene 25
FIGURE 8 GROUNDWATER BY-PASS DESIGNS. (1) REMOVAL OF CUT-OFF WALL, (2) INTAKE AND RECHARGE PIPES INSTALLED IN DRILLED

HOLE, (3) INTAKE AND RECHARGE THROUGH PERMEABLE CUT-OFF WALLS, AND (4) INTAKE AND RECHARGE WELLS. MODIFIED

FIGURE FROM AKAGI, 2004, NOT TO SCALE. «.ueeetirtrtieeeeeererttteeeeessssssniasesesssssssiasessssssssniesessssssssnmiesessssssnnnnaeseees 26
FIGURE 9. THIS FIGURE SHOWS HOW THE BOTTOM SLAB WATER PRESSURE DISTRIBUTION AND THE GROUNDWATER BARRIER EFFECT
PROBLEMS MIGHT BE CONSIDERED. ...uuuuvttreeeeeeeseusreeeeeseeasasssseeesesesasssssssssesseanassssssssssesasssssssesssesasssssssssesssansssssseees 27

Xv



FIGURE 10. GEOGRAPHICAL LOCATION OF THE STUDY SITE. 1.vevevveteiveseeressessesessessesessessesessessesessessessssessesessensesessesessssessenes 28
FIGURE 11. DETAILED GEOLOGICAL PROFILE OF THE SITE. (1) PLAN VIEW OF THE GEOLOGICAL BASEMENT, (2) CROSS SECTION A-B,
(3) CROSS SECTION C-D. EXCAVATION AREA, LIMITED BY DIAPHRAGM WALLS, IS SHOWN IN LIGHT BROWN COLOR. BOTH CROSS

SECTIONS SHOW THE MAXIMUM EXCAVATION AND THE REQUIRED DEWATERING SYSTEM. c..veeeveesureeereesreeesseessessnsessnnes 29
FIGURE 12. CROSS SECTION OF A THEORETICAL AQUIFER WITH A STRUCTURE REDUCING ITS NATURAL TRANSMISSIVITY.

GROUNDWATER BARRIER EFFECT SCHEME. IMODIFIED FROM PUJADES, 2012, ....uuuuiiiiiiiiiiiieiiiiiiieaaaaae 30
FIGURE 13. ORIGINAL DESIGN SCHEME. (1) PLAN VIEW. (2) CROSS SECTION. BOTTOM SLAB .....vvvreeerreeererreeeeiereeesneneeesneneeens 32
FIGURE 14. INTEGRATED DESIGNS SCHEME. (1) PLAN VIEW. (2) CROSS SECTION. ...uvveesveresureereeesseeeseeessneessesessseessesessessnsess 34
FIGURE 15. NUMERICAL MODEL MESH AND BOUNDARY CONDITIONS. eeeeeteeeiuurrerreeseeainnrereeeeesasanrnneeeeesesannnnneeesesssannnreneees 37
FIGURE 16. (1) DETAILED WATER TABLE LOCATION FOR EACH SCENARIO. (2) DESIGNS AND SCENARIO EVALUATION. .......cceeunes.n 37
FIGURE 17. SIMULATION RESULTS: WATER HEADS (IN M.A.S.L.) FOR EACH SCENARIO AND DESIGN......veeeerurreeeeiereeessneneessnneeens 39
FIGURE 18. SIMULATION RESULTS: WATER PRESSURE (IN M.W.P.) FOR EACH SCENARIO AND DESIGN. ...eeevuveerrreerereenreeenseesnseeas 40
FIGURE 19. ILLUSTRATION OF HANS MELLER TO EMPHASIZE DIVERGENCE IN INTERPRETATIONS. ...uuuerireeeeeeerinnreeeeesesineeeeenes 46
FIGURE 20. GROUND-BASED SAR IMAGES TREATMENT. THE PHYSICS AND THE MATHEMATICS. ...ceuuuiireeeeeeeriinreeeeeeeseiineeeeens 48
FIGURE 21. GEOGRAPHICAL LOCATION OF THE STUDY SITE. THE YELLOW WELLS ARE THE ONES ACTIVATED DURING THE PUMPING TEST.

................................................................................................................................................................... 49

FIGURE 22. SOIL AND EXCAVATION PROFILE CORRESPONDING TO THE TRANSVERSE SECTION A6 (SEE FIGURE 25 TO LOCATE THE
SECTION) AT THE TIME OF THE EXPERIMENT. A6 IS ALSO THE TRANSVERSE SECTION OF THE HYDROMECHANICAL MODEL
OPLAXIS. ettt ettt ettt ettt ettt ettt ettt e bt e s bt e bt e e h et e bt e e he e e bt e e bt e e bt e e nhe e e ah b e e ateeshbeenateesateenateesabeenaneen 51

FIGURE 23. DETAILED GEOLOGICAL PROFILE OF THE SITE. (1) PLAN VIEW OF THE GEOLOGICAL BASEMENT, (2) CROSS SECTION A-B,
(3) CROSS SECTION C-D. EXCAVATION AREA, LIMITED BY DIAPHRAGM WALLS, IS SHOWN IN LIGHT BROWN COLOR. BOTH CROSS
SECTIONS SHOW THE MAXIMUM EXCAVATION AND THE REQUIRED DEWATERING SYSTEM. ...veterureeeenureeessnureeessunnesssiveeenns 52

FIGURE 24. SCHEME OF THE EXPERIMENT AND THE EXPECTED WALL DEFORMATION. ..eeuvtteurerreesneesreesnseessseesnseesssessnseessseses 54

FIGURE 25. RADAR POSITION, GB-SAR ANALYSIS AREA, MANUAL ACQUISITION DATA TARGETS (BLUE CIRCLES, MON) AND
INCLINOMETERS (YELLOW SQUARES), PUMPING WELL POSITIONS (RED CIRCLES) AND GB-SAR (BLACK DASHED LINES) AND
©PLAXIS (RED DASHED LINE) SECTION ANALYSIS. «.vveeeeiurreeeeseeeesisseeeassreeesaissesesasssssesssssesasssssssssssssessssesssssssssssssannn 55

FIGURE 26. SUMMARY OF THE EXPERIMENT DATES.  INCREASES INSIDE THE ENCLOSURE, PUSHING THE WALL IN FRONT OF THE ...57

FIGURE 27. HYDROMECHANICAL MODEL (©PLAXIS) RESULTS. CROSS SECTION: HORIZONTAL DISPLACEMENT INDUCED BY
DEWATERING CALCULATED IN THE MODEL FOR SECTION A6. (1) SCHEME, (2) MODEL RESULTS. ....vevueereeeeeenreeneesneesneenenes 58

FIGURE 28. RADAR OUTPUT: DISPLACEMENTS ESTIMATED BY THE GB-SAR. ALL PIXELS WITH DISCARDED DATA DUE TO THE LACK OF
COHERENCE ARE SHOWN IN BLACK. THE RED DASHED LINE REPRESENTS THE MEASURED DIAPHRAGM WALL. NEGATIVE VALUES

REPRESENT MOVEMENTS TOWARDS THE SENSOR. ...eeuviiuiiiiiiiuientectieteete st st sae et et sae st s bbb e enbesanesanesanes 59
FIGURE 29. PLAN VIEW: COMPUTED (GRAY BAND) AND MEASURED (RED ARROWS) HORIZONTAL DISPLACEMENTS FOR THE MOUNTAIN
SIDE RETAINING WALL IN ALL SECTIONS CONSIDERED. (3) CROSS SECTION: LOCATIONS OF THE ANCHORS. ....ccucvviiiniiieienns 60

FIGURE 30. MULTI-PARAMETER CORRELATION: PUMPING RATES, DRAWDOWNS AND GB-SAR WALL HORIZONTAL DISPLACEMENTS.
THE MEASUREMENTS ARE SHOWN IN CIRCLES. THE DASHED LINE REPRESENTS A DATA GAP. THE REST OF THE CROSS-SECTIONS
ARE INCLUDED IN THE APPENDIX. uvtiuteitteiteeitienteeteetesseesteesteebestestaesbeesbe e beebe et e eae s sbe e be et e et e s abestaesaeenbeebeenbeeas 60
FIGURE 31. GEOGRAPHICAL LOCATION OF THE STUDY SITE AND DETAILED GEOLOGICAL PROFILE OF THE SITE. (1) PLAN VIEW OF THE
GEOLOGICAL BASEMENT, (2) CROSS SECTION A-B, (3) CROSS SECTION C-D. EXCAVATION AREA, LIMITED BY DIAPHRAGM WALLS,

XVi



ISSHOWN IN LIGHT BROWN COLOR. BOTH CROSS SECTIONS SHOW THE MAXIMUM EXCAVATION AND THE REQUIRED DEWATERING

SYSTEIML. 1 euttttteeeeee ittt et e e e e e ettt e eeeeeaaasbe et e e e e e e e nbe et eeeeeeaanaeeeeeeeeeaanaeeeeeeeeeeaananteeeeeeeeaannbeteeeeeeeannbeeeeeeeaeaannren 66
FIGURE 32. NUMERICAL MODEL MESH AND BOUNDARY CONDITIONS. .ceeeeeeeuunrereeeeeeainnreneeeeesesanrnneeeeesesannnnneeesesssannnreneees 69
FIGURE 33. MONITORED POINTS BY LEVELLING. LEVELLING TIME SERIES GROUPED BY LOCATION.....uveeiuereereereeesereesesensnesnseees 71
FIGURE 34. INSAR DISPLACEMENT VELOCITY MAP (ABOVE). INSAR DISPLACEMENT TIME SERIES GROUPED BY LOCATION (BELOW).

................................................................................................................................................................... 74
FIGURE 35. INSAR (BLUE), LEVELLING (RED) AND NUMERICAL MODEL (ORANGE) RESULT COMPARISON. ....eeeeeiureeerruereeesnrneenns 75
FIGURE 36. DECISION FLOW DIAGRAM WITH SOME CODE COMMENTS RELATED TO THE APPENDIX. 1vveeuvererureenreeeseresssesenseessseees 83
FIGURE 37. PUMPING TEST WELLS AND PIEZOMETERS LOCATION. ...uevtereeeeeaaunnrereeeeseasnnreneeeeesesannnnneeeeesesannnneeesesssannnnneneees 85
FIGURE 38. FITTING CURVES OF THE NUMERICAL MODEL DURING THE PUMPING TEST. cuvvteiureeueresereeresesseeessesensnesssesessessnsens 86

FIGURE 39. GB-SAR, TRADITIONAL MONITORING DATA AND HYDROMECHANICAL MODEL RESULTS FOR ALL CROSS-SECTIONS. ..... 88
FIGURE 40. GB-SAR, TRADITIONAL MONITORING DATA AND HYDROMECHANICAL MODEL RESULTS FOR ALL CROSS-SECTIONS. .....89

xvii



xviii



List of Tables

TABLE 1. RESULTS SUMMARY FOR EACH SCENARIO AND DESIGN ....vuveuveveereseseesesseseesessessesesseseesessessssessessesesseseesessesssessenens 42
TABLE 2. PARAMETERS OF THE HARDENING SOIL MODEL USED IN THE © PLAXIS HYDROMECHANICAL MODEL. YT IS THE SOIL UNIT
WEIGHT, C" IS COHESION, ¢’ IS THE FRICTION ANGLE, E IS THE YOUNG’S MODULUS, V IS POISSON’S RATIO, M IS THE POWER FOR
STRESS-LEVEL DEPENDENCY OF THE STIFFNESS, ESOREF IS THE REFERENCE YOUNG’S MODULUS AT 50% OF THE STRENGTH,
EOEDREF IS THE REFERENCE ODOMETRIC MODULUS, AND EURREF IS THE REFERENCE UNLOADING-RELOADING MODULUS.....51
TABLE 3. HYDRAULIC PARAMETERS OF THE AQUIFER LAYERS IN THE STUDY SITE...veuveueereiveeeeresseseesesseseesesseseesessesessessesessessesens 85

Xix



XX



Chapter 1.
Introduction.

1.1. Motivation and objectives

The competition for space in urban areas due to an exponential population growth in cities means
underground engineering plays a crucial role in the development of cities. Urban underground infrastructures
are especially challenging because of the impacts generated by the interaction between underground
infrastructures and groundwater, which can be maximized within high density populated areas (Pujades et al,
2012, Attard et al., 2016). The interaction between underground infrastructures and groundwater is two-fold:
(1) groundwater may damage underground infrastructures or complicate their construction, and (2),
underground infrastructures may impact aquifers.

On one hand, groundwater impacts are usually related to safety when they occur during the construction of
underground infrastructures (Pujades et al, 2014a). Groundwater must be considered to guarantee the safety
of the workers, the integrity of the construction, and the adjacent structures. During construction, the water
table is usually lowered and controlled in order to be able to work in dry conditions and to avoid base level
instabilities, such as hydraulic bottom uplift or liquefaction (Pujades et al, 2014b). After the construction, the
water table returns to its original level, increasing the water pressure under the bottom slab (in cases of
overpressure the bottom slab may break).
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On the other hand, underground infrastructures may affect the quantity and the quality of the available water
resources. In the case of low permeability underground structures, groundwater barrier effect is usually the
main concern (Vazquez-Sufie et al., 2004). The underground infrastructure can act as a natural flow barrier,
reducing the effective transmissivity of the aquifer and leading ideally to a rise in the water table upgradient
and a lowering on the downgradient side. These modifications of the water table can have negative
consequences (Deveughele et al., 2010; Font-Capo et al., 2015). Rising water levels may flood basements,
promote soil salinization, affect flora by rotting the roots of plants, reduce the bearing capacity of shallow
foundations, expand heavily compacted fills under foundation structures, cause settling of poorly compacted
fills upon wetting, increase loads on retraining systems or basement walls of buildings, increase the need for
drainage in temporary excavations, and propagate contaminants contained in the partially saturated zone
(Marinos and Kavvadas, 1997; Tambara et al., 2003; Ricci et al., 2007; Paris et al., 2010). The lowering of heads
on the downgradient side can cause seawater intrusion in coastal aquifers, ground subsidence, the drying of
wells and springs and can kill off phreatophytes. Moreover, the difference of water pressure between both
sides of the underground structure leads to asymmetric loading for which building foundations are seldom
designed (Custodio and Carrera, 1989; Tambara et al., 2003).

