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. Abstract

A number of problems, e.g. sudden inflows are encountered during tunneling under the
piezometric level, especially when the excavation crosses high transmissivity areas. These inflows
may drag materials when the tunnel crosses low competent layers, resulting in subsidence,
chimney formation and collapses. Moreover, inflows can lead to a decrease in head level because
of aquifer drainage. Tunnels can be drilled by a tunnel boring machine (TBM) to minimize inflows
and groundwater impacts, restricting the effect on the tunnel face. This method is especially
suitable for urban tunneling where the works are usually undertaken near the ground surface.
The aim of the thesis is to elucidate the tunneling difficulties arising from hydrogeology, and to
determine groundwater impacts. The following approaches were adopted to achieve these

objectives.

First, a methodology that characterizes hydrogeologically the medium crossed by the TBM is
proposed. TBM is very sensitive to the sudden changes of the geological media. Two important
aspects that are often overlooked are: variable groundwater behavior of faults (conduit, barrier,
conduit-barrier), and role of groundwater connectivity between fractures that cross the tunnel
and the rest of the rock massif. These two aspects should be taken into account in the geological
and groundwater characterization to correct the tunnel design and minimize hazards. A geological
study and a preliminary hydrogeological characterization (including a prior steady state
investigation and cross bore-hole tests) were carried out in a granitic sector during the
construction of Line 9 of the Barcelona subway (B-20 area). The hydrogeological conceptual
model was constructed using a quasi-3D numerical model, and different scenarios were
calibrated. Faults and dikes show a conduit-barrier behavior, which partially compartmentalized
the groundwater flow. The barrier behavior, which is the most marked effect, is more prominent
in faults, whereas conduit behavior is more notable in dikes. The characterization of groundwater
media entailed a dewatering plan and changes in the tunnel course. This enabled us to construct

the tunnel without any problems.

Second, a methodology to locate and quantify the inflows in the tunnel face of the TBM was
adopted. Unexpected high water inflows constitute a major problem because they may result in
the collapse of the tunnel face and affect surface structures. Such collapses interrupted boring
tasks and led to costly delays during the construction of the Santa Coloma Sector of L9 (Line 9) of

the Barcelona Subway. A method for predicting groundwater inflows at tunnel face scale was



implemented. A detailed 3D geological and geophysical characterization of the area was
performed and a quasi-3D numerical model with a moving tunnel face boundary condition was
built to simulate tunnel aquifer interaction. The model correctly predicts groundwater head
variations and the magnitude of tunnel inflows concentrated at the crossing of faults and some
dikes. Adaptation of the model scale to that of the tunnel and proper accounting for connectivity
with the rest of the rock massif was crucial for quantifying the inflows. This method enables us to

locate the hazardous areas where dewatering could be implemented.

Third, the hydrogeological impacts caused by tunneling with TBM were characterized. The lining
in tunnels reduces water seepage but could cause a barrier effect because of aquifer obstruction.
Analytical methods were employed to calculate the gradient and permeability variation after
tunnelling. The uses of pumping tests allow determinate the barrier effect and the changes in

groundwater connectivity due to tunnelling.

These approaches were adopted to help overcome the main hydrogeological problems
encountered during the construction of tunnels with the TBM. Numerical models proved useful in
quantifying and forecasting tunnel water inflows and head variations caused by tunnelling. A
better understanding of these scenarios enabled us to find the correct solutions and to minimize

the consequences of tunnel-groundwater interaction.



Il. Resumen

La construccion de taneles bajo el nivel piezométrico puede comportar problemas constructivos
cuando la excavacion atraviese zonas muy transmisivas donde puede haber entradas repentinas
de agua. Estas entradas pueden generar arrastres cuando se crucen capas muy poco
competentes, llegando a provocar hundimientos, creacion de chimeneas subsidencia del terreno.
Ademas estas entradas de agua pueden provocar el descenso del nivel freatico por drenaje del
acuifero. Para minimizar las entradas de agua y los impactos asociados a la excavacion se realizan
perforaciones con tuneladoras (TBM) que restringen las afectaciones por drenaje al frente de
perforacion. Este método es especialmente adecuado en medios urbanos donde el tinel se sitia
cerca de la superficie. El objetivo de esta tesis sera abordar las dificultades constructivas
relacionadas con la hidrogeologia que existen al construir tineles con tuneladora asi como

determinar los impactos que estas pueden producir.

En primer lugar, se busca una metodologia que permita caracterizar hidrogeolégicamente el
terreno que sera atravesado por la tuneladora ya que esta maquinaria es sensible a los cambios
repentinos de medio y condiciones de terreno. Hay dos aspectos que normalmente no se tienen
en cuenta: el comportamiento hidrogeolégico de las fallas (conducto, barrera, conducto-barrera)
y la importancia de la conectividad hidrogeoldgica entre las fracturas que cruzadas por el tunel y
el resto del macizo rocoso. Estos dos aspectos han sido tenidos en cuenta en la caracterizacion
geologica e hidrogeoldgica con el fin de corregir el disefio del tinel y minimizar riesgos
geoldgicos. Una investigacion geolGgica con caracterizacion hidrogeolégica preliminar (que
incluyo la revision del estado hidrogeoldgico previo y ensayos de bombeo de interferencia) fue
realizada en una zona granitica de la Linea 9 del metro de Barcelona (zona de la B-20). El modelo
hidrogeoldgico conceptual fue construido usando un modelo numérico quasi-3D, donde fueron
calibrados diverso escenarios. Las fallas y diques mostraron un comportamiento de conducto-
barrera que compartimentaliza parcialmente el flujo. EIl comportamiento de barrera es el efecto
mas marcado, aunque en los diques aparece comportamiento de conducto. La caracterizacion del
medio hidrogeoldgico ha permitido realizar un plan de drenaje y los cambios necesarios en el

disefio del tlnel.

En segundo lugar, se busca una metodologia que permita localizar y cuantificar las entradas de
agua que pueda haber en el frente de excavacion de un tunel construido con tuneladora.

Entradas de agua repentinas constituyen un problema importante porque pueden provocar un



colapso del tanel que afecte estructuras superficiales. Un método para predecir las entradas de
agua en el frente de tunel fue implementado en el sector de Santa Coloma de la Linea 9 del metro
de Barcelona. Una caracterizacion geoldgica y geofisica 3D del area fue realizada y los resultados
fueron implementados en un modelo numérico quasi-3D, donde una condicion de contorno de
frente de tunel movil se ha insertado para simular la interaccién con el acuifero. EI modelo
predice correctamente la variacion de los niveles piezométricos y la magnitud de las entradas de
agua concentrados en las zonas de falla y diques. La adaptacién de la escala del modelo al tanel y
a la conectividad con el resto del macizo ha sido crucial para cuantificar las entradas de agua. Este

método permite localizar las zonas peligrosas donde el dewatering deberia ser implementado.

En tercer lugar, se caracterizan los impactos que provoca la construccion de un tanel construido
con tuneladora. Aunque el efecto dren que suelen producir la mayoria de taneles es minimizado
en los tineles perforados con tuneladora con el sostenimiento que se instala después de la accion
perforadora de la maquina, la construccién de esta estructura lineal impermeable puede producir
una obstruccion del acuifero o efecto barrera. Se cuantifica la variacion de gradientes
piezométricos antes y después de la construccién de un tanel, esto se realizara con el uso de
métodos analiticos que comparen los cambios reales observados. Ademas se cuantificaran los
cambios de conectividad que provoca la construccion de un tinel comparando la variacién de
comportamiento observada en una serie de ensayos de bombeo realzados antes y después de la

construccion de | tunel.

Todos estos enfoques permiten abordar los principales problemas hidrogeolégicos que se
encontraran los taneles construidos con tuneladora asi como los impactos que provocan. El uso
de modelos numéricos se convierte en una herramienta robusta para cuantificar y predecir las
entradas de agua en el frente de tunel y las variaciones de nivel provocadas por el mismo tanel. El
conocimiento de estos escenarios permitird encontrar las mejores soluciones para minimizar las

consecuencias de la accion del medio hidrogeol6gico sobre el tinel o viceversa.



[Il. Resum

La construccié de tanels sota el nivell piezomeétric pot comportar problemes constructius quan
I’excavacio travessi zones molt transmissives on pot haver-hi entrades sobtades d’aigua .
Aquestes entrades poden arrossegar materials quan es creuin capes poc competents, arribant a
provocar enfonsaments, xemeneies | subsidencia del terreny. D’altra banda aquestes entrades
d’aigua poden provocar el descens del nivell d’aigua per drenatge de I'aquifer. Per minimitzar les
entrades d’aigua | els impactes associats a la excavacio es perforen tinels amb tuneladores (TBM)
que restringeixen les afeccions per drenatge al front de perforacid. Aquest métode es
especialment adequat en medis urbans on el tanel es proper a la superficie. L'objectiu d’aquesta
tesi sera abordar les dificultats constructives relacionades amb la hidrogeologia que existeixen al

construir tinels amb tuneladora aixi com determinar els impactes que aquestes poden produir.

En primer lloc, es busca una metodologia que permeti caracteritzar hidrogeologicament el
terreny que ha de travessar la tuneladora ja que aquestes son sensibles als canvis sobtats de medi
i condicions de terreny. Hi ha dos aspectes important que normalment no son tinguts en compte:
El comportament hidrogeologic de les falles (conducte, barrera, conducte-barrera) i la
importancia de la connectivitat hidrogeologica entre les fractures que son creuades pel tinel y la
resta del massis rocds. Aquests dos aspectes han estat tinguda en compte en la caracteritzacio
geologica i hidrogeologica amb el fi de corregir el disseny del tinel i minimitzar riscos geologics.
Una investigacié geoldgica amb caracteritzacié hidrogeologica preliminar (que va incloure la
revisié de I'estat hidrogeologic previ i assaigs de bombeig d’interferéncia) va ser realitzada en
una zona granitica de la Linia 9 del metro de Barcelona (zona de la B-20). El model hidrogeologic
conceptual va ser construit fent servir un model numeéric quasi-3D, on van ser calibrats diferents
escenaris. Les falles i els dics van mostrar un comportament de conducte barrera que
compartimentalitza el flux parcialment. EIl comportament de barrera es I'efecte mes marcat i es
mentre que en els dics apareix el comportament de conducte. La caracteritzacio del medi
hidrogeologic ha permes realitzar un pla de drenatge i els canvis necessaris en el disseny del

tlnel.

En segon lloc, es troba una metodologia que permeti trobar el lloc i quantificar les entrades

d’aigua que hi pot haver en el front d’excavacié d’'un tanel construit amb tuneladora. Les



entrades d’aigua sobtades en el tunel constitueixen un problema important perqué poden
provocar un col-lapse del tinel que afecti a les estructures superficials. Un métode per predir les
entrades d’aigua en el front de tanel ha estat implementat en el sector de Santa Coloma de la
Linia 9 del metro de Barcelona. Per aconseguir-ho es va realitzar una caracteritzacié geologica i
geofisica 3D, aquests resultats van ser implementats en un model numeéric quasi-3D, on una
condici6 de contorn de front de tinel mobil ha estat inserida per simular la iteracié amb I'aqifer.
El model prediu correctament la variacié de nivells piezometrics i la magnitud de les entrades
d’aigua concentrades en les zones de falla i dics. L’adaptacié de I'escala del model al tanel i a la
connectivitat amb la resta del massis han estat clau per poder quantificar les entrades d’aigua.

Aquest metode permet localitzar les zones perilloses on el dewatering hauria de ser implementat.

En tercer lloc, es caracteritzen els impactes hidrogeologics que provoca la construccio d’un tunel
construit amb tuneladora. Malgrat que I'efecte dren que acostumen a originar la majoria de
tdnels es minimitza per I'accié del sosteniment que s'instal-la just després de la maquina, la
construccid d’aquesta estructura lineal impermeable pot produir una obstruccié de I'aquifer o
efecte barrera. Es quantifica la variacié de gradient abans i desprées de la construccié d’un tanel,
aixo es fara amb meétodes analitics que es comparen amb el canvi de gradient observat. A mes a
mes es quantifiquen els canvis de connectivitat que provoca la construcci6 del tinel comparant la
variaci6 de comportament observada en una série d’assaigs de bombeigs realitzats abans i

després de la construcci6 del tanel.

Tots aquests enfocaments permeten abordar els principals problemes hidrogeoldgics que es
trobaran els tunels construits amb tuneladora aixi com els impactes que provoquen. L'Us de
models numerics esdevé una eina robusta per poder quantificar i predir les entrades d’aigua en el
front del tanel i les variacions de nivell provocades pel mateix tinel. El coneixement d’aquests
escenaris permetra trobar les solucions adients o minimitzar les conseqiencies de I'accié de medi

hidrogeologic sobre el tinel o a I'inrevés.
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Chapter 1: Introduction

1. Introduction

1.1. Motivation and objectives

Shallow tunneling may give rise to a number of problems from the hydrogeological point of view,
i.e. high water inflows in transmissive areas that are often associated with fractures (Deva et al.,
1994; Tseng et al., 2001; Shang et al., 2004; Dalgi¢, 2003) and the drawdown caused by tunnel
excavation (Cesano and Olofson, 1997; Marechal et al., 1999; Marechal and Etxeberri, 2003;
Gargini et al., 2008; Vincenzi et al., 2008; Gisbert et al., 2009; Yang et al., 2009; Kvaerner and
Snilsberg, 2008; Raposo et al., 2010). A Tunnel Boring machine (TBM) is used to restrict the

inflows to the tunnel face and to minimize groundwater impacts.