In order to properly assess the potential impacts, it is important to characterize the site hydrogeologically (at
geological, hydrochemical and hydrogeological level). Errors or inaccurate hydrogeological knowledge could
mislead the final project or lead to unforeseen events. In fact, numerous accidents have occurred in recent
years (for instance, the tunnel collapse in Barcelona - Spain, Van der Boom, 2011; or KéIn - Germany, Van
Baars, 2011). During the last few years, some regulations have appeared to control the impacts in both
groundwater and infrastructures. In the case of Barcelona, the Municipal Environmental Ordinance of
Barcelona (“Ordenanga municipal del medi ambient de I’Ajuntament de Barcelona”) collects and summarizes
the following local and state regulations?:

=  Metropolitan regulation for water discharge
=  Procedure HO309 - temporary water diversion. Catalan Water Agency.

. Reglament metropolita d’abocament d’aigles.

. Procediment HO309 - Derivacid d’aiglies amb caracter temporal. Agéncia Catalana de I'Aigua.

. Codi técnic de I'edificacio (CTE) - SE-C Cimentacions; 7.4 Gestid de I'aigua.

. RD 1514/2009, de 2 d’octubre, pel qual es regula la proteccié de les aiglies subterranies contra la contaminacié i el
deteriorament.

. Llei 22/2011, de 28 de juliol, de residus i sols contaminats.

. RD 9/2005, de 14 de gener, pel qual s’estableix la relacié d’activitats potencialment contaminants del sol i els criteris i
estandards per a la declaracién de sdls contaminants.

. GISA: Plec de prescripcions per a I’assisténcia técnica a la redaccié d’estudis hidrogeologics.
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= Technical Building Code (CTE) - SE-C Foundations; 7.4 Water Management.

=  Decree 1514/2009, of 2 October, which regulates the protection of groundwater against pollution
and deterioration.

=  Law 22/2011 of 28 July on waste and contaminated soils.

= Decree 9/2005 of 14 January, establishing the list of potentially soil polluting activities and the criteria
and standards for the declaration of soil contaminants.

= GISA: Specifications for technical assistance in the preparation of hydrogeological studies.

These regulations are only mandatory when the construction affects the water table and only require the
performance of one pumping test to obtain aquifer parameters and to define the dewatering system. As a
result, most of the underground constructions that interact with groundwater are performed with very poor
knowledge on the hydrogeodynamics of the site.

The impacts on both aquifer and infrastructures must be limited, requiring construction designs that ensure
safety compliance and preservation of the aquifer conditions. As a result, it is necessary to adopt corrective
measures previous to, during, and/or after the construction that do not complicate the development of the
construction and do not increase the total cost.

Urban underground infrastructures deal with variables such as cost, duration, safety, and management; faces
political, social, economic and environmental issues; and guarantees future sustainability, maintenance, and
energy efficiency. To do so, all these concepts and variables must be kept in mind during the whole
construction process: (I) project design, (ll) project construction and (lll) project exploitation. The first stage
"builds the project on paper", while the second and the third stages encompass the physical implementation
of the project.

During the project design (stage |) previous data is collected, new data is generated, created (boreholes, field
tests, chemical samples...) and processed, helping to understand the context and to design the infrastructure.
The historical data can be used to design the first draft of the project. These data can be obtained from many
different sources and can be structured and unstructured material in a wide variety of formats (text, numerical,
multimedia, software, etc.). Since digital data collection, aggregation and integration have experienced an
exponential increase (e.g. streaming in from a growing number of satellites and sensors, Internet, etc.), we are
overrun by data.

The first draft of the project is used to define where and how additional new data must be generated (for
instance, drilling new piezometers and/or wells, hydrochemical sampling or performing pumping tests). New
data increases the data density in the underground construction area and allows defining the status quo of
the groundwater (in terms of quantity and quality).

There are very advanced tools to store and process geological, hydrochemical and hydrogeological data, such
as ArcHydro (Strassberg, 2007), H+ database (de Dreuzy et al., 2006) or HYDOR (Velasco et al. 2015). However,
most of these tools are not common in infrastructure projects because most of the constructions only perform
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the minimum legal requirement to characterize the context: a pumping test. Even if the pumping test usually
leads to reliable hydraulic parameters estimation, its reliability greatly depends on the quality of the pumping
test and the analysis, and on the accuracy of the geological and hydrogeological knowledge (Criollo et al.,
2015). Therefore, there is a need to provide constructors with a set of tools based on software platforms they
can feel comfortable with and which will allow them to increase the quality of their hydrogeological analysis.
This will then allow early detection problems associated to the groundwater.

The use of spreadsheets is very common in construction since they are useful to store, process and plot any
type of data. There are many examples of spreadsheets developed to assist hydrogeological calculations (e.g.
Akin et al 2002, Locock et al 2008, 2014, Elmore et al., 2007, Molano, 2014). However, it is sometimes difficult
to adapt them to be useful in a specific analysis. In this sense, there is not an easy methodology yet to allow
non-experts and non-software developers to adapt existing geological, hydrochemical and hydrogeological
tools and to offer the possibility of extending its functionalities.

As mentioned above, underground infrastructures can be especially challenging when the construction is
under the water table and in urban environments due to the impacts on both aquifer and construction areas
which usually require adopting corrective measures previous to, during, and/or after the construction.

The construction safety, cost and efficiency can be influenced by the decisions adopted during the design stage
of the Project. Research shows that decisions concerning the design of projects have a major impact on cost
and can eliminate a considerable percentage of construction damages (MacLeamy, 2004; Pujades et al., 2014).
The Figure 1 illustrates MacLeamy Curve which relates the level of effort required, cost and effect over the
infrastructure project stages. The blue line indicates the ability to impact project cost and performance, which
sharply decreases as the project progresses. The red line shows how the cost of making and executing design
changes is low during preliminary design, but sharply increases during the project.

For huge or complicated underground infrastructures, hydrogeological numerical models have become a
frequently used tool for diagnosis, management and prediction of water behavior and ground deformation.
These models are useful to estimate the hydraulic parameters of the aquifer, to predict and quantify head
variations and soil deformation and to design solutions to choose the best dewatering system (Merrick and
Jewell, 2003, Bonomi and Belleni, 2003, Ricci et al., 2007 and Paris et al., 2010). Historical and new data are
analyzed and set up in the numerical models together with the infrastructure design to forecast groundwater
evolution prior the construction.

These numerical models are also useful to quantify impacts and design mitigation measures. These mitigation
measures are usually treated independently, resulting in a set of solutions (mitigation measures) in which each
is associated to a specific problem. However, it is not the best praxis (Vazquez-Sufie et al., 2004). Sometimes
impacts are generated or controlled by the same variable, for instance the groundwater level. This means that
one independently solved mitigation measure can affect other solutions. For instance, a groundwater by-pass
lowers the water table upgradient and raises the water level downgradient, and this water level variation
changes the initial assumption of the bottom slab water pressure distribution design. From this example, it
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seems illogical to design hydrogeological mitigation measures without considering all the mitigation measures
depending on and affecting the groundwater level.

Preliminary Detailed Project Project
design design Construction Exploitation

Ability to impact cost
and performance

Cost of design
changes

Effect / Cost / Effort

Project progress

Figure 1. Modification of the “MacLeamy Curve” which illustrates the concept of making design decisions earlier
in the project when opportunity to influence positive outcomes is maximized and the cost of changes minimized,
especially as regards the designer and design consultant roles.

During the construction (stage Il) a great amount of new data is generated. This data comes from land surveys
and automatic measurement tools and is used to validate the numerical models and to prevent and detect
unexpected events. Traditional infrastructure project monitoring is based on land surveys and geotechnical
instruments. The most common topographic techniques include levelling, total stations, Differential Global
Positioning System (DGPS), and robotic total stations, and the geotechnical techniques include pendulums,
inclinometers, extensometers, piezometers, gyros, and optical fiber-based techniques (Dunnicliff, 1988;
Marchamalo et al., 2011). Some of these techniques, such as DGPS, robotic total stations and optical fiber-
based methods, allow for automatic measurements and continuous monitoring. Although all of these
techniques are widely accepted and used, they still allow only point-like measurements, requiring
interpolation and extrapolation to achieve a complete measurement understanding.

In the last few decades, new technologies for assessing soil movements have evolved rapidly. Remote sensing
imaging systems, such as synthetic aperture radar (SAR), now offer the ability to capture complete
deformation patterns (2D information) and the possibility of both day and night operation, regardless of the
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weather conditions (storm, wind, rain, and sun). The SAR sensors can be installed in satellites or on the ground
(GB-SAR). While satellite acquisitions cover areas of 100 km by 100 km over longer time periods, ranging from
days to weeks (depending on the satellite), ground-based systems allow for continuous monitoring in smaller
areas (usually approximately 1-2 km?) and shorter revising times on the order of minutes. SAR systems
presents some limitations, such as the necessity of measuring displacements perpendicular to the Line-Of-
Sight (LOS) and the requirement for pixel coherence over time. Nevertheless, the SAR systems provide more
capabilities compared with other deformation measurement techniques due to its heightened sensitivity to
small deformations, its long-range measurement capability (up to several kilometres) and its simultaneous
measurement of a vast number of points.

Both satellite and ground-based SAR systems have been used and tested in a variety of analyses. However,
nobody has applied this technology as a monitoring tool during construction works yet.

In the light of the foregoing, the general objective of this thesis is to demonstrate how the construction cycle
deals with the various impacts produced by the interaction of underground constructions with groundwater
at each stage of the process, with a view to providing improved processes. Thus, the specific objectives of
this thesis are:

= To provide constructors with a set of methods and tools to allow them to improve the quality of their
hydrogeological analysis, allowing early detection of problems associated with groundwater.

=  To propose new methods for optimizing underground infrastructure designs by combining solutions
through numerical models during the design stage.

=  To apply and develop new technologies and methods that have not been applied yet to monitor
deformation in a construction environment during the construction stage. This thesis proposes the
use of SAR (both ground-based and satellite sensors) to quantify deformation induced by dewatering
and to improve the actual construction monitoring.

To do so, Adif (Administrator of Railway Infrastructures) provided the opportunity to test the developments
of this thesis in the largest underground infrastructure of Barcelona (Spain): La Sagrera railway station.

1.2. Thesis outline

This thesis consists of five chapters. After the introductory chapter, the thesis continues with four chapters
that were written as independent journal publications. Each chapter addresses one of the three specific
objectives mentioned above.

Chapter 2 poses the problem of providing the constructors with a set of methods and tools to allow them to
increase the quality of their hydrogeological analysis, which will allow early detection problems associated
with groundwater. This chapter presents an approach to easily improve and customize any hydrogeological



Introduction.

software. The results of experience gained from updating several interdisciplinary case studies. The main
insights of this approach have been illustrated by four examples: MIX (FORTRAN-based), BrineMIX (C++ based),
EasyQuim and EasyBal (both spreadsheets based). The improved software has proven to be a better tool able
to perform an enhanced analysis by considerably reducing the time-consuming input and output data files
processing. All four examples are under the copyright protection of the Spanish Research Council (CSIC).

Chapter 2 is based on the paper: Serrano-Juan, A, Vazquez-Suié, E., Alcaraz, M., Ayora, C., Velasco, V., Criollo,
R. and Scheiber, L. How to improve and customize hydrogeological software. June 2016 - Hydrogeology
Journal. Under review.

Also, the chapter is based on the following software registered by the Spanish National Research Council
(CSIC): LAUNCH MIX (Reg. Num. CG3420733), EASYQUIM (Reg. Num. CG3420743), EASYBAL (Reg. Num.
CG3420724), BRINEMIX (Reg. Num. CG3420764), all issued on March 31, 2015.

Chapter 3 provides an example of how the construction design can be optimized through numerical models
analysis. This chapter presents an innovative groundwater by-pass design that enables the groundwater to
flow through the structure and provide a homogenous distribution of the water pressure under the bottom
slab. The new integrated design was applied to the largest underground infrastructure in Barcelona: La Sagrera
railway station. A hydrogeological model was implemented to test the original and the integrated designs in
three different scenarios. This new solution mitigates the groundwater barrier effect and optimizes the bottom
slab, thus reducing the costs considerably and increasing safety during the construction stage.

Chapter 3 is based on the paper: Serrano-Juan, A., Vazquez-Suiég, E., Pujades, E., Velasco, V., Criollo, R., Jurado,
A. Integration of groundwater by-pass facilities in the bottom slab design for large underground structures.
May 2016 - Tunnelling and Underground Space Technology. Under review.

Chapter 4 is focused on the data acquisition during construction. This chapter aims to test the GB-SAR
suitability to measure movements during construction. To do so, an experiment was performed in the future
railway station of La Sagrera, Barcelona (Spain), in which GB-SAR was used to accurately quantify wall
displacements induced by dewatering, and proved to be helpful in understanding structural deformations and
identifying vulnerable areas. The results were compared to traditional monitoring data and numerical models
to confirm the reliability of the GB-SAR measurements.

Chapter 4 is based on the paper: Serrano-Juan, A., Vazquez-Suiie, E., Monserrat, O., Crosetto, M., Hoffmann,
C., Ledesma, A., Criollo, R., Pujades, E., Velasco, V., Garcia-Gil, A., Garcia-Alcaraz, M. GB-SAR interferometry
displacement measurements during dewatering in construction works: the case of La Sagrera railway station
in Barcelona, Spain. February 2016 - Engineering Geology. DOI: 10.1016/j.enggeo0.2016.02.014.

Chapter 5 is also focused on the data acquisition during construction. This chapter analyses, compares and
discusses levelling and InSAR measurements when they are used to measure the soil deformation induced by
the dewatering associated with underground constructions in urban areas. To do so, an experiment was
performed in the future railway station of La Sagrera, Barcelona (Spain), in which levelling and InSAR were
used to accurately quantify ground deformation by dewatering. Results showed that soil displacements
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measured by levelling and InSAR were not always consistent. INSAR measurements were more accurate with
respect the soil deformation produced by the dewatering while levelling was really useful to determine the
real impact of the construction on the nearby buildings.

Chapter 5 is based on the paper: Serrano-Juan, A., Pujades, E., Vazquez-Suiig, E., Crosetto, M. Levelling vs.
Insar in urban underground construction monitoring: pros and cons. case of La Sagrera railway station
(Barcelona, Spain). May 2016 - Engineering Geology. Under review.

Chapter 6 consists of a synthesis of the whole research. It contains the main conclusions by summarizing the
answers to the three research-specific objectives addressed above. Furthermore, it provides an overall
reflection on the conclusions, our contributions to the scientific and practical community are listed and
recommendations for further research are provided.

In addition, there are three annexes with the supplementary material of the chapters and a list of publications
related to this thesis.



Chapter 2.
How to improve and customize
hydrogeological software.

2.1. Introduction

Over the last few decades the rapid evolution of computer processing power has enabled the scientific
community to solve different problems in the vast variety of geoscience fields such as mineralogy, petrology,
geochemistry, geology, geophysics, hydrology, hydrogeology, among others. As a result, most scientists are
aware of the importance of computer-aided analysis since geoscience algorithms manage many different
variables, and this results in laborious calculations that are impossible to generate without a computer tool
(Wang et al., 2012).

For decades scientists have searched to find repeatable and predictable processes that would improve
productivity and quality of the computer architecture and programming languages in order to facilitate
geoscientific calculations. The first programming languages such as FORTRAN (IBM, 1954), COBOL (Hopper, G,
1959), BASIC (Kemeny, John G. and Kurtz, Thomas E., 1964), etc. appeared in the mid 1960s and were widely
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used until the 1990s. Most of them were devised to create individual programs to deal with specific tasks and
short sets of data (at that time, data were limited and sometimes difficult to collect). The compilers generated
the well-known “.exe”, which usually needed extra “.txt” files such as input, output or conditional data during
the execution (Wang et al., 2013), resulting in a set of many different files containing the information for one
analysis. Many geoscientists have developed tools based on these programming languages (e.g. Nath et al
2000, Akin et al 2002, Spada et al 2007, 2008, Agarwal et al 2008, 2010, Bea et al 2009, Prieto et al 2009,
Toyokuni et al 2009, Alberti et al 2010, Jafargandomi et al 2013, etc.).

The development of new technologies in both computer architecture and programming languages continues
apace, modifying the existing landscape. Current programming languages such as Matlab (MathWorks, Inc.,
1984), Visual Basic (Microsoft, 1991) and Visual C (Microsoft, 1993) are known as visual languages, and are
indeed more user friendly than their predecessors. Most of them integrate all the information required (input,
output, sources, etc.) into a single file and enable the user to directly compute the whole analysis.
Furthermore, greater computing power has corresponded to the increasing data. In the last few decades,
digital data collection, aggregation and integration have experienced an exponential increase (e.g. streaming
in from a growing number of satellites and sensors, Internet, etc.). Geoscientists are overrun by data and, at
the same time, have access to ever-increasing computing power

Graphical User Interfaces (GUls) are becoming common to assist rapid, rigorous and interactive analysis (Jones
et al, 2014). Robin et al (1994) supported geoscience with graphical-user-interface Internet tools during the
90s. Since then, many examples of GUIs have been developed in geoscience (e.g. Sokos et al 2008, Mahabadi
et al 2010, Phong et al 2012, etc.) in order to make the software more user-friendly (e.g. screen selection of
the input, output arrangement for instant comprehension of the results...). Since new softwares are dynamic,
visual and interactive, some old fashioned programming language-based software such as FORTRAN-based
ones are becoming outdated owing to their complex analysis process (preparing input text files, analysing the
output text files and displaying limited graphical options). However, despite the limitations of the
aforementioned geoscientific software, they still are able to evaluate and solve successfully complex
geoscience algorithms.

On the one hand, pre-existing software is being used to create new software systems rather than building new
ones (Krueger, 1992). Research on technical issues such as repositories (Mili et al., 1997, 1998; Seacord, 1999;
Guo and Luqi, 2000; Buregio et al., 2007), search-based tools (Lucredio et al., 2004) and domain-specific
languages (Deursen et al., 2000) was the initial focus of the reuse community. However, as more experience
became available for general software reuse (e.g. Endres, 1993; Griss, 1995; Joos, 1994; Frakes and Kang, 2005;
Sherif et al., 2006; Lucredio et al., 2008, Bhandu et al 2013) and GIS reuse (e.g Gordillo et al., 1999; Camara et
al., 2000; Lisboa Filho et al., 2002; Buccella et al 2013), not many reusing methodologies have been developed
by the hydrogeological community. There still a lack of a simple general approach to easily reuse old fashioned
hydrogeological software.

On the other hand, the combination of spreadsheets with Visual Basic for Applications (VBA) is widely used in
the academic (e.g. International Journal of Engineering Education, 2004; lbrahim, D., 2009; Palocsay et al.,
2010; Wong et al., 2010) and scientific community (e.g. Asuncion, H. U., 2013) mainly because: (1) spreadsheet
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interfaces are user-friendly and facilitate numerical and statistical computations, (2) data can be easily queried,
analysed and visualized, (3) macro programming interface provides a good end-user guidance that helps the
user in writing correct and more reliable programs (Cunha et al, 2014), (4) it saves time due to its low barrier
since most researchers are already adept at manipulating spreadsheets, and (5) there are existing tools
especially designed to fix potential errors Jannach et al, 2014) and inconsistent data storage (Cunha et al,
2014). Consequently, it comes as no surprise then that nowadays a great variety of new tools exist that
facilitates a number of geocientific calculations (e.g. Zou et al 2004, Khan et al., 2006; Ayala et al., 2009; Ozcep,
F.,2010; Choe et al., 2010; Aliane, N., 2010; Mayborn et al., 2011; Bondud et al., 2012; Wang et al., 2010, 2012,
2012a, 2012b, 2012c, 2013, Jones et al 2014, etc). Specifically, in hydrogeology many spreadsheets have been
developed in order to assist calculations in the analysis and interpretation of pumping tests, hydrogeochemical
data, analytical and numerical solutions for groundwater flow and pollution problems, etc (e.g. Akin et al 2002,
Locock et al 2008, 2014, EImore et al., 2007, Molano, 2014), as well as benchmark analysis of existing tools
(e.g. Torlapati et al., 2012).

Through this combination of spreadsheets and VBA, it is possible to reuse and update outdated programs and
add new features and functionalities. This means that programs such as FORTRAN based ones can become
user-friendly, dynamic and interactive. This combination also offers the possibility of adapting and
personalizing the software by programming simple macros, which can run specific computing actions such as
arranging input or output data to easily connect them to other software platforms, database management
systems (DBMS) and GIS platforms (e.g. Velasco et al., 2014).

This chapter presents an approach to easily reuse, customize and extend old fashioned hydrogeological
software. It is the result of the experiences collected from updating several case studies. The main insights
of this approach have been illustrated by four examples: EasyQuim, EasyBal (both spreadsheets based), MIX
(Carrera et al, 2004) (FORTRAN-based) and BrineMIX (PHREEQC - Parkhurst and Appelo, 1999) (C++ based).
However, only the MIX will be largely discussed to allow the reader easily to follow a step by step process
application of the presented approach. This chapter also wishes to answer the following research questions:
Q1 is it possible to easily update any hydrogeological program following this approach? Q2 Is it possible that
new updates lead to fewer errors during the analysis when compared to the original ones? Q3 Are end users
more efficient when using an updated spreadsheet-based program than using the original one?

2.2. Methodology
2.2.1. General systems development

Developers frequently use Object-Oriented Analysis (OOA) to analyse a task and then develop a conceptual
model that can be used to complete that task. The main difference between object-oriented analysis and other
forms of analysis is that the object-oriented approach requirements are organized around objects, which
integrate both behaviours (processes) and states (data).
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Similarly, the Systems Development Life Cycle (SDLC) is a term used to describe a process for planning,
creating, testing, and deploying an information system, also commonly used in the computer programmer
community. It consists of a set of phases in which each phase of the SDLC uses the results of the previous one.
The SDLC comprises important phases that are essential for developers, such as planning, analysis, design, and
implementation. A number of SDLC models have been created: waterfall, fountain, spiral, build and fix, rapid
prototyping, incremental, and synchronize and stabilize. For example, the waterfall model shows a process,
whereby developers have to follow these phases in order: (1) Requirements specification (Requirements
analysis), (2) Software design, (3) Implementation and Integration (4) Testing (or Validation), (5) Deployment
(or Installation) and (6) Maintenance (Kay, 2002). The object-oriented analysis (OOA) also states similar phases:
(1) Analysis, (2) Design and (3) Coding.

In both Object-oriented analysis (OOA) and systems development life cycle (SDLC) the program creation can
be rewriten as the following flow process:

ID - GUI S DT/RUN

Where ID is the IDentification of the problem (SDLC (1), OOA (1)), GUI means the Graphical User Interface
(SDLC (2), OOA (2)), DT represents the required Data Treatment and RUN describes the solution computation
(SDLC (3-5), OOA (3)). The maintenance phase of the SDLC has not been included.

The first step is the problem identification (ID) which helps to understand the problem and answer questions
such as what is available and what is desired. It is only when the programmer truly understands the nature of
the problem that it becomes possible to identify steps such as which information is necessary and available,
how to display it, how to arrange it, how to request it and which options should be offered. After identification,
the graphical user interface (GUI) should be designed. Through this interface, the program requests the input
data, visualizes the output data and offers the possibility of setting up any option the program offers. Finally,
all the requested data in the GUI could require more or less data treatment (DT) to achieve the proper format
to be computed (RUN). Afterwards, the output data should be again displayed in the GUI, maintaining a
continuous interaction between the GUI and the computation of the program.

2.2.2. The Updating Approach

This chapter presents an approach to easily reuse, customize and extend outdated software. This approach is
the result of the experiences collected from updating several case studies. It has been built as a decision flow
chart (following the UML standards) as every software is different and requires different kinds of update. This
chapter follows Figure 2jError! No se encuentra el origen de la referencia. decision flow chart describing each
step and discussing its different flow options. It is important to mention that all the presented codes have been
developed to run in a MS Excel environment.

Problem identification (ID). In order to truly understand the problem, four main issues should be answered:
(1) input data and output data, (2) computation, (3) improvements and (4) communication. (1) INPUT DATA
AND OUTPUT DATA. What is computed? It is necessary to have a clear idea on all the involved data during the
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process, not only considering that required but also that which is available. (2) COMPUTATION. How is it
computed? Which softwares are involved in the computation? Is it possible to recompile the existing code
(access to the source code)? At this step, the developer should understand how the program works.
Particularly, some aspects such as the complexity of the algorithm, the accessibility (i.e. open code access or
not) or the possibility to combine various software, can define different software configurations. (3)
IMPROVEMENTS. Any changes needed? Possible improvements? The idea is not just to reuse and adapt
outdated software, but to add new features and functionalities that will improve the performance of the
analysis (e.g allowing data storage, enhancing graphic outputs or connecting the results to other software
platforms such as GIS). (4) COMMUNICATION. What do | know? What does the final user know? Finally, it is
necessary to understand who will use the software, taking into account factors such as background knowledge
(both in computer and science), language, etc. It is significant how to ask for or how to display information.
The problem identification process requires longer as it will define the future graphical user interface, the
input and output data treatment and how the solution will be computed.

An appropriate graphical user interface (GUI'N) should request and display the adequate data (Phong et al,
2012), while being aesthetically pleasing, comprehensible, simple and responsive. (5) INPUT DATA AND
OUTPUT DATA. Where is the input information coming from? In hydrogeology the information is commonly
available from maps (use of GIS), tables (use of matrix), independent numbers (use of cells or Input Boxes) or
is a selection from an existing dataset (use of buttons, lists...). The process is similar with the output, where
results of the analysis are commonly displayed in maps (GIS) or tables (matrix). (6) COMPUTATION and
IMPROVEMENTS. How to Setup the analysis? VBA offers a large set of options such as button clicks or events
(e.g. when adding information or modifying a cell content). (7) COMMUNICATION. Again, who is the final user?
There are many different options to display information or to order and select it. The MS Excel environment
can greatly improve the power of the analysis by considering whether results should be static (e.g. simple
tables or maps) or dynamic (e.g. pivot tables and charts). Finally, it is necessary to adapt all the new program
capabilities depending on the final user knowledge.