Groundwater studies in shallow tunneling are often focused on the need to locate conductive
areas that may cause inflows. These studies are usually undertaken by defining the major
fractures or the ones that are most likely to produce tunnel inflows (Banks et al., 1992; Mabee et
al., 2002; Cesano et al., 2000, 2003; Lipponen and Airo, 2006; Lipponen, 2007). Some authors
consider that fractures and faults are areas with high permeability, preferential flow and conduit
behavior (e.g., Mayer and Sharp, 1998; Mabee, 1999; Cesano et al., 2000, 2003; Krisnamurthy et
al., 2000; Flint et al., 2001; Mabee et al., 2002; Martinez-Landa and Carrera, 2005, 2006; Sener et
al., 2005; Denny et al., 2007; Shaban et al., 2007; Folch and Mas-Pla, 2008). However, if the
fractures are fault-zones, they may act as localized conduits, barriers or conduit-barriers, which
are often governed by complex fault zone architecture and flow direction (Forster and Evans,
1991; Caine et al., 1996; Caine and Forster, 1999; Caine and Tomusiak, 2003; Berg and Skan,
2005; Bense and Person, 2006). The water availability of the rocks and faults crossed by the
tunnel is not only determined by their hydraulic characteristics but also by the connectivity with
the boundary conditions and sources of water (Moon et al., 2011). The first aim of this thesis is to
define a groundwater characterization of fractured massifs where shallow tunnels must be
excavated. Characterization must be carried out at a scale that allows us to resolve tunneling
problems (design of the tunnel works, dewatering, inflows). The complex behavior of the faults
and dikes, and the groundwater connectivity with the surrounding massif must be taken into
account. Inflows can be calculated after characterizing the groundwater of the massif and

fractures.
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A number of analytical formulae have been developed to predict tunnel inflows under different
hydraulic conditions. Most of these assume a homogeneous medium and also steady state
(Goodman et al., 1965; Chisyaki, 1984; Lei, 1999; El Tani, 2003; Kolymbas and Wagner, 2007; Park
et al., 2008) or transient conditions (Marechal and Perrochet, 2003; Perrochet, 2005a, 2005b;
Renard, 2005). Some analytical solutions have also been developed for heterogeneous formations
(Perrochet and Dematteis, 2007; Yang and Yeh, 2007) and are suitable for systems with layers
that are perpendicular to the tunnel so that flow is generally radial. Moreover, they can only be
used when the system is relatively unaffected by inflows. They cannot therefore be used for
assessing large inflows to relatively shallow tunnels because the boundary conditions evolve with
time and flow takes place primarily in the aquifer plane rather than radially in the vertical plane
perpendicular to the tunnel. Moreover, tunnels excavated with a TBM are lined, the radial flow
towards the tunnel is very small, and most inflows appear at the tunnel face (or in machine-rock
contact). The presence of high conductivity fractures that are well connected to permeable
boundaries further hinders the use of analytical formulae to compute water inflows. Numerical
modeling is necessary under these conditions (Molinero et al., 2002; Witkke et al., 2006; Yang et
al., 2009). The second aim of this thesis is to determine the water inflows in a tunnel excavated

with a TBM.

Excavation of tunnels can have adverse consequences for the aquifers because of the changes
produced in the natural regime. One of the most important effects is the piezometric drawdown
caused by tunnel drainage (Cesano and Olofson, 1997; Marechal et al., 1999; Marechal and
Etxeberri, 2003; Gargini et al., 2008; Vincenzi et al., 2008; Kvaerner and Snilsberg, 2008; Gisbert et
al., 2009; Yang et al., 2009; Raposo et al., 2010). This effect can be considerably minimized by
using a TBM to excavate the tunnel. In this case, the drawdown impact is restricted at the
transient state of the tunnel face machine because of the impermeable lining employed to
prevent water inflows and aquifer drainage. The use of impermeable linings results in aquifer
obstruction, giving rise to the barrier effect (Marinos and Kavvadas, 1997; Vazquez-Sufié et al.,
2005, Carrera and Vazquez-Suiie, 2008). Barrier effect can cause an increase in groundwater head
on the upgradient side, and a decrease on the downgradient side of the tunnel (Ricci et al., 2007).

The third aim of this thesis is to evaluate the barrier effect created by an impervious tunnel.
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1.2. Thesis outline

This thesis consists of four chapters in addition to the introduction. With the exception of the last
chapter, each chapter focuses on one of the aforementioned objectives. The chapters are based
on papers that have been published, accepted or submitted to international journals. The

references to the papers are contained in a footnote at the beginning of each chapter.

Chapter 2 proposes a methodology to characterize a fractured medium that must be tunneled.
The construction of a conceptual geological model was followed by a hydrogeological
characterization. This model was validated by a quasi-3D numerical model that incorporated
different scenarios of increasing complexity. Because of the time constraints of the project, only
the conceptual model based on the geological and hydrogeological data was considered when
implementing changes into the tunnel design and dewatering plan. The numerical model and
simulations using different scenarios were carried out after tunneling. This characterization was

implemented in the B-20 sector of Line 9 of the subway of Barcelona.

Chapter 3 presents a methodology for predicting the location and magnitude of tunnel inflows
using a numerical groundwater flow model. A detailed 3D geological and geophysical
characterization of the area was performed and a quasi-3D numerical model with a moving
tunnel face boundary condition was built to simulate tunnel aquifer interaction. The model
correctly predicts groundwater head variations and the magnitude of tunnel inflows concentrated
at the intersection of faults and some dikes. Adaptation of the model scale to the tunnel and
accommodation of the connectivity to the rest of the rock massif was crucial for quantifying
inflows. This method enabled us to locate the hazardous areas where dewatering could be
implemented. The method was applied to the last 700 m of the Santa Coloma sector of Line 9 of

the subway of Barcelona.

Chapter 4 is concerned with the most recent research into the impact of lined tunnels. The main
impact considered was the barrier effect due to aquifer interruption as a result of tunnel
excavation. The gradient variation was calculated by analytical formulae and compared with the
real results. Barrier effect and connectivity variations due to the tunnel can be also calculated
with pumping tests. This analysis was undertaken by comparing the differential pumping
response before and after tunneling. Quantification was also undertaken using a numerical

model, where tunnel geometry could be introduced, allowing us to compare the real heads after
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tunneling with the calculated heads (with and without the introduction of the tunnel into the
model). This quantification was implemented into a section of Line 9 of the subway of Barcelona

at El Prat del Llobregat.

Chapter 5 provides a summary of the main conclusions of the thesis.
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2. Groundwater characterization of a
heterogeneous granitic rock massif for

shallow tunneling

2.1. Introduction

Shallow tunneling may encounter a number of problems, the most important of which is high
water inflows in transmissive areas that are often associated with fractures (Deva et al., 1994;
Tseng et al., 2001; Shang et al., 2004; Dalgic, 2003). A groundwater characterization is essential
given that the association of soft materials and high water inflows may drag large amounts of

material (Barton, 2000).

Groundwater in shallow tunneling is often approached in three steps. In the first step, attention is
focused on conductive areas that may represent groundwater inflows into the tunnel. These
studies are usually undertaken by defining the major fractures or the most susceptible ones to
produce tunnel inflows. In this regard, considerable research has been undertaken on a regional
scale, i.e. geological and geophysical studies, remote sensing and statistics have been employed
to provide a rough idea of the most probable inflow areas (Banks et al., 1992; Mabee et al., 2002;
Cesano et al., 2000, 2003; Lipponen and Airo, 2006; Lipponen, 2007). In the second step, fractures
are considered as transmissive inflow areas in order to locate and quantify tunnel inflows. This is
calculated by analytical methods (Perrochet and Dematteis, 2007; Yang and Yeh, 2007) or by
numerical methods (Molinero et al., 2002; Yang et al., 2009; Font-Capo et al., 2011). The third
step incorporates updated information into shallow tunneling, which enables us to predict future
water inflows. However, these studies are often based on geomechanical and geological data of
the civil engineering works, which rarely take into account the hydraulic relationships with the
rest of the rock massif (geological information is concentrated along the tunnel length, with little

attention paid to).

This chapter is based on the paper: Font-Capo, J., Vazquez-Sufie, E., Carrera., Herms, |., 2012,
Groundwater characterization of a heteorogeneous granitic rock massif for shallow tunnelling,
Geologica Acta, published online. DOI: 10.1344/105.000001773
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From the standpoint of hydrogeology and tunneling, many authors consider that fractures and
faults are areas with high permeability, preferential flow and conduit behavior (e.g., Mayer and
Sharp, 1998; Mabee, 1999; Cesano et al., 2000, 2003; Krisnamurthy et al., 2000; Flint et al., 2001;
Mabee et al., 2002; Sener et al., 2005; Martinez-Landa and Carrera, 2005, 2006; Shaban et al.,
2007; Denny et al., 2007; Folch and Mas-Pla, 2008).

However, if the fractures are fault-zones, they may act as localized conduits, barriers or conduit-
barriers, which are governed by commonly complex fault zone architecture and flow direction
(Forster and Evans, 1991; Caine et al., 1996; Caine and Forster, 1999; Caine and Tomusiak, 2003;
Berg and Skan, 2005; Bense and Person, 2006). Fault-zones are conceptualized as fault cores
surrounded by a damage zone, which differs structurally, mechanically and petrophysically from
the undeformed host rock (protolith). The damage zone is usually considered as a higher
permeability zone, whereas the core zone is regarded as a lower permeability zone. (Smith and
Schwartz, 1984; Chester and Logan, 1986; Forster and Evans, 1991; Chester et al., 1993; Bruhn et
al., 1994; Evans and Chester, 1995; Caine et al., 1996; Evans et al., 1997). Recent research has
guestioned the general applicability of this simple model (Faulkner et al., 2010) for the following
reason. Fault zones may contain a single fault core (sometimes with branching subsidiary faults)
or a fault core that may branch, anatomize and link, entraining blocks or lenses of fractures and
protolith between the layers, giving rise to asymmetric fault-zone areas (McGrath and Davison,
1995; Faulkner et al., 2003; Kim et al., 2004; Berg and Skar, 2005; Cembrano et al., 2005; Cook et
al., 2006).

The structure of low and high permeability features can lead to extreme permeability
heterogeneity and anisotropy (Faulkner et al., 2010). The permeability of a fault zone in the plane
and perpendicular to the plane (across-fault) is governed by the permeability of the individual
fault rocks/fractures and more critically by their geometric architecture in three dimensions (Lunn
etal., 2008; Faulkner et al., 2010). The capacity to form barriers to flow depends on the continuity
of the low permeability layers (Faulkner and Rutter, 2001). The connectivity of the most
permeable areas governs the permeability along and across the fault-zones (Faulkner et al.,
2010). The tunnel can cross fractures with a conduit, barrier or conduit-barrier behavior. The
characteristics of crossed fractures determine the inflow volume that enters the tunnel.

Groundwater flow at massif rock scale differs from that at fracture or fault scale. This factor is
useful in tunneling. Several researchers have demonstrated that fluid-flow passes through few

fractures in fractured massifs (Shapiro and Hsieh, 1991; Day-Lewis et al., 2000; Knudby and
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Carrera, 2005; Martinez-Landa and Carrera, 2006). Increases in the volume of water flow depend
on the continuity of well connected fractures (Knudby and Carrera, 2006). The effective
transmissivity related to these fractures increases with scale (lllman and Neuman, 2001, 2003;
Martinez-Landa and Carrera, 2005; Le Borgne et al., 2006; lllman and Tartakowsky, 2006) or only
in some particular directions (lllman, 2006). However, large scale permeability may decrease in
massifs with a low permeability lineament network (Hsieh, 1998; Shapiro, 2003) where the
fractures act as barriers that hinder connectivity and compartmentalize the flow (Bredehoeftt el.,
1992, Bense et al., 2003, Bense and Person, 2006, Benedek et al., 2009; Gleeson and Novakowski,
2009). The conduit-barrier behavior may also be expressed at regional scale (Bredehoeft et al.,
1992; Bense and Balen, 2004; Bense and Person, 2006; Mayer et al., 2007; Anderson and Bakker,
2008). The behavior of the fractures at large scale plays a major role in tunneling. The water
availability of the rocks and faults crossed by the tunnel is not only determined by their hydraulic
characteristics but also by the connectivity with the boundary conditions and sources of water

(Moon et al., 2011).

The present paper addresses groundwater characterization of a fractured massif where shallow
tunnels must be excavated. Characterization must be carried out at a scale that allows us to
respond to the tunneling problems (design of the tunnel works, dewatering, inflows). The
complex behavior of the faults and dikes, and the groundwater connectivity with the surrounding

massif must be taken into account.

This characterization was implemented in the B-20 sector of Line 9 of the subway in Barcelona
(Figure 2— 1a). In this area, the combination of intense fracturing and the presence of soft
materials could give rise to problems in the tunneling works. A geological conceptual model was
constructed, followed by a hydrogeological characterization. This model was validated by a quasi-
3D numerical model that incorporated different scenarios of increasing complexity. Because of
the time constraints of the project, only the conceptual model based on the geological and
hydrogeological data was considered when implementing changes into the tunnel design and the
dewatering plan. The numerical model and the simulations using different scenarios were carried

out after the tunneling process.
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2.2. Geological conceptual model

An accurate description of the structural geology at large scale was first carried out. The main
structures, lineaments, and geological changes that could constitute the major flow
conduits/pathways or barriers that may affect the groundwater were identified. A detailed
geological study was undertaken after research at large scale. Where direct geological
observation; (boreholes, outcrops...) were available, we could confirm the location of faults and
dikes. In the B-20 area, the investigation was broadened to include (1) a general characterization
or large scale investigation (photogrammetry and geological interpretation of old aerial

photographs) and (2) detailed scale investigation; outcrop and borehole interpretation.

n
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Figure 2— 1.a) Map of Barcelona conurbation and Line 9 subway. b) Large scale geological map of the Santa Coloma
sector of Line 9 subway, B20 area.

Accordingly, a large scale map showing the existence of granodiorite with numerous porphyritic
dikes was made (Figure 2— 1b). Granodiorite is petrographically homogeneous. The porphyritic
dikes, which are kilometers in length and meters wide, have a NE-SW trend and a sub-vertical dip,
occurring in sub-parallel families. They can be observed and mapped only in outcrops outside the

city centre. The dikes are more resistant to erosion than granodiorite, which facilitates
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identification. Subvertical strike-slip faults, trending NNW-SSE, separated by hundreds of meters
displace the porphyritic dikes. These faults are late Carboniferous in age and affect Miocene
sedimentary rocks south of the B-20 area, but they are absent in the B-20 area. This strongly
suggests that they were reactivated in post-Miocene times (Marti et al., 2008). In fact, the contact
between granodiorites and Miocene sedimentary rocks is a normal fault zone similar to other
normal faults that regionally generated the Miocene extensional basins related to the formation
of the Catalan margin (Cabrera et al., 2004). Cataclastic fault rocks (breccias and fault gauges) are

usually associated with these normal faults.

A detailed geological investigation of the B-20 area was carried out using the bore hole core
interpretation in an attempt to improve the characterization of the granodiorite, granitic dikes,
and fault-zones in this area (Figure 2— 2). The granodiorite rock unit may be divided into
unaltered granite and weathered granite at a depth of 25-30 meters. Differences in the elevation
of the unaltered granite-weathered granite contact on the two sides of structures 1 and 2 (Figure
2—- 2) probably indicate that these lineaments are faults that separate two structural blocks. The
dike area was divided into two NW-SE direction dikes on the basis of the information from the

drilling cores.

2.3. Hydrogeological Research

Hydrogeological research was undertaken to define the fracture connectivity and hydraulic
parameters of the rock massif units. This was carried out by studying hydrogeological features

and by evaluating the hydraulic tests.

The piezometric level yielded indirect information about the relative relationships of the hydraulic
parameters of the different formations. The piezometric heads can provide information about the
contrast of hydraulic parameters between geological rock units and the lineament geometry. The
presence of high hydraulic gradients may be associated with areas with groundwater flow
obstacles (Bense and Person, 2006; Yechieli et al., 2007; Benedek et al., 2009; Gleeson and
Novakoski, 2009).

A piezometric map of the area (Figure 2— 2) was made with the heads obtained in the drilling
program. Heads display a high gradient along Fault 1 and Fault 2. The increase in gradient was

attributed to a reduction in the transmissivity in the affected area. The presence of such areas in
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fractured massifs may be associated with low permeability fault zones that compartmentalize the
flow. This barrier behavior may be ascribed at fracture scale to a reduction of the permeability in
the central area of fault-zones (Evans, 1988; Goddart and Evans, 1995; Caine and Forster, 1999)
or to the juxtaposition of different permeable layers due to fault movement (Bense et al., 2003;

Bense and Person, 2006).

[ Granite
I Dikes
[ | Fracture

— Piezometric level

Figure 2— 2. Detailed scale geological map of the detailed area of B20, location of pumping wells and piezometers, and
steady state piezometric surface.

The fractures or lineaments that play a significant role from a hydraulic point of view were
identified. Hydraulic properties of these structures (conduit, barrier or conduit-barrier) must be
characterized, which may be accomplished by hydraulic tests (Martinez-Landa and Carrera, 2006).
Cross hole tests, which have been used to characterize groundwater flow in fractured media, are
instrumental in identifying connectivity and fracture extension (Guimera et al., 1995; Day-Lewis et
al., 2000; Martinez-Landa and Carrera, 2006; lllman and Tartakowsky, 2006; le Borgne et al.,
2006; Benedek et al., 2009; Illman et al., 2009).

Six cross hole tests were performed in the area (RSE, 2003). Five pumping wells and five
piezometers were used. The wells and piezometers were screened in the two granite levels with

the exception of Well 5 and the SC-17B piezometer, which were only screened in the shallow

10
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granite (Well 5 initially included the two granite layers but it was filled with concrete in order to
test the shallow granite). All pumping tests were undertaken at a constant rate except pumping
test 5, which was a step-drawdown test. Wells 1, 2, 3, 4 and 5 were used sequentially as pumping
wells in the first five tests. Test number six was carried out by pumping simultaneously in three
wells (Wells 1, 2, 3). Unfortunately, the drawdown responses were not measured in all the
piezometers. Drawdown was measured in the following piezometers each of which corresponds
to a pumping test: pumping test 1 (Wells 1, 2,3,4,5, and piezometers SC-17B, SB20-3, SB20-5),
pumping test 2 (Well 2 and piezometers SF28, SC-17B, and SB20-3), pumping test 3 (Wells 3, 4
and piezometers SF-28, SC17-B, and SB20-3), pumping test 4 (Wells 2, 4 and piezometers SF-28,
and SC-17B), pumping test 5 (Wells 1, 4,5 and piezometers SF-28, ZPA-2, SC-17B, and SB20-5) and
finally the triple pumping test (Wells 1,2,3,4,5 and SF-28, SC-17B and SB20-3). The wells and

piezometers are shown in Figure 2— 2.

0.005
— eWell 2 Well1 mWell3_Well 1 R
) 'S
“E A SB20-3 Well 1 & SF-28_Well 2 :’
~ 0.004 - 4
e = SB20-3_Well 2 4 SC-17B_Well 2 Al*
N
X1
GE) * SB20-3Well3 = Well 2_Well 3 fﬁ. N
= 0.003 1, el 2 well 4 mSF-28 well 4 g
2 4 SC-17B_Well 4 + SF-28 Well 5 1
Z RELl
c 0.002 qu sc17B Well 5 4 Well 1_Well 5 . 4
"
»

% o Well 4_Well 5 x SB20-5_Well 5 o |1 ‘,‘f
© A
= 0.001 4 x ZPA2_Well 5 " NS L A
9 Amume wep sufiils “)f‘l:”."l .|
[a) L IR s 1. ..,w h .nl""“

ip AL 7"'--0 ““"F'- lo‘ s

1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1§03 1.E-02 1.E-01

B logt* C
Well 2 pumped in Well 4 Well 2 pumped in Well 3
0.002 1.E-04 :
0.0016 i 8.E-05 t i
0.0012 7 Q s 6.E-05 ..'
0.0008 / Lyt 4.E-05 N\ (1] 2
/ g \ -
0.0004 17/ 2.E-05 R
o il 0.E+00 ' -
1E-08 1E-07 1.E-06 1E-05 1E-04 1E-03 1.E-05 1.E-04 1.E-03 1.E-02

Figure 2— 3.a) Drawdown observed in the piezometers in response to the cross hole tests. The time was divided by the
squared distance between the pumping well and the piezometer, and the drawdown was divided by the pumped
volume rate. b) The fastest (Well 2 pumped in Well 4) and the c) slowest (Well 4 pumped in Well 1) responses are
plotted separately in order to show the detail of the methodology for each piezometer response.
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A preliminary interpretation using analytical methods was made to analyze drawdowns, assuming
that the medium is homogeneous and infinite extent. In these cross-hole tests, the drawdown
curves were analyzed individually for each observation well in each pumping test. The
transmissivity varied more than one order of magnitude, the pumping wells yielding lower
transmissivities (50-250 m?/d) than the piezometers (140 to 1800 m?/d). The distribution of
transmissivity values obtained form pumping wells does not allow distinguishing between the
separate hydraulic formations and the better connected fractures. This can be achieved by

storativity.

Table 2—- 1. Connectivity values of the observation wells (wells and piezometers) for the five pumping events.

Observation well  |Pumping well t/r?

Well 3 Well 1 1.0E-06
S20-03 Well 1 1.0E-04
Well 2 Well 1 1.0E-03
Well 4 Well 1 7.5E-03
Well 5 Well 1 no

S20-05 Well 1 1.0E-03
SC-17C Well 1 no

SB20-03 Well 2 2.0E-09
SF-28 Well 2 7.0E-06
SC-17C Well 2 7.0E-07
SB20-03 Well 3 1.0E-07
Well 2 Well 3 7.0E-05
SC-17C Well 3 no

Well 2 Well 4 1.0E-08
SC-17C Well 4 1.0E-07
S20-03 Well 4 no

SF-28 Well 4 4.,0E-02
SC-17C Well 5 5.0E-02
SF-28 Well 5 4.0E-02
S20-05 Well 5 1.0E-05
ZPA-2 Well 5 2.0E-04
Well 4 Well 5 2.0E-04
Well 1 Well 5 6.0E-03

Storativity contains information of the connectivity relationships. The estimated storativity is
apparent and provides more information than the effective transmissivity values about the
degree of connectivity between pumping and observation wells (Meier et al., 1998; Sanchez Vila
et al., 1999). Well connected points imply a rapid response to pumping. Rapid response can be
estimated graphically by plotting drawdown versus the logarithm of time divided by the squared
distance (log (t/r%). If the medium was homogenous and isotropic, all the curves would be

superimposed. A rapid response (in terms of t/r) implies good connectivity. The value of t/r* used
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to determine the velocity of the response is the point t, where the line that joins the first
drawdown points intersects the t/r axis. The response of the different piezometers to pumping is
plotted on the same graph (Figure 2— 3a). Drawdown was divided by the volume rate (s/Q) to
eliminate the volume effect of each well in each pumping test. The results show differences of t,
of five orders of magnitude, indicating a wide range of responses (Table 2— 1). The most extreme

piezometer responses are plotted in Figure 2— 3b and Figure 2— 3c.

The values of t/r* between pumping boreholes are plotted on the map (Figure 2— 4). The most
prominent feature is the poor (or absence of) response between Wells 1 and 3 and the SB20-3
piezometer with respect to the rest of the modeled domain. The response between pumping Well
5 (weathered granite) and the rest of the piezometers shows medium-low values which could be
due to the moderate connectivity value of the weathered granite. Well 2 has a moderate or high
connectivity with Well 4 and piezometer SB20-3, respectively, which are located on the other side
of the possible barrier structure that divides the domain. Lines of rapid response may be
observed along the SC-17B - Well 4 axis and also between Wells 4 and 2.

SC-17B

([ Pumping Wells
@ Observation Wells
Value of t,

- 10E-8
—_ 10E-7

10E-6
——> 10E-5
————— - 10E-4
_____ - 10E3 [ || |
—> 10E-2 to no response 0 25 50

Figure 2— 4. Connectivity relationships between wells and piezometers in figure 2-3 are represented geographically.
Each order of magnitude of t/i ris plotted in a different color.
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2.4. Definition of the geometrical model

The geometrical model was constructed using the above geological and hydrogeological results.
The geological structures observed at large scale, basically the NNW-SSE trending faults and the
SW-NE dike zones and faults) constitute the main discontinuities of the geometrical model. Only
at detailed scale was it possible to combine the results of the geological and hydrogeological
research. Fault 1 presented four important characteristics: 1) a fault-zone detected in large scale
geological studies, 2) a jump in depth of the contact between weathered-unaltered granite
granodiorite across the fault, 3) a high hydraulic gradient, and 4) a poor cross-hole test response
between the wells on the two sides of the surface of the discontinuity. Despite the fact that fault
2 had similar geometrical characteristics, the hydraulic gradient was less marked and the bore
hole test did not include information about this structure. These two faults were included as
fractures in the conceptual model. In the case of dikes, a preferential connectivity direction was
observed along the dike axis between piezometers SC-17B and Well 4. Furthermore, the contact
between the dike and granite usually involves an increase in water volume extraction in the
drilling process of the boreholes. This prompted us to include a longitudinal band of fractured
zones along the less permeable dike axis. Double banded structures with conduit-barrier behavior
exist in some dike-granitic areas (Gudmunson, 2000; Babiker and Gudmundson, 2004; Sultan,
2008). Intermediate connectivity between Well 5 (weathered granite) and the piezometers
located in dike areas suggest a medium connectivity in the upper layer. Good connectivity
between Wells 2 and 4 would imply the existence of a transmissive band of fractured rocks along
the low permeable fault core in Fault 1. Faults 1 and 2 were therefore transformed into a conduit-
barrier system. All these geological and hydrogeological constraints were incorporated into the

different models in order to test their validity.