The input data (ID) are usually the available data, not necessarily those that are required. As these available
data are not always provided in the correct order, (8) input data treatment (DT'V) is essential. Depending on
each program, filters, calculations, unit conversions and data rearrangement will sometimes be necessary to
prepare the required input for analysis, whereas in other programs the input will be already in format. Non-
Excel-based programs will need to (9) export the input data (EX'N) into different formats and call external
executables to perform the analysis, whereas Excel-based programs (e.g. solvers, macros) will (10) run
(external — RUNEXT; internal — RUN'T) as a matter of course. By contrast, depending on the computational
core format, (11) output data will be imported (IM°YT) into the GUI or prepared to be computed by another
external program. As not all the output needs to be presented in GUI, the Output data (OD) can also be
partially disregarded, rearranged in new tables and plotted. This (12) output data treatment (DT°V7) is usually
necessary to fulfil the (13) GUI (GUI®VT) output requirements. Occasionally, it will be interesting to export the
results to other software or platforms to obtain additional results and to perform in-depth analyses (e.g.
connecting to GIS platforms adds a time-space dimension). Common considerations during the data treatment
process are the decision to use code to evaluate formulas and create objects or to use pre-set formulas and
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charts in the spreadsheets. Usually, data storing (input/output) will be necessary before it will be recalled by
the GUI or exported into different formats.
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Figure 2. Decision Flow Diagram: Programming steps.

Verplank et al (1985) and Marcus et al (1995) defined some general principles of Graphical User-Interface

Design and its effectiveness in visual communication. There are also many reliable resources in the Internet
such as jiscdigitalmedia British website.

Figure 2 shows the Decision Flow Diagram mentioning possible code actions at each step. The Appendix
presents another figure (Figure 36) and a list of specific code sentences that could help future program
developers to perform each step of the process.
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Additionally, during the reusing process the time needed to develop each step was analysed. The analysis
shows that the conceptual model design (identification of the problem, designing the GUI and evaluating which
data treatment is necessary) requires longer time than coding. In this line, Buccella et al (2013) presents similar
time distributions during their reusing development case study in GIS, which is also similar to the Rational
Unified Process (RUP) (Kruchten, P., 2003) hump chart and the Unified Process (Jacobson et al., 1999). Even if
the user experience can impact in a significant manner in the total time necessary to reuse any software, the
time task distributions usually remain the same.

2.3. Application examples

Several application examples have been created and tested to develop the presented approach. However, only
the MIX will be discussed at length to allow the reader to follow a step by step process application of the
presented approach. This example will be useful to emphasis the improvements to its previous versions, e.g.
automatic and instant graphical output interaction, automatic formula refill to avoid heavy documents,
connection to non-Excel-based software such as FORTRAN or GIS, automatic graphical output generation and
automatic data selection and its rearrangement.

The other three update examples, will be shortly describe to provide better understanding on how
spreadsheet-based and C++ based software can be also reused, customized and extended by following the
same approach. All of these examples have become new tools that have been registered by the Spanish
National Research Council (CSIC): LAUNCH MIX (Reg. Num. CG3420733), EASYQUIM (Reg. Num. CG3420743),
EASYBAL (Reg. Num. CG3420724), BRINEMIX (Reg. Num. CG3420764) all issued on March 31, 2015.

2.3.1. MIX 2.0

(ID). MIX (MIX, 2013) was created in 2003 by Carrera et al,2004 to assess a methodology to compute mixing
ratios with uncertain end-members. (1) INPUT DATA AND OUTPUT DATA. The input file contains information
about the water samples (which can be split into “Sources” or “Wells”), their end-member concentration
values and its covariance. Additional information such as restrictions or initial conditions can also be set. (2)
COMPUTATION. Given that the software was developed in FORTRAN, it requires one input file and generates
two output ones, both files being very long (output files can longer than 10.000 lines). MIX considers three
different degrees of freedom to generate the input matrix: number of sources, number of wells and number
of end-members. This matrix plus the user decision to include initial solutions and restrictions results in a
complex input generation. Moreover, the input file is very sensitive to any typing error. The source code is not
available to recompile any change. (3) IMPROVEMENTS. The first requirement is the automatic input file
generation to handle the typing errors. The new MIX should also offer the possibility of using the main input
matrix as a Database, offering the possibility of selecting which sources, wells or end-members the user wants
to use in the analysis. A selection of the analysis results should be automatically displayed in the spreadsheet.
(4) COMMUNICATION. The final user should reduce or avoid the feeling that he or she is working with different
platforms (in this case, MS Excel and FORTRAN). Moreover, output files can be lengthy and monotonous to
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read with some unnecessary information for the analysis. For standard analysis, only a data selection of these
files should be displayed by tables and different kinds of charts.

In order to design the GUI, both spreadsheet and UserForm were chosen. This allows the user to predefine the
magnitude of the problem in the UserForm and to set the input data in the spreadsheet as a matrix. (5) INPUT
DATA AND OUTPUT DATA. In this case, input data tables are set in different spreadsheets (concentrations,
standard deviations, initial solutions and restrictions) and are activated when the user navigates through the
buttons of the UserForm. The input information can be directly set in the matrix or can be imported from a
GIS (macros that allow the spatial selection and fill the matrix). This GUI also offers the possibility of interacting
with Windows by opening some folders and existing files.

(6-7) COMPUTATION, IMPROVEMENTS and COMMUNICATION. After introducing the data, selecting those data
that will be suitable for analysis and setting up the desired options, (8) input data treatment transforms all
these data into a single text file, changing formats, data types and units, etc. This is the real input file that is
(9) exported and then called by the “FORTRAN-based program MIX” out of the Excel environment (10) (ERUN).
The “FORTRAN executable” is automatically called by Excel giving the user the impression that he or she is not
working with two different software programs (e.g. using the Shell statement). See the appendix for further
information regarding to the code.

COMMUNICATION. To (11) import the results, (12) output data treatment is required despite being difficult
to manage. Storing the input number of sources, wells and end-members in variables and using the functions
to find key words enable us to select the information that is worth using. After the data treatment, two
different plots are generated: pie charts to show the proportion of the water sources in each well and Scatter
plots of measurements versus calculated values for each end-member. Moreover, other results such as
contributions to the objective function and the eigenvalues are also presented in form of tables. If the user
wishes to revise the two complete output files, these files are imported to two spreadsheets even if it also
enables us to access the MIX windows folder where all files are stored.

One of the advantages of this case study is that the number of automatically generated plots and tables
changes depending on the input data set by the user. Another advantage is that the new version is connected
to the GIS-based software QUIMET (Velasco et al, 2014). This enables us to (13) export some data to their
spatial representation in GIS and also to (3) import the input temporal and spatial GIS environment data
selection to fill the input data tables for analysis in the new MIX. Also, the program allows storage of large
amounts of data (use as a Database) and to select part of it to compute the analysis. Lastly, a Userform has
been included that automatically appears when the program starts to show the title, the logo and the designers
of the program. The Userform can be set to disappear when the user clicks a button, or it can automatically
vanish after a few seconds. All the presented Userforms can be minimized in order not to trouble the user
when he or she is checking the data. Figure 3 and Figure 4 compare the input and the output software
environments between the old and the new versions.
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Figure 3. Comparison between the old MIX input file (top) and the new MIX v2013 input dynamic table (down).

To sum up, the new MIX version satisfies the need for GUI, proposing a GUI based on the MS Excel
environment. This GUI prepares input templates based on the user’s needs to perform the analysis in external
software. Part of the generated output is plotted and rearranged in GUI, enabling the user to check the entire
output data files. Other advantages are its potential use as a Database (providing the opportunity to select
different combinations of sources, wells and end-members for analysis) and its connection to a GIS
environment.
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Figure 4. Comparison between the old MIX output file (with more than 6.000 lines) (left) and the new MIX v2013
output GUI (pie plots, data rearrangement and scatter plots) (right).

2.3.2. Other examples

EasyQuim (EasyQuim, 2013) was designed in 1999 to graphically represent hydrochemical data. It computes
some calculations such as unit conversion, balance errors or ionical relationships. It also plots Piper, Schéeller-
Berkaloff, SAR (Salinity) and Stiff diagrams of 24 samples and allows the user to select which to represent.
Everything is set in spreadsheets with functions, except one small macro, which activates the “No
representation of samples” and can only be activated once. The new version should provide three main
advantages. The first advantage involves increasing the number of samples (up to 200), the second entails
adding a “Sample Selector” and the third advantage involves the possibility of a space-time analysis. The
“Sample Selector” provides a powerful tool to use the updated EasyQuim as a Database and to plot different
sample combinations, whereas the connection to the GIS-based software QUIMET will allow analyses in the
spatial and temporal dimensions.
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EasyQuim is an example of how to energize a spreadsheet originally created to plot hydrochemical data
analysis. The new version adds functionalities such as converting the main data spreadsheet into a database
and creating a data selector, allowing the final user to decide which analyses are worth comparing.
Additionally, new program connections such as the connection with GIS were set, allowing further temporal
and spatial data analyses.

EasyBal (EasyBal, 2013) was designed in 1999 to evaluate water balance per unit of soil area as a function of
precipitation, the potential evapotranspiration (or ETP), temperature and irrigation. Outputs are the deficit
and the recharge of the aquifer. Older versions required up to six steps to introduce the input data into six
different Excel sheets. All data analysis periods had to be between January 1970 and December 1997 and some
calculations and adaptions were required if the user needed a different period. Each month only allowed for
exactly 30 days instead of the real number of days. There is a need to solve the current data period restriction
by allowing conditional sums that enable us to achieve automatic monthly and yearly totals. All functions
should be reorganized to allow the autofill of the formula in a single line. These improvements enable the user
to perform the analysis simultaneously and to obtain all the results so that they are clearly structured and
organized in a single Excel sheet. Some extras should also be included in the new EasyBal version. On the one
hand, the user can select the program language, English or Spanish. On the other hand, the ETP can be
introduced as input data or can be automatically calculated (using the Hargreaves and Thornthwaite methods)
and graphically compared with the input data, allowing the user to select the best option in the menu or graph.

EasyBal is an example of how to improve a current calculation spreadsheet. In this case, the performance
involved reorganizing all data functions to achieve automatic formula refill, adding the language selector and
the ETP graph selector. By changing some formulas, it was possible to accept any input data period and to
automatically add up monthly and yearly totals.

In contrast to earlier examples, BrineMIX (BrineMIX, 2013) is a new program, not an update. In this case,
BrineMIX seeks to create a GUI that automatically generates the input and reads the output of PHREEQC for a
specific water mixing analysis. In the input only the chemical water samples, the mixing percentage and the
mineral selection are set, whereas the output shows the chemical composition of the final water and its
chemical precipitates. The purpose of this new program is to simplify a specific PHREEQC analysis for the user
who does not usually work with it.

BrineMIX is an example of how to externalize part of a bigger software. PHREEQC can perform many different
analyses but not all its possibilities are necessary for non-chemical users. BrineMIX was created to simplify
some specific analyses through an Excel environment assisting these users to perform them.

Figure 5 shows the flow diagram paths followed by each of the presented case studies: EasyQuim, EasyBal,
MIX and BrineMIX.
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Figure 5. Flow diagram paths followed by each of the presented case studies: EasyQuim, EasyBal, MIX and
BrineMIX.

2.3.3. Reused software validation

When software reuse is based on science and engineering it is usually treated as an empirical discipline (Frakes
and Kang, 2005). Metrics were developed to quantitatively and qualitatively measure the improvement of the
software (Suri and Carg, 2009). Empirical studies, in both industry and academia, with the aim of assessing the
relationship between software reuse and different quality and cost metrics have been reported in the
literature. They are usually related to quality (such as error density, fault density, ratio of major errors to total
faults, rework effort, module deltas, developers perception), to productivity (i.e. lines of code per effort) and
to time-to-marked (i.e. development cycle time).

In order to answer how is this approach able to (1) easily update any hidrogeological program by following this
approach, (2) to lead to fewer errors during the analysis, and (3) to perform better user efficiency by using an
updated spreadsheet-based program, quantifiable and qualitatively metrics have been used. Quantifiable
metrics rely on achieving the same or better results with less operational time when compared to the original
one (metric of time), but the increase of the system reliability can be also measured (i.e. by replacing the error
prune human processes by automation them or by displaying warning when values are out of range).
Qualitatively metrics can be the addition of new functionalities, input/output data treatment or showing
results in a proper format to use in another analysis or to be directly add into a report.

On the one hand, the validity of the updated software remains in the logic of the new code with respect to the
old one. As most of the codes cannot be recompiled, the time required to strictly compute the solution still
the same. What makes the difference between the old and the new version is the total time required to
compute the whole analysis. Preparing the input files, setting up the problem, reading the output files and
preparing the output for a correct interpretation can be onerous work that can be automatically set, saving
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time in preparing all the files and also by strongly reducing the errors during the process (e.g. FORTRAN based
programs are very sensitive to any typing error). All four case studies have been tested to evaluate the
necessary time to compute a complete analysis between old and new versions. EasyBal and MIX safe at least
three quarters of the time, while EasyQuim and BrineMIX safe half of it. The main improvements rely on
dynamic data comparison, wide data range of values, addition of GUI and the automation of the input and
output data treatment.

On the other hand, this approach has been used in educational, research and technical projects. EasyQuim and
EasyBal are taught in different international master courses by institutions such as the Technical University of
Catalonia (www.upc.edu) or by non-profit other such as the FCIHS (www.fcihs.org). Besides, their previous
versions were widely used in the hydrogeological international community, especially in Latin American
countries. Moreover, all four reused software have been applied in different technical (Scheiber et al 2013a,
2013b, 2013c, GHS, 2013) and research projects (Scheiber et al 2014a, 2014b, Velasco et al 2014), and Criollo
et al. (2014) have applied this approach for reusing the Marial fortran-based program.

2.4. System requirements and program availability

Visual Basic for Applications (VBA) has been supported since the MS Excel 97 version in a Windows based
environment. Although Windows and Macintosh (OS X) have a similar interface, the latter only supports VBA
in its 2004 and 2011 versions, not in its 2008 version. The main limitation of using VBA in an OS X environment
is that it relies on Application Programming Interface (API) calls, which only works in Windows.

VBA has evolved considerably since its inception and this is the main reason that some programs could cease
working from version to version. This usually occurs when the code uses modern functions or graphics because
the way to refer to them has slightly changed. Since MS Excel is the host application and depends on the user
versions, the memory space length changes from the 32 to 64 bits versions. Although the difference affects
some variable declarations, this problem can be sidestepped (See Appendix for further explanations).

The four software examples can be obtained by making a request to the author or by downloading it from the
URL, http://www.h20ogeo.upc.es/software.

2.5. Summary and conclusions

This chapter presents a new approach to reuse, customize and extend current hydrogeological software, and
illustrates the insights of the process by applying it in four case studies. Through them, the reader has realised
how spreadsheet-based and non-spreadsheet-based software can be reused by the same approach.
Moreover, this same approach also allows the creation of new graphical user interfaces to automatically
generate input and read output files from other analysis. Finally, The MIX case study has been largely discussed
to allow the reader to easily follow a step by step process application of the presented approach.
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This chapter wishes to answer whether or not (1) it is possible to easily update any hydrogeological program
by following this approach, (2) it is possible that new updates lead to fewer errors during the analysis when
compared to the original ones, and (3) the end users are more efficient using an updated spreadsheet-based
program than using the original one.

On the one hand, it is demonstrated that new versions are indeed more user-friendly and avoid errors such as
typing mistakes. A MS Excel environment allows us to perform the same action in a variety of ways. This is very
helpful since it enables the program developer to design anything he or she considers appropriate, resulting
in very personalized programs. Moreover, VBA offers the possibility of using messages in pop-up windows or
colour changes to caution the user; e.g. letting him or her know which values are out of range or that the
required values are numbers instead of letters.

On the other hand, new versions easily generate input files and show, rearrange and plot the most important
parts of the output. Through VBA it was possible to assess complex input matrix generation and difficult output
selections, as well as generate several chart types. We also demonstrated how VBA interacts with Windows
by executing other program and by opening Windows folders. In all cases, the Graphical User Interface is very
important as it not only makes each program easier to manage but also improves its organization.

Additionally, this methodology was tested during the reusing process programs of several case studies
resulting in a qualitatively general trend of the time distribution along the whole process. It corroborates that
the conceptual model design requires longer time than the rest.

This approach has been used in education and research, as well as being applied in several technical projects.
All of these examples have become new tools that have been registered by the Spanish National Research
Council (CSIC): LAUNCH MIX (Reg. Num. CG3420733), EASYQUIM (Reg. Num. CG3420743), EASYBAL (Reg. Num.
CG3420724), BRINEMIX (Reg. Num. CG3420764) all issued on March 31, 2015.

This approach achieves the objectives, providing the necessary steps to easily develop any hydrogeological
software and to reinforce the current understanding in hydrogeology. The fact that the methodology is
simplified in a decision flow chart, helps the program developer to assess every type of program. However,
although this approach has been created for reusing hydrogeological software by hydrogeologists, it can also
be applied to other fields, creating synergies among scientists and expert program developers.
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Chapter 3.
Integration of groundwater by-pass
facilities in the bottom slab design for
large underground structures.

3.1. INTRODUCTION

The competition for space in urban areas due to an exponential grow of population makes underground
engineering play a crucial role in the development of cities. New urban planning concepts, technology
advances and innovative construction capabilities condition the implementation of larger and high efficient
infrastructures.

This concept of efficiency must be kept in mind during all phases of a project: (I) project design, (Il) project
construction and (Ill) project exploitation. Each phase deal with variables such as cost, duration, safety and
management; face political, social, economic and environmental issues; while guarantees future sustainability,
maintenance and energy efficiency.
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Most of the aforementioned concerns are directly or indirectly related with the hydrogeology. Impacts are
generated when underground constructions interact with the groundwater (Pujades et al, 2012, Attard et al.,
2016). Most of these impacts must be assessed during the first stages of the project (phases | and Il), when it
is usually easier, cheaper and more efficient. Errors or non-accurate hydrogeological knowledge could mislead
the final project or lead to unforeseen events. In fact, numerous accidents have occurred in recent years (for
instance, the tunnel collapse in Barcelona - Spain, Van der Boom, 2011; or Kéln - Germany, Van Baars, 2011).

The interaction between underground constructions and groundwater is two folded: groundwater can impact
in the underground construction and impacts in groundwater can be consequence of the underground
construction.

On the one hand, impacts in underground construction as a consequence of the groundwater are usually
related with safety (Pujades et al, 2014a). The design of an underground construction must guarantee the
safety of the workers and the integrity of the construction and the adjacent structures by implementing
measures that do not complicate the development of the construction and do not increase the total cost.
During the construction phase, the water table is usually lowered and controlled to be able to work in dry
condition and to avoid bottom instabilities such as bottom uplift or liquefaction (Pujades et al, 2014b). After
the construction, the water table returns to its original level, increasing the water pressure under the bottom
slab (Figure 6-1). At this step, it is necessary to homogeneously distribute the water pressure under the bottom
slab and to limit overpressure to avoid a bottom slab break. Overpressure may be due to groundwater aquifer
dynamics or due to anthropogenic factors (Pulido et al., 2012). The most common technique to distribute and
limit the water pressure under the bottom slab is the use of gravel layers under an oversized bottom slab. This
technique allows water to move through the gravel layer and distribute pressure under the bottom slab, and
the oversized bottom slab ensures the structure resistance when pressure rise up to a specific value. However,
this technique does not able to release water pressure when this maximum water pressure is overhead, arising
the possibility of a bottom slab break. To avoid this risk, artesian wells can be drilled over the bottom slab,
allowing a water pressure release by restraining the groundwater level to a certain value (Figure 6-2).
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Figure 6. Bottom slab water pressure distribution scheme. (1) states the problem, (2) shows a possible solution.
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On the other hand, groundwater can be impacted as a consequence of underground constructions. In case of
low permeability underground structures, groundwater barrier effect is usually the main concern (Vazquez-
Suiie et al., 2004). The underground construction can act as a natural flow barrier, reducing the effective
transmissivity of the aquifer and leading to a rise in the water table upgradient and a lowering downgradient
(Figure 7-1). These modifications of the water table can have negative consequences (Deveughele et al., 2010;
Font-Capo et al., 2015). Rising water levels may flood basements, promote soil salinization, flora affection by
rotting the roots of plants, reduction of the bearing capacity of shallow foundations, expansion of heavily
compacted fills under the foundation structures, settlements of poorly compacted fills upon wetting, increase
in loads on retraining systems or basement walls of buildings, increase in the need for drainage in temporary
excavations and propagation of contaminants contained in the partially saturated zone (Marinos and
Kavvadas, 1997; Tambara et al., 2003; Ricci et al., 2007; Paris et al., 2010). The lowering of heads on the
downgradient side can cause seawater intrusion in coastal aquifers, ground subsidence, death of
phreatophytes and the drying of wells and springs. Moreover, the difference of water pressure between both
sides of the underground structure leads to asymmetric loading for which building foundations have seldom
been designed (Custodio and Carrera, 1989; Tambara et al., 2003, Xu et al., 2012).
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Figure 7. Groundwater barrier effect scheme. (1) states the problem, (2) shows a possible solution.

Groundwater barrier effect associated problems can be prevented by employing groundwater mitigation
measures (Kusumoto et al., 2003; Hamate et al., 2003, Ribera et al., 2008; Nishigaki et al., 2010). Some authors
have presented and discussed by-pass designs to allow groundwater pass from upgradient to downgradient
(Akagi et al., 2004) (Figure 7-2). During the construction of the Kyoto’s subway (Japan), semi-pervious wall
were used to intake and recharge groundwater (Hashimoto et al., 2001). In a highway in Nerima, Japan, the
upper parts of the cut-off walls were removed to allow the water cross the structure through a set of siphon
pipes below the structure (Ueda, 1999). Similarly happened in the Barcelona’s subway (Spain), where some
parts of the cut-off walls and the space above the tunnel were filled with gravel (Malavia et al., 2008). During
the construction of the High Velocity Train in Barcelona, groundwater was by-passed by horizontal pipes at
two heights to avoid chemical clogging and enlarge durability (Lopez et al., 2009).
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However, all the aforementioned designs present some drawbacks. The use of bentonites during the retaining
walls construction lead to a reduction of the effective transmissivity, reducing the capacity to by-pass water
when prefabricated permeable walls are installed (Figure 8-1) or when retaining walls are removed (Figure 8-
2). Also, prefabricated permeable walls compromise the security of the facility due to the big volume of water
and high hydraulic load that stands in the wall. Then, the use of wells seems to be a good option (Figure 8-3).
However, it is necessary some space out of the structure to drill the wells and the saturated aquifer thickness
limits their length. When this happens, the use of horizontal drains can solve the aforementioned limitations
(Figure 8-4). However, and again, the length of the drain is limited due to technical issues (Santamaria et al.,
2008).

E Wall removal i I I

By-pass pipe By-pass pipe By-pass pipe

Figure 8 Groundwater by-pass designs. (1) Removal of cut-off wall, (2) intake and recharge pipes installed in
drilled hole, (3) intake and recharge through permeable cut-off walls, and (4) intake and recharge wells.
Modified figure from Akagi, 2004. Not to scale.
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All the aforementioned impacts (bottom slab water pressure distribution and limitation, and groundwater
barrier effect) are usually independently solved. While a proper bottom slab water pressure distribution and
limitation design should homogeneously distribute and limit maximum water pressure, a proper barrier effect
solution design should allow the groundwater to pass through the structure. In both cases, the groundwater
level is the main variable to consider during the design of the solution. Again, the groundwater level is also the
variable to be adjusted by both solution designs. Since it is illogic to design a solution without considering all
the factors involved in the problem, all mitigation measures depending on and affecting the groundwater level
should consider the groundwater level variation caused by the affection of other mitigation measures.

Then, the best option to deal with different problems that share common variables is to design integrated
solutions (Figure 9). Bringing together designs allow to identify common points that can be usually combined
or shared, increasing the efficiency of the solutions and reducing the costs of implementation. In this case, the
groundwater pressure distribution and limitation and the by-pass should be design in a single integrated
design. However, as far as the authors know, there is not in the literature any integrated design that brings
together the bottom slab and groundwater by-pass designs in a single integrated solution.
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Figure 9. This figure shows how the bottom slab water pressure distribution and the groundwater barrier effect
problems might be considered.

This chapter presents an innovative groundwater by-pass design that enables the groundwater flow through
the structure and provides a homogenous distribution of the water pressure under the bottom slab. This
new solution mitigates the barrier effect produced by the structure and optimizes the bottom slab by reducing
considerably the costs. The new integrated design was applied to the largest underground infrastructure of
Barcelona: La Sagrera railway station. La Sagrera railway station (Figure 10) is located in the metropolitan area
of Barcelona (Spain) and aims to become the city’s major intermodal transit hub, receiving more than 100
million passengers per year, combining high-speed trains, short- and medium-distance trains, four metro lines
and buses (ADIF, 2015). The railway station construction began in 2010 and is planned to be completed by
2020. Now, the excavation stage is almost finished and the bottom slab construction is the next stage.
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Figure 10. Geographical location of the study site.

3.2. MATERIALS AND METHODS
3.2.1. Geographical, geological, and hydrogeological description

The metropolitan area of Barcelona is located on the Mediterranean coast, on the northeast coast of Spain
(Figure 11). Geologically, this area is formed by a coastal plain (The Barcelona Coastal Plain) (Vazquez-Sufié et
al., 2016) bounded by two Quaternary deltaic formations corresponding to the Besos (Velasco et al., 2012) and
Llobregat rivers (Gamez et al., 2009) and an elevated area, the Catalan Coastal Ranges (mainly Paleozoic rocks
composed of granite and metamorphics rocks) (Sanz, 1998; Solé et al., 2002). These ranges are the western
onshore margin of the Valencia trough, which has a NE-SW orientation controlled by a group of faults that dip
SE and have undergone repeated offsets throughout their history. This fault system is 400 km long and 200 km
wide (Banda and Santanach, 1992). These extensional faults have been active since the late Oligocene,
primarily during the Miocene, and are still active today (Roca and Guimera, 1992). More concretely, the study
site is located in the actual plain, which consists of Quaternary formations that overlie a substrate mainly
formed by Palaeozoic and Cenozoic (Pliocene) series. The Quaternary formation presents a very
heterogeneous pattern and can be divided into the Lower Quaternary (Pleistocene) and the Upper Quaternary
(Holocene). The Pleistocene is made up of several cycles constituted by alluvial sequences. The upper
Quaternary mainly consists of torrential, alluvial, and foothill deposits, where gravels and sands with a high
proportion of clay matrix are present. All these quaternary deposits are 30 m thick. The pre Quaternary
substrate consists of Pliocene series, mainly composed of marine blue marls, sandy marls, and Palaeozoic
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granite. The whole study area is cut by many fractures that compartmentalize the pre Quaternary substrate;
specifically, the construction area is crossed by a fracture (oriented NNW-SSE) that separates the two Pliocene
series: Pliocene marls (south) and Pliocene sandy marls (north).