2.5.  Numerical model

The aim of the numerical model is twofold: 1) quantify the hydraulic parameters of the different
lithologies of the rock massif taking into account the main hydraulic geological features and 2)
calibrate the geometrical model verifying the hydraulic effect of the incorporated geological

structures.

The numerical model was built after determining the main geological structures and defining the

geometrical conceptual model. The model was constructed using a mixed discrete-continuum
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approach in line with the methodology of Martinez-Landa and Carrera (2006). The model treated
the main geological structures (faults and dikes) separately from the rest of the rock matrix
(granodiorite). A quasi-3D model (two layers) was constructed to differentiate the lower layer of

unaltered granite from the surface layer of weathered granite.

No flow
boundary
condition

250 500

Figure 2— 5. Boundaries in the geometrical model used in the numerical model. Finite elements mesh of the numerical
model, detailed B20 area and faults and dikes have finer discretization.

The numerical model was performed with the finite element code VisualTRANSIN (GHS, 2003;
Medina and Carrera, 1996). The model was limited by no flow boundaries (Figure 2— 5), that were
chosen to lie on structure zones along the NW and SE margins and fault-zones along the SW and
NE margins. Faults and dikes were detected in the two layers and were simulated as vertical
structures for the sake of simplicity. The six pumping tests were calibrated in drawdown mode
simultaneously, by simulating them on one run where the beginning of each test is marked by
setting a zero drawdown at all model nodes activating the flow rate at the pumping well. The
method required specifying standard deviations for model and measurement errors. These were
higher in pumping wells (4-10 m) than in piezometers (0.01-0.2 m) because part of the pumping
well drawdown was attributed to well loss and skin effects that were not modeled. Figure 2— 7

and Figure 2—- 8 do not show the drawdown of all the wells and piezometers since it was not
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possible to measure drawdowns at all observation wells. Drawdowns of the pumping wells are

not illustrated in these figures because their weight was negligible in the calibration process.

A Homogeneous model B Low permeability faults model

® &

C Low permeability faults with dikes model D Conduit barrier model

Granite
Dikes

Fracture high transmissive

1000

Fracture low transmissive

v

L I |
0

500 1000

Figure 2— 6. Four scenarios calibrated in the numerical model. a) Homogeneous model b) Low permeability faults model
¢) Low permeability faults with dikes model d) Conduit-barrier model.

Four scenarios, which increased in complexity from the homogeneous model to the geometrical
model defined above (Figure 2— 6), were calibrated in order to obtain the most suitable solution:
a) a homogeneous model; b) a barrier fault model (differentiating the characteristics of granite on
both sides of fault 1; c) a barrier model for faults and dikes; and d) a conduit-barrier model
constructed with the damage zones surrounding the faults and the transmissive areas along the

dike axes.

2.6. Results

The first scenario (homogeneous medium) yielded a poor fit at all piezometers (Figure 2—- 7 and
Figure 2— 8). The poor fit was especially noticeable when it corresponded to the pumping wells

located on the other side of the axis of fault 1 (not active in this scenario). That is, the SB20-03

16



Chapter 2: Groundwater characterization of a heterogeneous granitic rock massif

piezometer and Wells 1 and 3 produced a poor response to the pumping of wells 2, 4 and 5, as

did the SC-17B, ZPA-2, SF-28 piezometers to Wells 1 and 3 (piezometer SB20-3 in the Figure 2— 8).
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Figure 2— 7. Drawdown fits of the four calibrated scenarios for the five piezometers and pumping wells. The six
pumping tests are calibrated consecutively with intervals of five days, returning to the 0 level of drawdown five days
after to start the pumping test.
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The second scenario incorporated the faults (barrier effect) and the differences in the
transmissivity of the granites on both sides of Fault 1 (Figure 2— 7). This scenario simulated the
barrier effect better because of Fault 1, which entailed a reduction in calculated drawdown of the
piezometers that responded to the pumping wells located on the other side of Fault 1. The
piezometers located on the south-western side of Fault 1 (Wells 1 and 3, and the SB20-3

piezometer) yielded a good fit with respect to the pumping on the same side of the fault.
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Figure 2— 8. Drawdown fits of the four calibrated scenarios for the three most representative piezometers: SF-28, SB20-
3 and SB20-5.

The third scenario introduced the SW-NE trending dikes into the model geometry. There was a
notable improvement in some piezometers (ZPA-2). However, the fit was equal to, or worse than,
that of the second scenario in the other piezometers. Calculated drawdown was higher than
observed in the majority of the piezometers (Figure 2— 7). This problem was resolved and tested
in the fourth scenario by implementing high transmissivity bands surrounding the faults and the

dikes (conduit-barrier model). This yielded a better fit, resulting in a decrease in calculated
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drawdown. The transmissive bands dikes and faults between the SB20-5 piezometer and the

pumping wells gave rise to flow paths, yielding a good fit (Figure 2— 8).

The fit in the SF-28 (Figure 2— 8) and SC-17B piezometers was always poor for pumping Well 2.
Good connectivity between SB20-3 and Well 3 with Well 2 could be ascribed to the influence of
Fault 2 (there is less hydrogeological information about Fault 2 than about Fault 1), which
enhances the flow across Fault 1 in this area (Figure 2— 4, Figure 2— 7and Figure 2— 8). And finally
there is non-symmetric behavior between Wells 1 and 5. Well 1 yields a better response to the
pumping of Well 5 than Well 5 to the pumping of Well 1. This behavior could be attributed to the
differential drawdown caused by each well depending on the transmissivity of the affected area.
When a well is located in a high transmissivity area or when it has well connected pathways,
drawdown may be transmitted a considerable distance, possibly lowering heads below some
transmissive fractures. By contrast, if the area surrounding the well has less transmissivity, the
well will not be able to transmit drawdown very far. In consequence, the behavior between two
boreholes does not have to be symmetrical. Our model was not able to simulate this behavior

probably because of the addition of concrete in Well 5 to seal the lower granite.

In summary, the model was very sensitive to the barrier structures, especially the fault-zones. The
definition of Fault 1 as a barrier was crucial for explaining the response to the pumping on the
other side of the fault. The presence of the dike fractured bands (high and low permeability) and
the high transmissivity areas surrounding the faults enabled us to reduce drawdown and to
obtain the best fit in the northern block. The hydraulic parameters of the geological rock units are
shown in Table 2— 2. The transmissivity values of the weathered granite are very similar to those
of the unaltered granite despite the fact that we expected them to be higher. We attribute this
apparent contradiction to the intense fracturing of the upper portion of the unaltered granite.
Furthermore, the fact that the wells and piezometers were mainly screened in the two granite

layers hampered the separation of the parameters of the two layers.

Table 2—- 2. Transmissivity values of the geological formations calibrated in the conduit-barrier model.

Rock unit Transmissivity m?/d
Weathered granite 20-30
Granite 20-50
Damage bands 600-5000
Core fault 0.1-0.2

Core dike 0.1-1
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2.7. Discussion and Conclusions

Groundwater characterization of a fractured massif of shallow tunneling was undertaken
successfully. Geological characterization and groundwater research played a major role in
building a conceptual model that reflected the groundwater flow in a fractured rock massif.

Numerical modeling enabled us to test the reliability of the original hypotheses.

A 43 Pumping Wells
L

Observation Wells

Faults

Dikes

Tunnel Project
Drilled tunnel
Aproximate Inflow I/s
10-25
25-125
> 125
Drawdown (m)

-
In
[N}

B 3000 —-Well 2

2500 F —-Well 4

- Well 5
<~ Well 6

—-Well 7
< —-Well 8

1500 \
\ o —o-Well 9

2000 ,
|

water volume (m*/d)

1000 l

5004 — 9%
<
0 4 B0 OG- O-O-O-O-O-0-0-0-0

time (d)

Figure 2— 9. a) Detailed area map with the location of the dewatering wells, piezometers (with their medium drawdown
during the dewatering), and approximate tunnel inflow. b) Volume rate of the pumping wells during the dewatering
event.

The complex groundwater behavior of the fractures was characterized in the B-20 area. Cross-
hole tests proved crucial for characterizing the connectivity between the faults and dikes and
granodiorite. The fault-zones provided evidence of a conduit-barrier behavior. The barrier effect
was more marked than the conduit effect in faults, resulting in a groundwater behavior in blocks.
The conduit effect was more prominent than the barrier effect in dikes. The most transmissible

areas were those located along the contact of dikes and granite. The area that was not covered by
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the cross hole test mesh presented some problems of definition. Connectivity between Well 2
and the other side of Fault 1 is not well represented in the model since Fault 2 is very close to this
lineament. The absence of piezometers on the other side of this fault made its characterization
difficult. The fact that the research was not restricted to the tunnel pathway enabled us to
characterize the flow connectivity between the tunnel area and the rest of the rock massif. The

extension of the barrier and the conduit structures determined the flow in the tunnel area.

The barrier behavior was instrumental in dewatering because it compartmentalized the flow and
reduced the pumped volume and water inflows. The general drawdown of the area (tunnel inflow
+ dewatering) is illustrated in Figure 2— 9a, which shows that groundwater is compartmentalized
and that the piezometers on the south side of Fault 1 have a lower drawdown. The most
volumetric dewatering boreholes (Wells 6 and 7, Figure 2— 9b) were located in the dike areas,
especially in the more transmissive bands (Figure 2— 9a). Higher tunnel inflows (qualitative
information) were located before Fault 2 and in the dike area (Figure 2— 9a). A point of high water
inflow was located near Well 2, which could be due to the fact that Fault 2 was imperfectly
defined.
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3. Groundwater inflow prediction in
urban tunneling with a Tunnel Boring
Machine (TBM).

3.1. Introduction

The unexpected encounter of high water inflows and soft ground is a major concern in tunnel
excavation. Water inflows may drag large amounts of material and cause face instabilities,
collapses, chimney formations and surface subsidence. When using tunnel boring machines (TBM)
the problems caused by these inflows are often ascribed to the presence of hydraulically
conductive fractures or faults (Deva et al., 1994; Tseng et al., 2001; Shang et al., 2004; Dalgig,
2006). The simultaneous occurrence of soft geological formations and high water inflows can
create a “snow ball effect” (Barton, 2000), i.e. high inflows drag soft materials that increase
permeability and connectivity with the rest of the aquifer, producing further water inflows and
sediment drag in a process that grows in intensity. These scenarios lead to stoppages requiring
corrective measures, and higher construction costs, not to mention the risk to life and damage to
property (Cesano et al., 2000; Day, 2004; Schwarz et al., 2006; Varol and Dalgi¢, 2006).

This study was prompted by the difficulties encountered during the construction of the Barcelona
Subway L9 (Line 9). Forty kilometers of tunnels are currently being excavated in the metropolitan
area of Barcelona (Figure 3— 1a). The first tunnel sector was drilled under the town of Santa
Coloma (Figure 3- 1b). A dual Tunnel Boring Machine (TBM) with a capacity to work in open
mode when excavating hard rocks or closed mode when crossing unstable materials was used.
The combination of unexpected weathered granite and water inflows in a small area of the Santa
Coloma sector (Fondo zone) caused tunnel face instability and machine stoppage. Similar
conditions had been forecasted when crossing another area of the Santa Coloma sector (B-20
zone, Figure 3— 1b). Both areas shared difficulties due to mixed face conditions (hard rock
bottom-half section and weak rock top-half section) since each type of rock requires different
excavation modes that are hard to handle simultaneously (Barton, 2000; Babenderende et al.,
2004). Tunneling had been uneventful in the B-20 zone, because it had been well characterized

(Font-Capo et al., 2011). This enabled us to modify the tunnel trajectory and to implement a

This chapter is based on the paper Font-Capo, J., Vazquez-Sune, E., Carrera, J., Marti, D.; Carbonell,
R., Perez-Estaun, A., 2011, Groundwater inflow prediction in urban tunneling with a tunnel boring
machine (TBM), Engineering Geology, 121, 46-54. DOI: 10.1016/j.engge0.2011.04.012.
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groundwater pumping that lowered heads and reduced water inflows into the tunnel. The
problems encountered in the Fondo zone were attributed to the lack of adequate forecasting.
Geological data, which were mainly derived from surface mapping, were insufficient to provide a
detailed characterization. Although surface research can detect most fractures and possible
inflow areas, it cannot precisely locate and determine the volume of tunnel inflows (Banks et al.,
1994; Mabee, 1999, Mabee et al., 2002; Cesano et al., 2000, 2003; Lipponen, 2007). In contrast to
the Fondo zone, a prediction was carried out in the B-20 zone, and this required accurate
characterization, including deep borehole drilling, and the assessment of inflow rates. Given that
the problem of the Fondo zone had not been anticipated, it became apparent that more effective

solutions were needed to assess potentially problematic areas, characterize them and compute

tunnel inflows.
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Figure 3— 1.a) Map of Barcelona conurbation and Line 9 subway, b) Geological map of the Santa Coloma sector of Line 9
subway, B20 and Fondo zones.