+15m

¥ Water table

R et v e e

e N SR N A
o st b
ottt
ottt sy
e e Tt
A
I i i S P i e S
At
e T R SR e

Quaternary
[:] Clay, silts (low permeable)

1 [:] Sands, gravels (high permeable)
0 Pre-Quaternary

— Granite

Sandy marls

@ Marls

[]:I] Diaphragm Wall

— Fractures

T

[y

,Qk A
i bbb ]

Figure 11. Detailed geological profile of the site. (1) Plan view of the geological basement, (2) Cross section A-
B, (3) Cross section C-D. Excavation area, limited by diaphragm walls, is shown in light brown color. Both cross
sections show the maximum excavation and the required dewatering system.

Hydrogeologically, the Quaternary and pre-Quaternary materials can be regarded as a layered aquifer with
high vertical heterogeneity, with an effective transmissivity of 100-200 m2/ d (Pujades et al., 2015). The
hydraulic conductivity (K) of the Quaternary clay layers (low permeability layers) ranges from 0.001 to 0.01
m/d, the K of the Quaternary sand and gravel layers (high permeability layers) ranges from 0.1 to 10 m/d, the
K of the Pliocene fine materials (marls) ranges from 0.001 to 0.01 m/d, and the K of the sands ranges from 0.1
to 10 m/d. These values were derived from the numerous hydraulic tests performed in the city of Barcelona
during recent underground constructions (Pujades et al., 2012, Font-Capo et al., 2015; Serrano-Juan et al.,
2016; Culi et al., 2016). Specifically, in the study site, the pumping tests undertaken before to start the
constructions showed that the minimum hydraulic conductivity is 0.001 m/d and the maximum one is 700

m/d.
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3.2.2. Basic concepts: Groundwater barrier effect.

The groundwater barrier effect (sg) is defined as the increase in head loss along the flow lines caused by the
reduction on conductance associated with an underground construction (Pujades et al., 2012) (Figure 12). In
other words, the underground construction acts as a natural flow barrier, reducing the effective transmissivity
of the aquifer and leading to a rise in the water table upgradient and a lowering downgradient. This can be

written as

where Ahg is the head drop across the barrier and Ahy, is the head drop under natural condition for the same
points of measurement.
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Figure 12. Cross section of a theoretical aquifer with a structure reducing its natural transmissivity.
Groundwater barrier effect scheme. Modified from Pujades, 2012.

The groundwater barrier effect can be regional or local, depending on the distance between the measured
points and the barrier (in this case, the structure). Boundary conditions also affect the barrier effect. If a
Dirichlet boundary is downgradient, the barrier effect is mainly concentrated upgradient, while when the
Dirichlet boundary is upgradient, the barrier effect is mainly concentrated downgradient. When boundaries
are far enough, they do not affect the structure and the barrier effect is usually well balanced between the
upgradient and the downgradient. A more detailed definition of the groundwater barrier effect is provided by
Pujades et al., 2012.
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3.2.3. Problem statement

The Sagrera station will occupy an area of approximately 70.000 m2 and involves a 20 m deep excavation. The
initial soil elevation is between +14 and +16 m.a.s.l. (meters above the sea level) and the water table natural
position is between +3 and +4 m.a.s.l. The dewatering process is performed inside diaphragm walls (which
bottom is at -20 m.a.s.l.) to reach structural requirements and also to reduce the water extraction and
subsidence outside. The diaphragm walls have anchors on its upward side (upgradient) to support the railway
lines (which have been deviated and are active during the whole process). The excavation bottom is at -8
m.a.s.l., requiring a water table drawdown of 12 m. There are 26 wells (which also bottom -20 m.a.s.l.) used
during the dewatering phase and a network of 48 piezometers (20 inside and 28 outside of the excavation
area) with different depths and screens to monitor the aquifer.

In order to mitigate the groundwater barrier effect and to distribute and limit the water pressure under the
bottom slab, independent solutions were designed. On the one hand, a by-pass solution was designed to
collect water upgradient and to discharge it downgradient through a pipe system. On the other hand, a fine
gravel layer and a set of artesian wells were designed to homogenously distribute the water pressure and to
limit it in case of overpressure. As mentioned in the introduction, all mitigation measures depending on and
affecting the groundwater level should consider the groundwater level variation caused by the affection of
other mitigation measures. In this case, any of the solutions have considered the effects of the other one.

Figure 13 shows the original by-pass and bottom slab designs.

3.2.3.1. Groundwater By-pass

The groundwater by-pass consists in 4 PVC pipes of 80 m long with a diameter of 250 mm that cross
transversally the station (Figure 5). All pipes are located inside the station in the lowest level, coinciding with
every emergency exit corridor. Outside the diaphragm walls, 2 longitudinal pipes of 450 m long with a diameter
of 210 mm connect the 4 transversal pipes to facilitate the groundwater to move from one pipe to another. In
all pipe intersections there are gravel filled piles with a diameter of 1 m and 1 m depth with geotextiles in its
upper part. This design allows a better water intake and discharge.

The bottom slab covers an area of 40.000 m2 and it is 2.5 m thick to resist a maximum water pressure of 11.2
m.w.p. (meters of water pillar, 1 m.w.p. =9806,38 Pa). The bottom slab is mainly flat at ground level -6 m.a.s.I.
on its central part and sloping at the northern and southern edges, reaching ground levels at -1 m.a.s.l. and -4
m.a.s.l. respectively (Figure 5-2). Below the bottom slab there is a 0.2 m thick of fine gravels to allow a
homogeneous water pressure distribution. Above the gravel layer there is a fine layer of 0.1 m thick of concrete
and an asphaltic layer to isolate the bottom slab from the groundwater. In case of overpressure due to a rise
of the water table, ten artesian wells were homogeneously drilled along the bottom slab to extract water when
the groundwater head is higher than 5.2 m.a.s.l., which corresponds to a water pressure of 11.2 m.w.p.
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Figure 13. Original design scheme. (1) Plan view. (2) Cross section. Bottom slab
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3.3. NEW INTEGRATED DESIGN
3.3.1. Integrated Design description

The integrated design aims to bring together the groundwater by-pass and the bottom slab designs into a
single design. In order to do so, the original designs were modified to use the by-pass as a water pressure
distribution net. Figure 14 shows the new design that integrates the by-pass and the bottom slab water
pressure distribution net.

First, the original layer of gravels below the bottom slab were replaced by a gridded net of canals (4 longitudinal
and 4 transversal) excavated below the bottom slab (Figure 14-1). Each canal has a section of 1 m2 and is filled
in gravel. This canal network is sufficient to homogeneously distribute groundwater pressure under the bottom
slab by reducing the gravel volume from 8.000 m3 to 2.300 m3.

Second, all the transversal canals pierce the western and the eastern diaphragm walls. This design allows the
canals to act as groundwater by-passes, collecting groundwater upgradient and in discharging it downgradient.
The section of each by-pass increases 6 times, from 0.05 m2 to 0.3 m2 (the useful section is the result of
multiplying 1 m2 of gravel filled section with a gravel porosity of 0.3). Also, the 320 m PVC pipes with a diameter
of 250 mm used in the original by-pass design are no longer needed, saving this line item in the budget.

Third, the pipes located outside of the diaphragm wall in the original design (upgradient and downgradient)
were replaced by canals while the gravel filled piles still being the same from the original design: 2 longitudinal
canals of 450 m long with a section of 1 m2 and filled in gravel connect the 4 transversal gravel filled canals
through gravel filled piles with a diameter of 1 m and 1 m depth with geotextiles in all canal intersections.
Again, the 900 m PVC pipes with a diameter of 210 mm used in the original by-pass design are substitute by
900 m3 of gravel, reducing the cost of this line item in the budget.

Finally, two different designs of artesian wells distributions were proposed to release water in case of
overpressure (water pressure higher to 11.2 m.w.p.): (1) Design 1, artesian wells inside the retaining walls; and
(B) Design2, artesian wells outside the diaphragm walls (Figure 14).

3.3.1.1. Design 1: Artesian wells drilled inside the retaining walls

This design considers the same artesian well quantity and distribution than the project design: 10 artesian
wells are homogenously drilled along the bottom slab as shows Figure 14 (red dots). This distribution allows
the water to be released very homogeneously inside the diaphragm walls.

3.3.1.1. . Design 2: Artesian wells drilled outside the retaining walls

This design aims to keep the bottom slab totally impervious. This design proposes to move the artesian wells
out of the diaphragm walls, locating them in the emergency exit tunnels (Figure 14— purple dots). The hydraulic
connection from the inside to the outside of the diaphragm wall will be done through the gravel filled canals
(by-passes). This connection will limit water pressure in the bottom slab by moving the water pressure from
the inside to the outside.
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This design reduces the number of artesian wells from 10 to 4 and avoids the necessity to drill the bottom slab
and to place groundwater facilities in the train tracks yard.

3.3.2. Numerical model

The quantification and simulation of the groundwater dynamics and its related impacts was performed by a
numerical model. The numerical model was built with the finite element code TRANSIN-IV (Medina and
Carrera, 1996, 2003; Medina et al., 2000) that uses the visual interface of VISUAL TRANSIN (UPC, 2003). The
numerical model is made up by 17 layers in the study site that simulate 17 strata with different properties
(Figure 11). Three main geological formations are included in the numerical model: the Barcelona Plain (study
site), the Besos delta river (North, East and South-East) and the emerged (and altered) granites from the
Palaeozoic (West). The geometry of the layers of the different formations was defined using data from the
boreholes campaigns undertaken before starting the construction and also from geological data bases whose
information has been recovered in the numerous projects developed in this area (Vazquez-Sufie et al., 2011;
Pujades et al., 2012; Font-Capo et al., 2015; Serrano-Juan et al., 2015, 2016; Culi et al., 2016).

The hydrogeological boundaries of the numerical model were defined considering the natural boundaries of
the aquifer and the piezometry of the area in natural conditions (Figure 15-1). Characteristics of the boundary
conditions (BCs) adopted are as follows:

= The North-East side of the numerical model is bounded by the Besos river at the East and by the Besos
river and the emerged Paleozoic that forms the Marina costal range at the North. The BC applied in
the East zone of this boundary consists in a leakage (Cauchy BC), whose leakage coefficient is 10 d™*.
The BC adopted in the North zone was derived from the natural piezometry of the aquifer, where it
is clearly observed that the emerged Paleozoic recharges the aquifer. Therefore, the BC implemented
consists in a prescribed flow-rate whose value (0.08 m2/d) was calculated analytically from the
piezometric distribution.

= The South-East side of the numerical model is bounded by the Mediterranean Sea. As a result, the
BCs adopted consist in prescribed heads (Dirichlet BC). In this case, BCs were implemented at two
different depths given the geometry of the Besos delta river formation. This can be divided in three
main units (Velasco et a., 2012, Vazquez-Suiié et al., 2016): the deep aquifer, the intermediate
aquitard and the shallow aquifer. Prescribed head BCs were implemented in the two aquifers. The
piezometric head was fixed at +0.3 and +1.3 m.a.s.l. for the shallow aquifer and deep aquifers,
respectively. The piezometric head of the deep aquifer is higher because its discharge zone is located
far away from the coastal line.

= Three different BC were applied in the West side of the model. These were defined from the natural
piezometry of the aquifer. Firstly, the South-West zone belongs to the area where the Paleozoic
emerges bounding the aquifer. The Paleozoic granites have a very low hydraulic conductivity and
produce an abrupt change in the piezometric distribution. The applied BC consists in prescribe the
head (Dirichlet BC) at +19 m.a.s.l. Secondly, the head was prescribed (Dirichlet BC) at +12 m.a.s.l. in
the North-West zone. Finally, a no-flow BC was implemented between the two abovementioned
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boundaries because the piezometric lines are perpendicular to this boundary zone, which indicates
that none recharge occurs.

=  The South-West boundary of the model, which crosses the Barcelona Plain formation, was delimited
to avoid the complete modelling of the Barcelona Plain formation. This formation was not totally
modelled to increase the precision of the predictions at the interest site (elements have to be bigger
if the modeled area is larger). This boundary was also delimited from the natural piezometric
distribution that defines a groundwater divisory along it. Therefore, a no-flow BC was implemented.

= Finally, the dewatering was simulated by implementing in the pumping wells a prescribed flow-rate
which was measured during the dewatering stage. A turbine flow-meter was installed at each
pumping well and daily measures were taken.

The hydrogeological parameters and the BCs adopted were calibrated and tested using (1) the natural
distribution of the piezometric head and (2) the data measured during the pumping tests undertaken before
the construction. The characteristics of the pumping tests and their interpretation (fitting curves and
computed hydraulic parameters) are shown in the Appendix. Note that the representativeness of the
predictions performed with this numerical model are supported by other studies and projects developed about
the construction of La Sagrera Railway Station (Vazquez-Sufie et al., 2011, Serrano-Juan et al., 2015).