Inflows can be calculated by means of numerical or analytical solutions. A number of analytical
formulas have been developed to predict tunnel inflows under different hydraulic conditions.

Most of these assume homogeneous media and either steady state (Goodman et al., 1965;
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Chisyaki, 1984; Lei, 1999; El Tani, 2003; Kolymbas and Wagner, 2007; Park et al., 2008) or
transient conditions (Marechal and Perrochet, 2003; Perrochet, 2005a, 2005b; Renard, 2005).
Some analytical solutions have also been developed for heterogeneous formations (Perrochet
and Dematteis, 2007; Yang and Yeh, 2007). These solutions are suitable for systems with layers
that are perpendicular to the tunnel so that flow is generally radial. Moreover, they can only be
used when the system is relatively unaffected by inflows. Therefore, they cannot be used for
assessing large inflows to relatively shallow tunnels because the boundary conditions evolve with
time and flow takes place primarily in the aquifer plane rather than radially in the vertical plane
perpendicular to the tunnel. Moreover, since the Santa Coloma tunnel is lined, the radial flow
towards the tunnel is very small, and most inflows appear at the tunnel face (or in machine-rock
contact). The presence of high conductivity fractures that are well connected with permeable
boundaries further hinders the use of analytical formulae to compute water inflows. Numerical

modeling is required under these conditions.

Careful modeling of flow through fractured formations requires separating the less permeable
areas from the dominant fractures, which carry most of the water. This may be accomplished by
hybrid models, which combine the main features of equivalent porous media models (EPM) and
discrete fracture networks (DFN), i.e. hydraulically dominant fractures are modeled explicitly by
means of 1 or 2D elements that are embedded in a 3D continuum model representing minor
fractures. The approach is appropriate since it explains scale effects in hydraulic conductivity
(Martinez-Landa and Carrera, 2005, 2006). Numerical models have been used to calculate the
groundwater flow around the tunnels. In fact, inflows are often used to calibrate the numerical
model (Stanfors et al., 1999; Kitterod et al., 2000; Molinero et al., 2002) or find the inflows in a
large scale (Yang et al., 2009). By contrast, numerical models have rarely, if ever, been used for

forecasting inflows during tunnel excavation (Molinero et al., 2002; Witkke et al., 2006).

The present paper presents a methodology for predicting the location and magnitude of tunnel
inflows using a numerical groundwater flow model. The method was applied to the last 700
meters of the Santa Coloma sector of L9 of the Barcelona Subway. To this end, a geological
conceptual model and a hydrogeological parametrization were carried out, and a quasi-3D
numerical model was constructed. After calibrating this model, the groundwater transient state

caused by the TBM was simulated and tunnel water inflows were obtained.
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3.2.  Geological and geophysical conceptual model

Geological characterization in linear works is commonly restricted to the tunnel course, which
creates two sets of problems: a) a 3D picture cannot be obtained because information is
restricted to a vertical plane, and b) the connectivity with the most relevant geological features
must be obtained beyond the tunnel trace because water may flow laterally towards the tunnel.

Geological studies to gain a better understanding of the geology of the Santa Coloma sector of L9
were extended beyond the tunnel trace to include (1) a detailed study of the limited outcrops
available in city parks and road cuts; (2) photogrammetry and geological interpretation of old
aerial photographs (taken in the 1950s just before urban development); (3) geological field work;

(4) borehole re-interpretation; and (5) geophysics.

A new geological map was constructed in the course of this study (Figure 3— 1b), which shows the
existence of granodiorite with numerous porphyritic dikes over which Miocene sedimentary rocks
lie unconformably. Quaternary alluvial deposits are also present to the west, close to the Besos
River. Granodiorite is petrographically homogeneous. The porphyritic dikes, which are kilometers
in length and meters thick, run northeast to southwest, sub parallel and vertical. They can be
observed and mapped only in outcrops outside the city centre. Subvertical strike-slip faults with a
regional Variscan (late Carboniferous) orientation (NNW-SSE) and separated by hundreds of
meters, displace the porphyritic dikes. The dikes are more resistant to erosion than granodiorite,
which facilitates identification. These faults (north-northwest-south-southeast) also affect
Miocene rocks in this area, providing evidence of their reactivation in post-Miocene times.
Miocene rocks consist of conglomerates, sandstones, limestones, and some clay layers (Cabrera
et al., 2004). The granodiorite-Miocene contact in this zone is a normal fault zone similar to the
regional normal faults that generated the Miocene extensional basins related to the formation of
the Catalan margin. Cataclastic fault rocks are associated with these normal faults (breccia and
fault gauges). The Miocene sedimentary rocks are juxtaposed against the granite across
cataclastic rocks (a 15m-wide band mapped at the surface). These granodiorite-Miocene contacts
are displaced by the NNW-SSE faulting. Weathering is extensive in the granodiorite rocks. Part of

this weathering is of pre-Miocene age, and is evidenced where the unconformity appears.

A geophysical campaign was conducted in the area (Marti et al., 2008) to find the depth and

confirm the location of the surface structures. The characterization included 2D and 2.5D
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reflection seismic profiles and a 3D tomographic experiment in a football stadium. This dataset
showed that the study area is mainly composed of a granitic massif with numerous subvertical
porphyric dikes at metric scale. The dikes are high-seismic-velocity features in the tomographic
models (Figure 3— 2). NNW-SSE strike-slip faults are common along the tunnel course. A number
of east-west brittle faults are also observed in some parts of the study area. These faults are
imaged by the tomographic models as low velocity anomalies adjacent to high-velocity zones (low
fracture density granite and the porphyritic dikes) (humber 115, 245, 210, 110 and 148 in Figure
3- 2 and Figure 3- 3a). The main faults are of Variscan age, were reactivated in the post-Miocene,
and displaced the porphyritic dikes at metric scale. The geometry and the depth of the superficial
weathered layer, which results from the pre-Miocene alteration of the granites, is controlled by
the system of faults and dikes. A relatively sharp velocity gradient indicates the limit between the
soft and/or weathered layer and the harder/unaltered granite below. The tomographic models
show a steep velocity gradient between the weathered layer and the most competent granite.
These changes in the physical properties, clearly imaged with the velocity models, enabled us to

constrain the geometry of the mixed face conditions.
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Figure 3- 2. (Extracted from Marti et al., 2008). A 2D seismic cross section and its geological interpretation. The velocity
model images a weathered layer of variable thickness characterized by a very low seismic velocity of 600-1200 m/s.
The variable thickness of the surface is controlled by several subvertical low- and high-velocity anomalies interpreted as
faults (solid black lines) and porphyritic dikes (black ovals) or competent granite, respectively. Faults 115, 210, 245, and
325 coincide with mapped faults at the surface. Superimposed on the tomographic section are the interpreted cores
obtained in an earlier study conducted by the construction company. The distance from the geological research
boreholes to the seismic section is also included.

The geological model provides constraints on the areas with a high probability of water inflows,
and was used to identify the most suitable locations for drilling new boreholes in order to

dewater the tunnel surroundings (Figure 3- 3a).
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Figure 3— 3. a) Conceptual definition for hydrogeological modeling, including location of the most probable inflow
areas. b) Location of pumping test and observation boreholes.

3.3.  Hydrogeological investigation

Permeability of the igneous rocks is controlled by permeable faults that are evidenced by
lineaments in the surface, and by the degree of rock weathering. The intersections between
fractures and dikes are areas of high permeability because the fracturing process produces a
greater cataclastic deformation in porphyritic dikes that display a more fragile behavior than in
weathered granite (Singhal and Gupta, 1999). Groundwater flows mainly from the granite and the

Miocene clay gravels to the Besoés alluvial aquifer in the study area. (Figure 3— 1b).

Permeability values were determined by pumping tests performed close to the granite body. The
values of the effective transmissivity range between 50 and 600 m?/day in the B-20 zone (RSE,
2003) and in the Fondo zone (Carrera et al., 2004). Furthermore, hydraulic tests were conditioned
by major faults with effective transmissivity of more than 300 m?/d. Alluvial sediments from the
Besos River display transmissivity values between 1500 and 6000 m°/d (Ondiviela et al., 2005).

Very low values of permeability are expected for Miocene clay gravels.
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Although these values were obtained in the proximity of the model, they must be regarded as
indirect information. Pumping tests are necessary to obtain the local hydraulic parameters as well
as anisotropy and connectivity patterns of the main faults and dikes at tunnel scale. A pumping
test was carried out using two wells, 26 m deep and fully screened, simultaneously (Figure 3— 3b).
The total pumping flow ranged between 1 and 4 L/s. Four piezometers were equipped with head
data-logging sensors. They are screened at different depths (ZPA-14; 22-26m, ZPA-22 and ZPA-23;
20-24m, and ZPA-24; 14-17m). The piezometer depth is representative of the tunnel depth (a

circle of 12 m diameter with the top located at depths between 14 and 20 m).
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Figure 3— 4. Drawdown calibration of the four tested piezometers also shown is the time evolution of drawdowns: a)
measured values (dots), b) computed values homogeneous conditions (blue lines), ¢) computed values homogenous
conditions treated individually (green lines), d) and computed values using the numerical model (black lines).

This pumping test was first interpreted under homogeneous conditions and infinite extent to
obtain a preliminary estimate of hydraulic parameters. An interpretation using all piezometers
was made with the EPHEBO program (Carbonell et al., 1997), which yielded a transmissivity of 83
m?/d and a storage coefficient of 0.04. The fit is very poor (Figure 3- 4), which suggests a
significant heterogeneity, and demands a different approach. Therefore, each piezometer was
analyzed individually. The estimated transmissivity ranged between 30 and 180 m?/d, and the

storativity between 0.001 and 0.1. This large variability in estimated storativity denotes a varying
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connectivity between pumping wells and piezometers (Meier et al., 1998; Sanchez-Vila et al.,
1999). Low storativity values (0.001) derived from drawdowns in ZPA-23 (E-W direction) imply
high connectivity along this direction, which suggest that fractures in this direction display high
transmissivity. On the other hand, the high storativity value (0.1) obtained from the response at

piezometer ZPA-14 suggests poor connectivity trending N-S.

Given that the drawdown curves could not be fitted with a homogeneous model, a
heterogeneous model was set up. A correct definition of heterogeneity was needed to locate and

quantify water inflows.

3.4. Numerical model

The aquifer system was simulated with the finite-element numerical model VisualTRANSIN (GHS,
2003; Medina and Carrera, 1996). A mixed model was constructed using the methodology of
Martinez-Landa and Carrera (2006). This method requires structural geology understanding to
identify the main fractures in addition to geophysics and hydraulic data to characterize them.
Hydraulic tests, such as the one described above, are used to identify the fractures that provide
hydraulic connection. The transmissivities of these fractures, which must be modeled as discrete
features, are derived from calibration. Therefore, the model was built incorporating the main
features identified by the geological and geophysical datasets. The igneous rocks (including
subvertical dikes and main faults), Miocene rocks and alluvial formations were included in the

model (Figure 3- 3).

A quasi-3D model divided into seven four meter thick layers was constructed. These layers were
linked to 1D element layers to simulate vertical fluxes. This distribution enabled us to represent
the tunnel accurately in its real depth. Faults and dikes were represented in all the layers as
narrow bands connected by vertical 1D elements (vertical faults and sub-verticals dikes were
projected to depth with a dip of 90°). Borehole and piezometer screens were also located in their
corresponding layers. The boreholes that connected more than one layer were represented by
highly conductive 1D elements. The eastern limit is a water divide and was defined as a no flow
boundary in the model (Figure 3— 5).The model was bounded by the Besos River in the west, and
streams in the North and South. All these boundaries were simulated with a leakage boundary

condition.
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q=ag (h— Hey) (Equation 3 — 1)

Where g represents the boundary flux, ag is a boundary leakage factor, He: the head to which the
aquifer is connected (e.qg., elevation of river water), and h is the head close to the boundary. The

finite mesh elements had 36618 elements with sizes ranging between 0.1 and 150 meters.