The piezometers and the pumping wells were introduced in the model considering the depth and length of
their screens. The diaphragm walls of the enclosure were implemented considering the geometrical
characteristics specified by the constructor and were simulated as areas with a low value of hydraulic
conductivity (K=10"* m/d). This low value of hydraulic conductivity was corroborated with the interpretation
of the WTAT. The tunnel of the Metro’s L4 was also introduced as an area with a low hydraulic conductivity
(k=10"* m/d) because it has not seepages.

To conclude, the used mesh (Figure 15-2) consists of 6924 triangular elements and 3495 nodes in each layer.
The size of the triangular elements was discretized towards the study site, ranging from 100 m close to the
boundaries to 0.5 m at the construction site.

3.3.1. Scenario simulation

Three scenarios were used to test and compare the original and new the designs 1 & 2 (Figure 16). The scenario
A corresponds to the current groundwater conditions (groundwater head level approximately at +3 m.a.s.l.).
The scenario B simulates a groundwater table rise enough to activate the artesian wells of the bottom slab,
which corresponds to a rise of approximately +1.5 m and represents the maximum historical natural rise of
the water table from 1996 to 2015. The scenario C simulates a rise of 7 m. This scenario was considered to
study how designs 1 & 2 may respond when the difference of the water head between the inside and the
outside of the diaphragm walls is very high. This scenario is worth to be considered to emphasize the difference
between the outcome of the original design and designs 1 & 2 since designs 1 & 2 are more permeable (have
bigger openings in the diaphragm walls) than the original design that allow the water to flow more easily under
the bottom slab.
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3.4. RESULTS

The scenario A shows very similar results for all designs (Figure 17.A1-3). Actually, designs 1 & 2 show exact
results since both designs only differ in the artesian well location and the piezometric level is not high enough
to activate them. Only little variations close to the railway station can be appreciated among all designs. In this
scenario the barrier effect is mitigated for all designs. The water head distribution below the bottom slab is
also very similar, showing the highest water heads on the far south of the bottom slab.

Since the bottom slab is not entirely flat, when the piezometric level is constant the water pressure are not
and change along the slopes (Figure 18.A1-3). In this scenario all water pressure distributions are very similar
among all designs, being the maximum water pressure 9.3 m.w.p. in the major central part of the bottom slab,
decreasing to 8 m.w.p. in the northern edge and to 5 m.w.p. in the southern edge. The water pressure
distribution is linear from the central part to the edges of the bottom slab.

The scenario B shows a water table rise of 1.5 m, which is enough to activate the overpressure system (artesian
wells). In terms of groundwater barrier effect, all designs are able to mitigate the groundwater barrier effect
and result in very similar water head regional distribution, being the water head differences among the designs
lower than 5 cm (Figure 17.B1-3).

The water head distribution under the bottom slab is different among the designs. Designs that have the
artesian wells inside the station (original design and design 1) show similar results, with the maximum water
heads in the northern and southern edges of the bottom slab. The artesian wells inside the station are
sufficient to keep the interior water head at +4 m.a.s.l. in almost all the deepest part of the bottom slab by
extracting 169 m3/d in the original design and 144 m3/d in the design 1 (reduction of 25 m3/d, each artesian
well extracts approximately 17 m3/d and 14 m3/d respectively). In contrast, design 2 (with the artesian wells
outside the diaphragm walls) shows a water head gradient of 0.2 m/m that flows from the north and south
ends of the bottom slab to their central part. The maximum water head varies 0.5 m with respect to the other
two designs. In this case, the four artesian wells are enough to release the necessary water to keep the water
heads close to +4 m.a.s.l. in almost the whole central part of the bottom slab. A total of 124 m3/d are extracted
through the four artesian wells, being approximately 31 m3/d the extraction by each of them.

In terms of water pressure (Figure 18.B1-3), the original design and design 1 (with inner artesian wells) show
again very similar results. The canal network of design 2 shows almost identically results that a continuous
layer of gravel of the original design. Maximum water pressure are 10.3 m.w.p. and are located where the
bottom slab’s slope change, close to the first and the fourth emergency exits. Design 2 (with outer artesian
wells) presents differences with respect the other two. In this case, the maximum water pressure are located
only close to the first emergency exit, reaching 11.1 m.w.p., which are very close to the maximum water
pressure resistance of 11.2 m.w.p. that can hold the bottom slab before it breaks. In the central part of the
bottom slab, the water pressure distribution shows a gradient that reflects how the water pressure is being
released through the emergency exits. In all cases, minimum water pressure are close to 7 m.w.p. and are
located in the bottom slab northern and southern ends.
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Figure 17. Simulation results: Water heads (in m.a.s.l.) for each scenario and design.
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Figure 18. Simulation results: Water pressure (in m.w.p.) for each scenario and design.
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In scenario C the water table rises 7 m. In terms of groundwater barrier effect, the inner (original design and
design 1) and the outer (design 2) artesian well designs show very different results (Figure 17.C1-3). While the
original design and design 1 produce a similar groundwater barrier effect, design 2 results in a very strong
barrier effect. This is because the artesian wells are forcing the water head to be at +4 m.a.s.l. outside the
enclosure (downgradient) while its natural condition would be higher. In terms of groundwater modelling, this
situation is comparable to have a Dirichlet boundary condition at the emergency exits.

The water head distribution under the bottom slab is different among the designs. Similarly to the scenario B,
designs that have the artesian wells inside the station (original design and design 1) show similar results. This
slight difference in the water head distributions between the original design and design 1 is mainly due to the
increase of the diaphragm wall openings. In the original design the enclosure has openings in both north and
south edges, while in designs 1 & 2 they have also transversal openings (by-pass canals). In contrast, the
artesian wells of design 2 force the water head at to be at +4 m.a.s.l. outside the enclosure (downgradient),
inducing a strong flow gradient from the inside to the outside close to the emergency exits. In this case, the
artesian wells do not mainly release the water coming from the by-passes (inside of the enclosure), they also

release water from anywhere out of the enclosure, reducing the capacity of the artesian wells to keep the
water head at +4 m.a.s.l. under the bottom slab.

Again, water pressure below the bottom slab are similar in the original and design 1 (Figure 18.C1-3). While
the original design shows the best results with maximum water pressure of 12.2 m.w.p. (located close to the
north and south bottom slab ends), Design’s A maximum water pressure are 0.5 m higher than the original
design. This design shows a water pressure rise of 0.3 m in between the artesian wells in the same section and
over 0.5 m between artesian well sections. Design 2 shows the worst results, with maximum water pressure
at 14.7 m.w.p. and minimum ones at 11.3 m.w.p. In fact, any design does not fulfil the maximum water
pressure requirement of 11.2 m.w.p.

Table 1 summarizes the results for each scenario and design.

3.5. DISCUSSION and CONCLUSIONS

This chapter presents an innovative groundwater by-pass design that enables the groundwater flow through
the structure and provide a homogenous distribution of the water pressure under the bottom slab. The new
integrated design was applied to La Sagrera railway station, the largest underground infrastructure of
Barcelona, and it was simulated to analyze its response to different scenarios.

Scenarios A and B showed similar results in all three designs. All designs are able to mitigate the groundwater
barrier effect and none of them exceeded the maximum water pressure resistance of the bottom slab, being
all three good options.
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Table 1. Results summary for each scenario and design
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The water pressure distribution between the original design and design 1 (with inner artesian wells) in scenario
B demonstrates that the canal network can distribute the water pressure almost equally that the continuous
layer of gravel, but reducing four times the costs (gravel volume from 8.000 m3 to 2.300 m3). There are also
collateral benefits in using gravel filled canals instead of a continuous gravel layer. For instance, prior the
execution of the bottom slab, superficial water such as precipitation, water inflows or water pollutants can be
easily collected and redirected by the canal network. This helps to increase safe and efficiency during the
construction stage since the canal network maintains the workspace clean and dry.

Scenario B also presented very similar barrier effect responses among all designs. This demonstrates that the
original design PVC by-passes can be replaced by gravel filled canals. The 320 m of PVC pipes with a diameter
of 250 mm and the 900 m of PVC pipes with diameter of 210 mm are no longer needed which strongly reduces
the costs. Additional benefits are the by-pass relocation out of the structure (under the bottom slab), which
avoids flooding in case of breakdown. Also, the by-pass section increased 6 times (from 0.05 m2 to 0.3 m2),
reducing the necessity of maintenance and cleaning processes and also reducing the head loss due to the pipe
inlet.

The artesian well section and extraction capacity is different between design 1 (the inner) and design 2 (the
outer artesian well designs). While the first one should have 10 artesian wells with a minimum section of 10
mm (considering scenario B, a water velocity of 2 m/s and a coefficient discharge/area of 0.45 for Nominal
Pipe Size (NPS) of 10 mm and 0.71 for NPS of 15 mm), the second only need 4 artesian well with a slight bigger
section of 15 mm. The benefits of the outer artesian wells do not only rely on the cost reduction, but the
possibility of keeping the bottom slab clean, which facilitates the maintenance processes and reduces de risk
of accidents in the station.

The comparison among the three designs in the scenario C reveals that openings in the enclosure are critical
when the difference of the water head between the inside and the outside of the diaphragm walls is very high.
Other important factors are the artesian well quantity and location. In this sense, design 2 (with outer artesian
wells) does not respond well to this scenario. The original design and the design 1 (with inner artesian wells)
respond very similar, but none of them guarantee that the bottom slab does not break by overpressure.
However, it is a very unrealistic scenario in La Sagrera, which maximum historical water heads have never
overhead the ones simulated in the scenario B.

This chapter shows that design integration is useful to create more efficient solutions, to avoid over budgets
and to increase safe previous, during and after construction. The example of La Sagrera railway station shows
the pros and cons of implementing independent and integrated design solutions to avoid the groundwater
barrier effect and to limit and distribute the water pressure below the bottom slab. The integrated solutions
solve the barrier effect produced by the structure and optimizes the bottom slab, reducing considerably the
costs and increasing safety during the construction phase.
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GB-SAR interferometry displacement measurements during dewatering in construction works.

However, GB-SAR deformation monitoring presents many advantages. (1) The deformation monitoring
process can be highly automated, independent of the weather conditions and the day-night cycle. (2) GB-SAR
is able to monitor deformation phenomena, from a few millimeters per year up to 1 m per h, at distances of
up to several kilometers (the precision ranges from sub-millimeters to a few millimeters, depending on the
target characteristics, the sensor to target distance and the distance from the reference point). (3) A GB-SAR
measurement can cover an area of 1-2 km?, providing a dense measurement coverage of the observed scene
(the GB-SAR instrument used in this study ranges from approximately four measurements/m? at 100 m to 0.4
measurements/m? at 1000 m). Finally, (4) GB-SAR can be used in two acquisition modes: continuous (the
instrument is left installed in situ, acquiring data on a regular basis, e.g., every few minutes) and discontinuous
(the instrument revisits a given site periodically, e.g., weekly or monthly) (Crosetto et al., 2014).

4.2.2. LA SAGRERA STATION EXCAVATION AREA
4.2.2.1. General situation

La Sagrera railway station (Figure 21) is located in the metropolitan area of Barcelona (Spain) and aims to
become the city’s major intermodal transit hub. The station is expected to receive more than 100 million
passengers per year, combining high-speed trains, short- and medium-distance trains, four metro lines and
buses (ADIF, 2015). The railway station construction began in 2010 and is planned to be completed by 2020.
At the time of the experiment (February 2014), all diaphragm walls were built (finished in February 2013), the
dewatering system was drilled and equipped (finished in November 2012), and the site leveling was completed
(no excavation yet).

Figure 21. Geographical location of the study site. Yellow wells are activated during the pumping test.
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' LITHOLOGY PRE-QUATERNARY

QUATERNARY
GENERAL PL1: San.dy.soil with clay o PQl: Sandand PQ2: C.Iay and QA1-QA2 fi.ne: Clay QA3 granular: Sand
DESCRIPTION and silt interlayers gravel silt and silt and gravel
PARAMETERS
yt(kN/m3) 20.5 20.5 21.0 21.0 21.0 21.5
C'(kPa) 20.0 70.0 0.0 30.0 30.0 0.0
$'(2) 35.0 26.0 38.0 29.0 29.0 34.0
E(MPa) 40.0 40.0 25.0 20.0 20.0 18.0
v 0.3 03 0.4 0.3 0.3 0.4
Hardening soil model

m 0.5 0.5 0.5 0.5 0.5 0.5
Eso™(MPa) 31.0 31.0 25.0 20.0 20.0 24.0
Eoearef(MPa) 24.8 24.8 20.0 16.0 16.0 19.2
\Eurmf(MPa) 93.0 93.0 75.0 60.0 60.0 72.0

Table 2. Parameters of the Hardening Soil Model used in the ©PLAXIS hydromechanical model. yt is the soil
unit weight, ¢’ is cohesion, ¢’ is the friction angle, E is the Young’s modulus, v is Poisson’s ratio, m is the power
for stress-level dependency of the stiffness, E5Oref is the reference Young’s modulus at 50% of the strength,
Eoedref is the reference odometric modulus, and Eurref is the reference unloading-reloading modulus.
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Figure 22. Soil and excavation profile corresponding to the transverse section A6 (see Figure 25 to locate the

section) at the time of the experiment. A6 is also the transverse section of the hydromechanical model © PLAXIS.
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Figure 24. Scheme of the experiment and the expected wall deformation.