The aforementioned pumping test was used to calibrate the hydraulic parameters of nearby
pumped formations, including granite domain, faults and dike formations. The remaining
formations (Miocene, alluvial, distant dikes and faults) were also calibrated, but estimated values
were basically identical to those assumed a priori from tests conducted in those formations but
outside the model domain. The model was calibrated using the drawdown mode (i.e., only

changes in head, rather than absolute heads). The model fit is shown in Figure 3— 4b.

No flow boundary condition

Leakage boundary condition

Tunnel — !

7 layers

Figure 3—- 5. Finite element mesh divided into seven layers (grey and black) connected by 1D elements. Location of
boundary conditions; no flow boundary condition and leakage boundary condition on the western and southern and
northern sides. (Detail of the tunnel location in the seven layers).
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The rest of the model (regional scale) was calibrated under steady-state conditions using 21
observation points with 1 measurement by point. The modeled piezometric surface is shown in
Figure 3— 6a, where the residual values of the calibration at each observation point are also
included. The best fits are located in the areas close to the tunnel path. The calibrated values of
permeability coefficients and specific storage coefficients of the individual geological formations

and features are specified in Table 3— 1.

Table 3- 1. Hydraulic parameters of the geological formations, (*) the specific storage of the surface layer includes
the whole domain.

Formation Hydraulic conductivity (m/d) Hydraulic conductivity {m/s) specific storage (m™}
Weathered granite 0.5 5.8 *10° 8.3 10"
Unaltered granite 0.01 1.2 *107 4.2 *10°
Fault 170 125 1.4 *10* 4.2 *10°®
Fault 148 9.5 1.1*10% 4.2 *10°
Fault 325 12.5 1.4 *10* 4.2 *10®
Fault 245 9.5 1.1 *10* 4.2 *10°®
Fault 210 10.25 1.2 *10° 4.2 *10°®
Fault 115 7.5 8.7 10 4.2 *10°
Fault 207 12.5 1.4 *10* 4.2 “10®
Fault 110 9.5 1.1 *10* 4.2 *10°®
Dykes 0.020.3 23107 - 2.4*10°F 6.3 “10°
Aluvial formation 160 1.9*103 6.3 10
Miocene formatin 0.001.0.01 114107 - 1.10°% 4.2*10°7
Surface layer * 6.0 “10°
a) b) 27105105 03106105
Steady state m _

TBM location

16106105

cation
[ ]
0 400 200m

||
o 00 200m [ ] Observation points Telescopi h Telescopi h

e Fractures

12 Head Residual value

Figure 3— 6. a) Steady state piezometric surface of the modeled area prior to the TBM advance, the observation points
and their residual values are also located. b) Transient piezometric surfaces in four different steps with the advance of
the TBM. All the piezometric surfaces were carried out at tunnel depth (Layer 4).
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The effect of groundwater on the tunnel advance was simulated by dividing the tunnel domain
into 36 intervals of 18.5 meters in length (each interval having the length of the machine). Each
interval comprised a free tunnel surface before the emplacement of the lining rings (tunnel face
and rock-machine contact, Figure 3— 7a). This machine interval coincided with the peak inflow
because the tunnel was protected by lining after the TBM advance. The machine offers a water
circulation resistance (actual water inflow areas are limited) which was simulated by a leakage
function. The actual flow rate drained by each tunnel node, i.e. a node belonging to the tunnel is

given by.

Q; = fz(t) "A; (hz — Ztunnel ) (Equation 3 - 2)

Where i identifies a tunnel node, Q; is the inflow rate, a is the leakage factor, which represents an
overall conductance of the system comprising the tunnel face and the machine, A; is the area
associated with node i and fi(t) is a time function that enables us to activate this leakage condition
when the excavation reaches the tunnel interval that comprises node i, i.e. fi(t) is zero prior to the
arrival of TBM to the interval, hi is groundwater head and zynme is the level of the bottom of the
tunnel. This leakage condition was applied only during the tunneling process. Prior to the arrival
of the TBM, these nodes were inactive (i.e., fi(t)=0). The value of a was calibrated by comparing
model calculation to observations of the low inflow values during the first 5 intervals, and head

variations at the ZPA-12 piezometer. The value of a is 0.007 (1/day).

Groundwater levels did not fully recover after passage of the TBM. This can be attributed to the
drainage due to the extraction hole of Telescopi (Figure 3— 6b), which was not present in the
steady state, and to water seepage detected in the tunnel, which indicates that the tunnel lining
rings were not completely impervious. A residual leakage had to be applied to simulate the lining
seepage. The marked reduction of leakage was simulated by adopting a very low value (0.01%) of
fi(t) factor that multiplies a by the time function after passage of the TBM (Figure 3— 7b). This

value represents the permeability of the tunnel lining (3.4 *10° m/d).

Some dewatering boreholes were drilled at the most favorable locations found in the geological
study. These boreholes were designed to diminish the water pressure on the tunnel face so as to
reduce tunnel inflows and the risk of sediment drag. The water volume extracted by the

boreholes was known at the time of modeling and was incorporated into the model.
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Figure 3— 7. @) Tunnel face and machine scheme profile. b) Transient tunnel leakage function, maximum value when the
TBM reaches the tunnel interval (value 1) and decreases to 0.01 after lining construction to simulate residual seepage in

the semi-impervious concrete lining.

3.5. Results

Tunnel simulations were validated by the evolution of groundwater heads during tunneling, as
shown in Figure 3- 8, where the effect of TBM and the pumping boreholes can be observed. The
fit of groundwater heads is good around the tunnel layout. Differences between calculated and
measured heads at the ZPA-18 and ZPA-20 piezometers can be attributed to the presence of
dewatering boreholes close to the piezometer. The ZPA-22, ZPA-23 and ZPA-24 piezometers are

in the pumping test sector. The addition of continuous pumping (not always with a very detailed
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time function) and the impact of two months of machine stoppage near this area adversely

affected the groundwater fit.
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Figure 3— 8. Spatial distribution of piezometers in the transient state of the TBM advance. Also shown is the time
evolution of measured (dots) and computed (continuous lines) heads. The TBM location is depicted as a line on the X-
axis.

Figure 3— 9 displays the tunnel water inflow and the faults and dikes that correlate water inflow
and geology. The largest flow rates were around 2-3 L/s. These values were not measured by the
tunneling constructors because they were very low but areas where inflow was qualitatively
assessed to be largest coincided with model predictions. The low transmissivity value of the fresh
granite accounted for the smaller amounts of water inflow calculated as far as Fault 245. After
crossing Fault 245, the TBM drilled the weathered granite with the result that water inflows
increased. The largest volumes of water were found in the faults and in the porphyritic dikes. The
high values of transmissivity in the faults accounted for the largest volume of water inflows.
Higher inflow in dikes than in granite before Fault 245 may be ascribed to their relatively high
transmissivity with respect to the granitic rock. Thereafter, the tunnel entered an area of more

transmissive weathered granite, where the relative importance of faults and dikes is reduced.
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Nevertheless, the geological structures may concentrate the flow or create a barrier effect, which
could be attributed to a barrier-conduit behavior of the faults/dikes (Forster and Evans, 1991;
Bredehoeft et al., 1992; Ferril et al., 2004; Bense and Person, 2006; Gleeson and Novakowski,
2009). However, it was not possible to verify this because of the scale of the model. Pumping of

dewatering boreholes close to the tunnel diminished water inflows in these areas.
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Figure 3-9. Inflow peaks (L/s) in the 36 intervals of the modeled area. The X-axis shows the distance in meters from the
first interval (north of the modeled area). The rock composition of the interval is also indicated, granite (blue), dikes
(red) or fractures (green). The location of the dewatering wells is also shown.

3.6. Discussion and conclusions

The methodology presented in this paper enabled us to predict the location and the magnitude of
the tunnel inflows (the main inflows are located in the faults and some dikes). Although the
drawdown fit due to the TBM correlates well with the piezometers, the value of the modeled

inflow was only compared qualitatively with the observations of the constructors.

The use of a numerical model allowed us to connect the geological structures crossed by the
tunnel with the external boundary conditions. This connectivity may controls tunnel inflows. The
connectivity with a large source of water can provide a considerable and continuous inflow
(Stanfors et al., 1999), whereas the absence of this connectivity can bring about a marked drop in

water inflow (Moon and Jeong, 2011).
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Another important consideration is the determination of the tunnel boundary condition. The
method of construction (open face TBM) determines the type of the boundary condition. Two
issues were considered: 1) major inflows were concentrated at the face and the rock-machine
contact because of the theoretical imperviousness of the tunnel due to the lining installation,
which restricted the main entry of water to a “moving interval”, and 2) the possibility of some
residual seepage in the lining. These two considerations led us to adopt a variable leakage
boundary condition in contrast to open tunnels (Molinero et al., 2002), where a transient state
without restrictive leakage is applied. A restrictive leakage must be applied when the “moving
window” crosses an area. This restrictive leakage represents the resistance of the interaction of
the machine and tunnel face to the rock surface. The absence of this leakage would result in
unrealistic drawdown and water inflow values. Figure 3— 10a shows a sensitivity analysis using a
face-machine without leakage restriction. The fixed head boundary condition at the tunnel level
was activated when the TBM reached each tunnel interval (the restrictive leakage remains active
when the tunnel is lined). This results in a larger and more continuous drawdown and in
unrealistic inflow peaks close to 20 L/s. Moreover, a small residual leakage partially accounts for
the absence of a total recovery of the levels after the tunnel construction. The existence of the
drained excavation of the Telescopi hole, which represents a decrease in 0.25 m in the regional
head, does not wholly account for the decrease in heads. Figure 3— 10b displays a sensitivity
analysis to the residual (late time) value of fi(t), which represents the percentage of diminishing
factor leakage. The values with the best fit ranged between 0 and 0.03 %. The value of 0.01 % of
this interval was used in the model. Acceptable lining inflow values, ranging between 0.08 and 0.2
L/s *100 m, were obtained for the fi(t) 0.01-0.03 % (Figure 3— 10c). The permeability of the lining
obtained by this approach was 3.4 *10-5 m/d.

Finally, the methodology allows us to locate dewatering wells in the most pervious areas.
Knowledge of the areas that have poor rock quality and that are most susceptible to water
inflows enabled us to forestall hazards. This would entail dewatering and choosing the most
suitable drilling system. Dewatering in tunneling is a controversial issue because it is feared that it
may cause surface settlement. Actually, settlements may be due to drawdown caused by the
inflows (Shin et al., 2002; Yoo, 2005) or to drawdown directly associated with dewatering
(Cashman and Preene, 2002; Forth, 2004). We advocate dewatering in the most hazardous areas
in order to prevent the sudden inflow that can drag materials in soft formations in the tunnel face

(Barton, 2000). Dewatering usually has a short duration (implying that a small volume of soil is
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affected). It is located in pervious materials that have low compressibility, giving rise to small
hydraulic gradients and, in consequence, small differential settlements (Carrera and Vazquez-
Sufié, 2008). This know-how was acquired in the previous kilometers of L9, where dewatering in
the hazard zone of B-20 (after undertaking comprehensive research, Font-Capo et al., 2011)
allowed tunneling without problems. The Fondo zone, however, constituted an expensive

stoppage of the works owing to the lack a of a groundwater prediction in a hazardous area.
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Figure 3— 10. a) Sensitivity of heads to face-machine boundary condition, ZPA-12 piezometer b) Sensitivity of heads to
lining Boundary condition, ZPA-12 piezometer. ¢) Relationship between the percentage f(t) factors used in the
sensitivity analysis with the water inflow (L/s) every 100 m of tunnel.
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4. Barrier effect in lined tunnels
excavated with Tunnel Boring Machine
(TBM)

4.1. Introduction

Most of the underground infrastructures constructed in the metropolitan area of Barcelona in the
last decade have been excavated below the water table. The present study arose from the
hydrogeological survey during the construction of the subway line L-9 south of Barcelona in the
Llobregat Delta (Figure 4— 1). The tunnel, which was excavated with a Tunnel Boring Machine
(TBM), cuts a large section of the Llobregat Delta Shallow Aquifer. The potential hydrogeological

impacts due to tunnel drainage, barrier effect or others should therefore be quantified.

Tunnel inflows could cause a piezometric drawdown (Cesano and Olofson, 1997; Marechal et al.,
1999; Marechal and Etxeberri, 2003; Gargini et al., 2008; Kvaerner and Snilsberg, 2008; Vincenzi
et al., 2008; Gisbert et al., 2009; Yang et al., 2009; Raposo et al., 2010). Moreover, tunnels with
impermeable lining can be drilled to prevent water inflows that cause drawdowns. Impervious
subsurface structures can create a barrier effect by partial or total reduction of the aquifer
section (Vazquez-Sufié, et al., 2005, Carrera and Vazquez-Sufie, 2008), decreasing the effective
transmissivity and connectivity. Barrier effect leads to an increase in groundwater head on the
upgradient side of the tunnel, and to a symmetrical decrease on the downgradient side (Ricci et

al., 2007).

Drawdowns caused by tunnel inflows or by barrier effect on the downgradient side could give rise
to a number of problems, e.g. a) a settlement caused by the increase in the effective tension and
the decrease in the water pressure when the groundwater head diminishes (Zangerl et al., 2003,
2008a, and 2008b; Olivella et al., 2008, Carrera and Vazquez-Suiie, 2008), b) drying of wells and
springs (Marechal et al., 1999; Gargini et al., 2008; Vicenzi et al., 2008; Gisbert et al., 2009; Yang
et al., 2009; Raposo et al., 2010) or drainage of wetlands (Kvaerner and Snilsberg, 2008), c)
seawater intrusion into coastal aquifers and d) swelling due to gypsum precipitation in anhydrite

This chapter is based on the paper Font-Capo, J., Vazquez-Sune, E., Pujades, E., Carrera, J., Velasco,
V., Montfort, D., Barrier effect in lined tunnels excavated with Tunnel Boring machine, submitted to
Engineering Geology.
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rock massifs (Butscher et al.,2011). Head increase on the upgradient side due to the barrier effect
could lead to a) floods in surface and ground structures and soil salinization (Vazquez-Sufie et al.,
2005; Carrera and Vazquez-Suiie, 2008), b) soil contaminant lixiviation due to piezometric
cleaning (Navarro et al., 1992), and to c¢) changes in the groundwater flow regime that can

mobilize contaminants (Chae et al., 2008; Epting et al., 2008).

Itis possible to assess the impact caused by tunnel inflows on surface water (Gargini, et al., 2008;
Vincenci et al., 2009) and groundwater (Attanayake and Waterman, 2006). Analytical (Bear et al.,
1968; Custodio, 1983) and numerical methods (Molinero et al., 2003; Epting et al., 2009; Yang et
al., 2009; Raposo et al., 2010; Font-Capé et al., 2011) can be used for inflow quantification.
Numerical models (Bonomi and Belleni, 2003; Merrick and Jewell, 2003, Tubau et al., 2004 and
Ricci et al., 2007) and also some analytical equations (Marinos and Kavvadas, 1997; Deveughele,

et al., 2010 and Pujades et al., 2012) have been designed to quantify head variations in order to

assess the barrier effect.

Sands, gravels, silt, clays

¥ | Sands, gravels, silt, clays | Besis Delta

Carbonated clays Barcelona Plain

Mards, sands, sandstones | Barcelona Plain

Shale and granites Collserola Range

Figure 4- 1. Geographical and geological location of the site area.
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The head variation produced by the barrier effect depends on the differences between the
undisturbed hydraulic gradient and the hydraulic gradient once the tunnel has been constructed
(Pujades et al., 2012). A higher gradient increases head variation and vice versa. Although
connectivity and effective transmissivity are considerably reduced by the tunnel construction
providing that the undisturbed hydraulic gradient is very low, the barrier effect will be very small.
Consequently, the quantification of the head impact and the resulting corrective actions will be

very limited.

The reduction in connectivity and effective transmissivity produced by the tunnel can be
quantified by pumping tests before and after the construction of the tunnel. However, where the
pumping wells are located near the tunnel, their performance (specific yield) may be reduced by

the connectivity loss and reduction of the overall effective transmissivity.

This paper seeks 1) to quantify the impact of an impermeable tunnel constructed with the TBM
on the steady state heads, and 2) to quantify the impact of the tunnel on the connectivity by

using pumping tests.

4.2. Methods

4.2.1. Basic concepts

Pujades et al., (2012) define the barrier effect (Sg) as the increase in head loss along flow lines
caused by the reduction in conductance associated with an underground construction. Therefore,

the barrier effect (Sg) can be defined mathematically as

Sg = Ah; —Ah, (Equation 4-1)

Where Ahg is the head drop across the barrier and Ahy is the head drop between the same
observation points in natural conditions (prior to construction). Its magnitude depends on the
situation of the observation points with regard to the barrier. The maximum rise or drop of the
head is measured close to the barrier further from the aperture. For this reason, local (Sg) and

regional (Sgr) barrier effects are distinguished. See Pujades et al., (2012) for details.
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The use of analytical methods and numerical modeling enables the quantification of the tunnel
barrier effect under permanent flow conditions. Numerical models can also be used to quantify

the barrier effect (Deveughele et al., 2010; Pujades et al., 2012).

The use of a synthetic model allows us to determine the effect created by a tunnel on a
homogeneous aquifer. A model of finite elements was constructed with the code VISUALTRANSIN
(Medina and Carrera, 1996; GHS, 2003). We used a square model (2000 X 2000 m). A north-south
natural flow was imposed with leakage boundary conditions on the northern and southern sides
with the result that the gradient was 1/200. Transmissivity of 1m?/d and a storativity of 10* were
used. A 10 m tunnel that separated the northern side from the southern side of the modeled
domain was inserted (Figure 4— 2a). Two piezometers were placed 5 m apart on each side of the
tunnel, PZ1 (downgradient side) and PZ2 (upgradient side, Figure 4— 2b). Different T effective (Tef)
values for the aquifer area occupied by the tunnel were used. This allowed us to simulate the
partial occupation of the aquifer by the tunnel. T values were 0.5, 0.1 and 0.01 m?/d and were

employed to achieve the transmissivity decrease due to aquifer obstruction.
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Figure 4— 2. a) Synthetic model mesh. b) Tunnel, well and piezometers details. ¢) Piezometric head around tunnel area
(Tegr = 0.01). d) Drawdown around the tunnel (Te= 0.1). €) Drawdown around the tunnel (Tes= 0.01).
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Some simulations were made to assess the barrier effect on natural flow. The whole simulation
period lasted 50 days and the tunnel effect was introduced into the model on the 10th day. Heads
on the upgradient and downgradient sides of the tunnel show a symmetrical behavior (Figure 4—
3a). The barrier effect increases as T decreases. There is an increase in the gradient in the tunnel

area, especially when T is low (Figure 4- 2c).
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Figure 4— 3. a) Piezometric head in PZ1 and PZ2 for different Te possibilities. b) Drawdown in PZ1 for different Tes
possibilities. ¢) Drawdown in PZ2 for different Te possibilities.

Moreover, some simulations were made to assess the barrier effect on perturbed flow. Pumping
tests before and after the tunneling were undertaken to evaluate the effect of the tunneling on
the local connectivity. Comparison of the drawdown magnitude and the time response enabled
us to quantify the connectivity variation. Pumping tests were simulated by numerical modeling in
order to determine the local effect of the tunnel on groundwater connectivity. In our case, a
pumping well was placed on the southern side of the tunnel at a distance of 5 m from it and 20 m
from each piezometer (Figure 4— 2b) The well was used to simulate pumping with a volume rate
of 1m*/d for 10 days. As expected, the different behavior of the piezometer drawdowns depends
on their relative position between the tunnel and the pumping well. Drawdown on the tunnel

side where the pumping well was placed (PZ1) increases when T decreases (Figure 4— 3b). On

42



Chapter 4: Barrier effect in lined tunnels

the opposite side of the tunnel (PZ2) T decreases, causing a drawdown reduction (PZ2) (Figure
4- 2d, Figure 4- 2e and Figure 4— 3c). The Drawdown response in time is also affected by Te.
Lower values of T create a delay in the drawdown response, leading to an increase in t, (Jacob
equation), i.e. high values of t, and storativity indicate low connectivity between two points
(Meier et al., 1998; Sanchez Vila et al., 1999).

4.2.2. Governing equations

Some authors propose analytical solutions to quantify the barrier effect (Carrera and Vazquez-
Sufie, 2008; Lopez, 2009; Deveughele, et al., 2010). Pujades, et al., (2012) study the local and
regional barrier effect on natural flow (not perturbed). They study the barrier effect in

dimensionless form, Sg.op and Sgrop respectively:

0 if b, <01
S
Sppp = R = Equation 4-2
*=ib |2l L | i pyso0q Cton®?
3t | 57hy, (1— Byo )
2b,, if b, <0.28

(Equation 4-3)

Where iy is the natural head gradient perpendicular to the barrier, b is the aquifer thickness and
bpo and b,p are the dimensionless lengths of the barrier and the aperture, respectively. Assuming
that b is the characteristic length, by,=bypinb and b,=b,Diyb, where b, and b, are the lengths of the

barrier and the aperture, respectively.

Moreover, the barrier effect caused by flux below the structure is given by the semipermeable

barrier solution (Pujades et al., 2012)
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S _b (Equation 4 — 4)
inly b quation

SBID(LL+Lg) =
where Sgyp is the dimensionless barrier effect generated below the barrier and Ls is the width of

the barrier. This value, which may be negligible when b>>Lg, must be added to the barrier effect.

Note that the dimensionless barrier effect (Equations 4-2 and 4-3) only depends on the barrier

geometry and on the natural gradient perpendicular to the barrier.

Pujades et al., (2012) describe the relationship between Sg, the aquifer effective permeability (k)

and the reduction of the aquifer effective permeability considering the barrier (kg) as

Sp —iyL k
SED =%=k——l (Equation 4 — 5)
InLp B

To compute S it is assumed that the flow through the aquifer remains unchanged. If local flow is
perturbed by additional factors (i.e., recharge or pumping) Sz cannot be computed by these
methods. When groundwater gradients are very low, the difference in the levels are small and
may be subject to inaccuracies in the altimetry of piezometers, in measurements, and in head

fluctuations due to natural or anthropogenic causes.

4.3.  Application

The study area consists of a section of Line 9 of the Subway of Barcelona at El Prat del Llobregat
(Figure 4- 1). The area was ideal for the application of our study. It is an area without surface
infrastructures (i.e. it is easy to drill boreholes and carry out pumping tests). The geological and
hydrogeological conditions were well known and there was sufficient time to drill boreholes and

undertake pumping tests before tunneling.
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The tunnel was drilled with a 9.4 m diameter Earth Pressure Balance (EPB) tunnel boring machine.
This machine was adapted to drill in soft deltaic materials below the ground water level (Di

Mariano et al., 2009). The tunnel was located at a depth of 15 m.

4.3.1. Geological Settings

The study area (Pilot Site) is located in El Prat de Llobregat which forms part of the metropolitan
area of Barcelona (NE Spain) (Figure 4— 1). This is a very densely populated area located in the
Llobregat Delta in the western Mediterranean. This Delta River is a quaternary formation and is
considered to be a classic example of a Mediterranean Delta controlled by fluvial and coastal
processes. It is a Holocene depositional system that was also active during the Pleistocene and
rests unconformably on Paleozoic to Pliocene deposits (Gamez, 2007). The sedimentation of the
Llobregat Delta was mainly controlled by glacio-eustatic sea level changes (Manzano et al., 1986;
Gamez et al., 2009; Custodio, 2010). Earlier geological studies (Marques, 1984; Sim¢ et al., 2005)
considered the delta to have been formed by two detritical complexes: a Pleistocene Detritical
Complex (Q3, Q2, and Q1 in Figure 4- 4) and a Holocene Upper Detritical Complex (Q4 in Figure
4-4).

The Lower Detritical Complex consists of fluvial gravels interbedded with yellow and red clays and
ranges between 10-100 m in thickness. This detritical complex contains 4 incisive fluvial systems
separated by marginal marine strata and is associated with three paleodeltas currently located

seawards of the present shoreline.
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Figure 4— 4. General geological cross section (original from Gamez et al., 2005).

The Upper Detritical Complex consists of the typical stratigraphic delta sequence and is composed
of four lithofacies, from bottom to top, transgressive sands, prodelta silts, delta front sands and
silts and an uppermost unit made up of delta plain gravels and sands, floodplains fine sands, silts

and red clay (Gamez, 2007).

Extensive geological investigations (Figure 4— 5) were performed in the study area. Geological
core research (three pairs of piezometers with 15, 20 and 30 of depth, respectively), 2 logs

(natural gamma) and surface geophysical measurements were undertaken.

The whole range of facies belts of the Holocene Deltaic Complex (subaerial to submarine) are

identified and described:

- Delta Plain: this facies belt consists of grey and brown clay with intercalations of very

fine sand and attains 2-3 meters in thickness.

- Delta Front: this is constituted by different lithofacies that grade from silty fine sands
to coarser sand with intercalations of gravels in a silty matrix. It ranges from 14 to 15

m in thickness.

- Prodelta: this is made up of gray clays and silts with intercalations of fine sands and

stretches of fine sand with intercalations of silt.
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Figure 4-5. Geological cross section of the site area. Geological description of the exploration boreholes and

geophysical research are included.