4.2.3.1. Pumping test

A 3-week pumping test was performed using eight pumping wells. Each pump extracted approximately 4 L/s,
rising to 32 L/s when all eight pumps were extracting. Instead of starting the eight pumps simultaneously, the
pumps were started sequentially (from the southern to the northern edge) to generate eight hydraulic steps.
Every hydraulic step (when a pump starts) increased the water extraction, decreased the piezometric level and
increased the soil deformation. The main advantages of this pumping test design rely on (1) the non-
homogenous temporal and spatial deformation generation (which produces a complex deformation); (2) the
limit of detection identification for every measurement technique; (3) the construction defects detection (i.e.,
open joints in the diaphragm walls - Vilarrasa et al., 2011, Pujades et al., 2012); (4) the numerical modeling
calibration and validation; and (5) the dewatering system status inspection. The maximum drawdown was 8

m, increasing inside the pumping wells according to the head loss.

Figure 21 shows the position of all of the pumping wells, distinguishing those activated in this pumping test in

yellow, numbered in the order of activation.
4.2.3.2. GB-SAR location

The position of the radar is a fundamental aspect as the sensor performs LOS measurements. In construction
projects, where the imaged scene can vary considerably over time, the GB-SAR can only be used to monitor
those elements, buildings and structures that remain coherent over time. To measure all of the horizontal
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(structures) and vertical (soil) displacements, the GB-SAR sensor must be located at sufficient height and
distance to have a LOS inclination as close as possible to 452. The geometry of the study site allowed us to
obtain a low LOS elevation (ranging from 22 to 82). This quasi-horizontal LOS resulted in a good sensitivity to
horizontal displacements and limited sensitivity to vertical displacements. The radar was located perpendicular
to the northern diaphragm wall and was able to measure approximately two-thirds of the construction area.
Figure 25 shows the radar location and the field of view.

4.2.3.1. GB-SAR measurements

The radar measurements were performed using a Ku-band interferometer, IBIS-L, manufactured by IDS Spa.
IBIS-L uses a radar wavelength of 1.74 cm. The measurements were taken using a range resolution of 0.5 m
and an azimuth resolution of 4.4 mrad (which, for example, corresponds to 0.44 and 0.88 m at 100 and 200 m,
respectively). Additional information related to the sensor is provided in Bernardini et al. (2007), IDS (2013),
Monserrat et al. (2014) and the IDS web page (www.idscorporation.com). The SAR images were acquired over
a time period of 5 min. For each measured point, the displacements were estimated corresponding to the date
of each acquired SAR image. The GBSAR data processing followed the steps listed in Section 2.1. In particular,
the phase unwrapping was based on the Minimum Cost Flow algorithm (Costantini, 1998), and the estimation
and removal of the atmospheric phase component were based on stable areas that surround the deformation
area of interest.

dartboard

Y X ":'Jlll g . y -
Inclmometer { 52 _MON-5 29 \Di | = B Location
AL 7 & - 7 P —a
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Figure 25. Radar position, GB-SAR analysis area, manual acquisition data targets (blue circles, MON) and
inclinometers (yellow squares), pumping well positions (red circles) and GB-SAR (black dashed lines) and
OPLAXIS (red dashed line) section analysis.
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4.2.3.2. Other measurements

The soil and diaphragm wall displacements were monitored by a system composed of extensometers,
inclinometers and topographic targets located inside and outside of the enclosure. In the zone of interest, the
subsidence in the excavation area was measured by four incremental extensometers, and the wall
displacements were controlled by 10 inclinometers and 10 topographic targets. The total station was a TCRP
1202 R100 Leica model and measured both the soil subsidence inside the enclosure (using manual target-
prism) and the topographic targets on the wall. The periodicity of the measurements ranged from days to
months, depending on the progress of the construction project. During the experiment, measurements were
expected to be taken at least three times: previous to, during (at the maximum pumping rate) and after the
pumping test. Figure 25 shows the location of all of the extensometers, inclinometers and topographic
dartboards at the experiment site.

4.2.3.3. Hydrogeological and hydromechanical numerical models

Numerical models are necessary to simulate and understand the mechanisms that control the structural
movements: for the design of the pumping test (hydrogeological models) and for prediction of the soil and
wall displacements (hydromechanical models).

The finite element code TRANSIN-IV (Medina et al., 2000; Medina and Carrera, 2003) is used with the visual
interface of VISUAL TRANSIN (UPC, 2003) to build the hydrogeological model. A 3D model is constructed and
divided into 17 layers. This distribution enables us to represent the station accurately in its real depth.
Borehole and piezometer screens are located in their corresponding layers. A more detailed information about
the model is presented in the section 3.3.2.Numerical model.

The finite element model, based on the ©PLAXIS commercial code, is used to establish the hydromechanical
model. This model simplifies the shape of the excavation to a rectangle of 500-m length and 80-m width and
cuts the rectangle into a series of 2D transverse sections, defined at distances of approximately 35 m, which
require 35 sections to simulate the entire diaphragm wall (sections 6 to 23 are measured using the GB-SAR
during the experiment). Every section contains the structural elements of the retaining structure (cast-in-place
diaphragm walls and anchors). Additional configurations are set up in some sections when special features
(geometric, structural, or geotechnical) required them. The Hardening Soil Model within the ©PLAXIS code is
selected as a mechanical constitutive law, as was shown to be convenient for simulating the behavior of the
Quaternary and Tertiary soils in Barcelona (Pujades et al., 2014b). Figure 22 shows a detailed soil and
excavation profile of the hydro-mechanical numerical model corresponding to the transverse section A6 over
the period of the experiment.

4.3. RESULTS AND DISCUSSION
The experiment was performed from January 28" to February 18%, 2014. The pumping test lasted three weeks:

two weeks of pumping (from January 28" to February 10%", 2014) and another week to observe the drawdown
recovery. Four pumps were activated during the first week (daily, from Monday to Thursday), and the rest
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were activated during the second week (Figure 26). Water pressure data were collected manually (five times
per day) and automatically (every 5 min) from 29 points; four dartboards were measured previous to, during,
and after the experiment; over 33,000 coherent points were collected every 5 min by the GB-SAR radar. In this
analysis, only the night GB-SAR data are used for two main reasons: (1) to reduce the effect of the traffic in
the construction area and increase the number of coherent points and (2) to reduce atmospheric effects (such
as changes in humidity or temperature) in the measured SAR data. Multiple interferograms were processed to
check the consistency of the phase unwrapping.

Two displacement maps (Figure 28) compare the original soil

&\0 O '&0) u and wall positions at the maximum drawdown time step

‘.}S\ \é‘ S‘é <§'¢ (Figure 28-2) and after the drawdown recovery (Figure 28-3).
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Q?(’ 55"} {;Q"*‘ o\“’«? water pressure is reduced inside the enclosure during the

¥ SOQ “@Q € pumping test, the water pressure out of the enclosure pushes

b )4 b{ b 3 the wall toward the interior of the enclosure (in this case,

to t to t3 toward the radar) and produces a deformation of the wall (see

Figure 28-2). When the dewatering ceases, the water pressure
Figure 26. Summary of the experiment dates. increases inside the enclosure, pushing the wall in front of the

sensor and restoring the original wall position. The
accumulated displacements are shown in Figure 28-3. An intermediate interferogram (from the maximum
deformation up to the end of the experiment) is very similar to the map shown in Figure 28-2 but with opposite
displacement values. In this figure, one may observe that the wall connection to the railway lines on its upward
side results in a very rigid structure (the wall and the railway) that moves together. Eight sections (Al to A8)
were analyzed to determine the sensitivity of the wall to the drawdown: they undergo maximum horizontal
displacements that range between 2.7 and 3.7 mm (see Figure 29). The negative values demonstrate that the
wall was moving closer to the radar sensor (the LOS distance is decreasing). The displacement distribution
along the wall was not constant (see Figure 29); this is logical because both anchors in the diaphragm walls
and the drawdowns induced by the progressive pumping test were not constant either (see Figure 27 and
Figure 29). The GB-SAR radar position was not high enough, and only a quasi-horizontal LOS was achieved (see
the bottom parts of Figure 28-2 and Figure 28-3). The soil displacement results were discarded due to the weak
radar sensitivity to vertical displacements and the lack of coherence inside the diaphragm walls.

A spatial-temporal correlation analysis between the measured GB-SAR displacements and hydrogeological
parameters was conducted. Pumping rate evolutions, piezometric level time series and wall displacements
were correlated in Figure 30. The graph shows a strong cause-and-effect relationship over time among all of
the variables. The pumping and piezometric level recovery periods coincide with the displacement trends: the
distance to the radar sensor was reduced when pumping, and the original distance was recovered after the
pumping stopped.

Water levels of -4 m.a.s.l. (occasionally below that inside the pumping wells, due to head losses) were
measured during the experiment. From a hydromechanical point of view, the soil responds with an elastic
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behavior, with very little variation during the pre-pumping, post-pumping and recovery cycle (Figure 28 and
Figure 30). However, due to a power outage, the GBSAR system stopped acquiring data during the drawdown
recovery (represented as a dashed line in Figure 30); therefore, it was not possible to obtain the measurement
of the exact wall response when the pumping ceased. This measurement was only possible at the end of the
campaign (when we were able to make the last measurements). In principle, this last measurement could
contain unwrapping errors, but they would be multiples of 2p, i.e., multiples of 1.74/2 cm in terms of
displacements. We consider such displacements rather improbable.
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Figure 27. Hydromechanical model (©OPLAXIS) results. Cross section: horizontal displacement induced by
dewatering calculated in the model for section A6. (1) Scheme, (2) model results.

The northern side of the diaphragm wall was completely measured before, during, and after the experiment,
and the rest of the wall was partially measured. Inclinometers installed in the diaphragm wall were not read
during the pumping test. Despite the few available data points and the small displacements (very close to the
limit of detection), the GB-SAR measurements (right side edge) and the manual measurement of target MON4
(measurement with total station) obtained coincident values: MON4 measured 3.12 mm, and A8 measured
3.16 mm. The rest of the acquired manual data were used to validate the hydromechanical model.
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Figure 28. Radar output: displacements estimated by the GB-SAR. All pixels with discarded data due to the lack
of coherence are shown in black. The red dashed line represents the measured diaphragm wall. Negative values

represent movements towards the sensor.
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Diaphragm wall sections
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Figure 29. Plan view: computed (gray band) and measured (red arrows) horizontal displacements for the
mountain side retaining wall in all sections considered. (3) Cross section: locations of the anchors.
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Figure 30. Multi-parameter correlation: pumping rates, drawdowns and GB-SAR wall horizontal displacements.
The measurements are shown in circles. The dashed line represents a data gap. The rest of the cross-sections
are included in the Appendix.
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Finally, a hydromechanical model was used to check whether the displacement distribution was similar along
the wall and of the same order of magnitude. Wall displacements induced by dewatering inside the excavation
were calculated for different sections. The ground level was assumed to be at +3.00, which corresponds to the
reported level at the time of the test. The ground water level inside the excavation varied, depending on the
section and based on the levels measured during the pumping test. An example of a calculated horizontal
displacement section is shown in Figure 27 (section A6). The use of anchors in the upper part of the wall
decreases the head displacements, producing an arched deformation shape, locating the maximum movement
at approximately 6 m.a.s.l. The shape of this arch varies in each section, depending on the distribution of the
anchors and the foot wall depth.

The computed and measured horizontal displacements for the western retaining wall are shown in Figure 29.
Horizontal displacements computed at the top of the wall and at ground level are presented in all sections.
The results show that the measured displacements are in the range of 3 mm, which is in good agreement with
the lower range of the computed values (approximately 4 mm). Considering that no particular adjustment of
the model was made and that only groundwater levels were locally adjusted, the calculated results validate
the measured displacements: the measured and predicted results appear to be in very good agreement, and
only local discrepancies are observed. These discrepancies can be explained by changes in geometry and
anchor distribution. In some sections, the complex vertical deformation shape obtained in the © PLAXIS model
(Figure 27) corresponds to a single point measured by means of GB-SAR, which makes the comparison difficult.

4.4, CONCLUSIONS

The experiment conducted in the La Sagrera railway station showed that GB-SAR can measure movements
during the construction stage. GB-SAR has precisely quantified the horizontal wall displacements induced by
dewatering. Manual data and numerical models have confirmed the measurements with a correlation analysis
and by comparing measurements and deformation patterns, which produced similar results. Knowledge of the
geology, hydrogeology, geotechnics and construction processes was found to be fundamental to design,
perform and interpret the experiment. The results of this experiment are satisfactory. However, more detailed
data obtained from the total station, extensometers and inclinometers would improve the reliability of the
GB-SAR measurements.

From this study, the following conclusions were drawn. First, the sensor location represents a critical aspect
because, in construction projects, the imaged scene can vary considerably over time, and GB-SAR can measure
only those elements, buildings and structures that remain coherent over the observed period. Second, due to
the high sensitivity to small displacements, the coverage of large areas, and the dense quantity of
measurements over the observed scene, the GB-SAR can be helpful in understanding the mechanisms that
control structure deformations and to identify vulnerable areas. For example, the La Sagrera case study
showed different wall displacements, depending on the position of the anchors and a strong connection
between the wall and the railroad tracks. Finally, the GB-SAR automation allows for obtaining high density
temporal coverage. Depending on the expected deformation response, the radar data acquisition can be
automatically realized every few minutes (as in the case of La Sagrera), hours, or days.
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