Deeper boreholes near the pilot site and surface geophysical measurements were employed in

the lower part of the prodelta, which is formed by deposits mainly composed of sands and

gravels. This formation was interpreted as a reworking of alluvial deposits by marine processes in

a beach setting and as beach deposits (Gamez et al., 2009).
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4.3.2. Hydrogeological settings

The Llobregat Delta is formed by two main aquifers separated by an aquitard layer. The prodelta
silts of Q4 act as a confining unit separating the impervious upper units (shallow aquifer) from the
Main aquifer of the Llobregat delta. This aquifer is formed by a very thin and very permeable
basin layer of reworked gravels and beach sands and the upper gravels of Q3. The aquifer is an
essentially horizontal aquifer (about 100 km?) and is 15-20 m thick. High transmissivity zones are

associated with the paleochannel systems of Q3 (Abarca et al., 2006).

To this end, we differentiated between aquifer and aquitard units at the pilot site. Thus, the
coarser deposits from the delta plain and the sediments from the delta front constitute an aquifer
unit that corresponds to the shallowest aquifer in the delta complex. In addition, the finer
deposits of the prodelta are less permeable and act as an aquitard, although thin grained layers
may enhance the horizontal flow at a small scale. Finally, the sediments from the reworked

channels, beach sands and fluvial channel constitute the main aquifer of the system.

Different piezometers were used in the quantification of the barrier effect. Piezometers were
located at a different depths and each piezometer had its equivalent on the other side of the
tunnel: top level (PA6 upgradient side and and PA3 downgradient side), intermediate or tunnel
level (PA5 upgradient side and PA4 downgradient side), and bottom level (PAL1 upgradient side
and PA2 downgradient side). The screened intervals were located taking into account their
relative position with respect to the tunnel. They were located in the upper part at the same level
and the below the tunnel (Figure 4- 5). The upper piezometers (top level; PA3 and PA6) were
screened between depths of 10 and 14 m correspond to the high permeability delta front
materials. The tunnel level piezometers (PA4 and PA5) were screened between depths of 15 and
19 m that correspond to the delta front-prodelta limit, and finally the lower piezometers (PA1 and
PA2) were screened between depths of 25 and 29 meters that correspond to the low
permeability materials from the prodelta. The hydrogeological characterization included a slug
test campaign to obtain punctual values of parameters of the tested levels. The piezometers were
filled with water and the recovery to the initial level was measured manually and with pressure
transducers. The interpretation was done with the Theis and Horner methods using the EPHEBO

code (Carbonell et al., 1997). The permeability ranged between 0.2 and 4 m/d in the upper
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piezometers (PA3 and PAG), between 0.06 and 0.1 m/d in the tunnel layer piezometers (PA4 and
PA5) and finally the lower layer (PA1 and PA2) yielded a lower permeability value 0.04-0.05 m/d.

To complete the hydrogeological research two 30 m deep fully screened pumping wells were
drilled (Figure 4- 1): pumping Well 1 was located on the northern side of the tunnel pathway
(upgradient side) and pumping Well 2 was situated on the southern side (downgradient side) of

the tunnel pathway.

Pumping Tests started at Well 1 and when the levels had almost recovered pumping commenced
at Well 2. These two pumping tests were used to calculate the hydraulic parameters of the
aquifer (Table 4- 1). The tests were repeated under the same conditions after tunneling to
calculate the barrier effect. Drawdown response was measured with a dipper in all the
piezometers and pumping wells and pressure data loggers were also used in the piezometers. The
head variations were measured in a period of 105 days. This period included the four pumping
tests and the tunneling. A double piezometer with two separate screen depths was instrumented.
It was located 150 m from the wells area. The first screen was located in the Shallow Aquifer (15
m) and the second screen was placed at a depth of 60 m in the Main Aquifer of the Llobregat
Delta to obtain the piezometric variations outside the testing area. The flow rates from pumping
Wells 1 and 2 ranged between 3.5-4.5 L/s. These were measured both manually and
automatically, using a calibrated barrel, and an axial turbine flow meter. Flow rate measurements

are very similar by both methods.

4.4, Results

4.4.1. Barrier effect in natural flow

As discussed above, the permanent effect caused by the undrained tunnel implies an increase in
heads on the upgradient side of the tunnel and a decrease in heads on the downgradient side of
the tunnel. In the study area, the piezometric gradient variation due to tunneling was obtained

with these pairs of piezometers.
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Figure 4— 6. Barrier effect, piezometric head variation between pairs of piezometers located in the three levels (top,
tunnel and bottom).

The gradient variation between the different pairs of piezometers is shown in Figure 4— 6. The
values during the pumping tests are not given because they do not represent the variation at
steady state. After tunnel construction, a gradient variation of 5-6 cm was measured in the upper
and tunnel level piezometers. The measured head variations show a great deal of noise due to
natural variations (recharge by rain, etc.) or anthropogenic activities (pumping or nearby drainage
works, etc.). Levels between piezometers cannot be compared with accuracy when the hydraulic
gradient is very small. Furthermore, this variation was not immediate after tunneling. It was
faster in the upper level than at tunnel level. A high variation in gradient heads can be observed in
the lower level, but an inconsistent response is observed. The upgradient piezometer (PA1) had a

lower initial piezometric head than the downgradient side (PA2).

The barrier effect was calculated by using the equations proposed in the basic concepts section. It
is only possible to calculate the local barrier effect because the piezometers are close to the

structure. Moreover, a long time is necessary to reach the steady state regional barrier effect.
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The barrier effects between the barrier and the aquifer boundary (Sg o) and below the barrier
(sg; ) are calculated and added. Given that the barrier effect is produced in layers 2b to 3 of the
model and given that the tunnel diameter is 10 meters, the lengths b, b, and b, are 14, 5 and

10 m, respectively byn > 0.28 and applying Equation (3), we obtain

BLOD — g n b D2 =0.78
a.

And applying Equation (4-4), we obtain

b
SBID =——1=0.006
b,

The characteristic length of the vertical barrier effect is the aquifer thickness (b ), which must be
corrected for anisotropy. Computing the anisotropy ratio (a= (kv/kh) 0.5) requires knowledge of

the hydraulic conductivity distribution. k, and k,, are calculated using the data of a pumping

test, as the harmonic and arithmetic averages, respectively, of the hydraulic conductivities of the

layers. i.e.
ky =175 ky =516
and
Then,
ky
= |—=172
a kV
Thus

be=b-a=15m-172=258m

where b is the corrected thickness of the aquifer. Using iy=0.001 which was obtained with the

head observations measured at the piezometers before the tunnel construction

Spro = Spropinbc = 0.02m

Similarly, Sg, is obtained from Sgp as
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Sg; = SpipiyLp=0.006 M

and

SBL = SBLO +SBI =0.026 m

This value is close to that of S, observed at the piezometers PA4 and PA5 as a result of the tunnel
construction (Figure 4— 6). The presence of low hydraulic conductivity layers no identified would

rise the anisotropy factor and the value of the local effect.

The tunnel is regarded as an area with a low hydraulic conductivity in the model. Therefore, the
effective hydraulic conductivity is calculated to compare the results of the non-perturbed flow
with the results obtained from the numerical model when the pumping tests are simulated. Given
that the Sg, calculated is 0.085 m and applying equation 5

k
SbL =5y — iyl 2™

inLp

This is the effective hydraulic conductivity of the area where the tunnel is constructed.

4.4.2. Barrier effect due to pumping test

Changes in the local connectivity (due to the construction of the tunnel that partially obstructed
the aquifer) were studied using a series of pumping tests before and after tunneling. The tests
enabled us to compare and quantify the drawdown variation and the connectivity reduction due

to the tunnel construction.

As in the synthetic model discussed above, the presence of an “object” that partially obstructs the
pathway between a pumping well and a piezometer can cause a decrease in the drawdown due
to pumping. On the other hand, if the piezometer is located on the same side as the pumping well
with respect to the obstacle, the drawdown could increase because the barrier acts as an

impermeable boundary condition that diminishes the flow to the tested area.
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An analysis of the drawdown before and after the tunnel excavation was performed. The
response effect because of the distance between the pumping wells and the piezometers was
eliminated by dividing the time by the square of the distance (Martinez-Landa and Carrera, 2005;
Font-Cap0 et al., 2012). The drawdowns were also divided by the flow rate because the pumping

test did not have a constant rate.
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Figure 4— 7. Corrected drawdown (s/Q) versus corrected time (t/ rz) of the top piezometers. The four pumping tests are
plotted, 2 pretunneling (black crosses for pumping 1 and black points for pumping 2) and 2 post tunneling tests (red
crosses for pumping 3 and red points for pumping 4).

These data are plotted in Figure 4— 7, Figure 4— 8 and Figure 4— 9. Each piezometer is drawn
separately and the four pumping tests are represented in each figure (the two pumping pre-
tunnel tests and the two post-tunnel tests). The distance effect was not correctly eliminated
when the piezometer was placed on the same side of the tunnel as the pumping well. This
implied that the drawdown was too marked in these cases. The piezometers of the upper and
tunnel levels behaved in a similar manner (Figure 4— 7; Figure 4— 8). The drawdown slope of these
four piezometers decreased, which suggests the location of a recharge boundary or a more

transmissive area 130-150 m above the well area.
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The theoretical drawdown behavior due to tunnel interruption described in section 2 can only be
observed in some cases. The drawdowns located on the same side of the pumping well behaved
in a similar way after tunneling with respect to the drawdowns in the initial tests. The poor
quality of the data on the drawdowns located on the same side of the tunnel as the pumping well

does not allow us to observe variations after tunneling.

The drawdowns on the other side of the tunnel from the pumping well confirmed the theoretical
behavior predicted in section 2. Drawdown after tunneling in the piezometers located at tunnel
level (Figure 4— 8) shows an increase in drawdown with respect to the results obtained before
tunneling. The drawdown variation was about 25% in terms of s/Q. The theoretical phenomena
that would imply a delay in the drawdown response due to tunneling can be observed (section 2).
The piezometers on the same level of the tunnel were located in more permeable layers that did
not delay the response. A permanent effect in the drawdown was caused in the tunnel level
piezometers because of aquifer obstruction. The vertical heterogeneity did not allow calculating

the Tes.0f tunnel area using the average of drawdown reduction used in the synthetic model.
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Figure 4- 8. Corrected drawdown (s/Q) versus corrected time (t/ rz) of the tunnel piezometers. The four pumping tests
are plotted, 2 pretunneling (black crosses for pumping 1 and black points for pumping 2) and 2 post tunneling tests (red
crosses for pumping 3 and red points for pumping 4).
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The lower piezometers (PA1 and PA2, Figure 4— 9) and the upper piezometer PA3 (Figure 4— 7)

registered a delay in the drawdown response after tunneling. The different response in the

piezometers located on the other side of the tunnel from the pumping wells can be partially

attributed to connectivity variations between the piezometers and the pumping well. Low

piezometers PA1 and PA2 registered a delay after tunneling in pumping on the other side of the

tunnel but recovered the drawdowns normally. These piezometers were located in low

permeability formations under the tunnel layers. The fast response in the drawdowns can be

attributed to drawdowns of the more permeable layers located under the piezometers. The

connectivity between the low piezometers and the pumping well decreased when these layers

were obstructed by the tunnel.
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Figure 4-9. Corrected drawdown (s/Q) versus corrected time (t/ rz) of the bottom piezometers. The four pumping tests
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4.4.3. Modeling

The construction of a numerical model enabled us to calibrate the conceptual model and the
hydraulical parameters with the two pumping tests before tunneling. Subsequently, the different
response of the two post-tunneling pumping tests was simulated using the numerical model. The
location of the tunnel geometry in the numerical model was tested as a methodology to forecast

the response after tunneling.

The numerical model used was the finite elements code VISUALTRANSIN (Medina and Carrera,
1996; GHS, 2003). The model had different layers in order to be consistent with the conceptual
model, and to correctly locate each piezometer at its real depth in the tunnel. The numerical
model had 6 layers (five hydrogeological layers and an additional layer to correctly locate the
tunnel) separated by 1 Dimension element layers (which only allow the vertical flow). The 1D
elements allowed us to simulate the aquitards or the vertical permeability layers (Figure 4— 5).

The different modeled layers are detailed below:

- Layer 1 (L1): This layer has a thickness of approximately 1.5 m. It is constituted by the
coarser deposits from the Delta Plain (fine sand with some clay).

- Layer 2 (L2): This comprises the shallow aquifer which is formed mainly by the coarser
fraction of the delta front (sand and intercalations of gravels). It is approximately 10.5 m
thick. L2b is not a hydrogeological layer located under Layer 2, but corresponds to Layer 2
occupied by the tunnel.

- Layer 3 (L3): This consists of the finer part of the aforementioned delta front and is
constituted by sand with intercalations of clay. This layer is 3 m thick and comprises the
lower part of the shallow aquifer.

- Layer 4 (L4): This consists of the coarser part of the Prodelta and its permeability is very
low.

- Layer 5 (L5): This is formed by the main aquifer of the deltaic complex of the Llobregat.

- Aquitardl (1D-D): This aquitard separates layers 3 and 4. It is made up of the low
permeability clay materials from the prodelta.

- Aquitard 2 (1-D-E): This aquitard consists of the low permeability aquitard from the
Llobregat Delta.
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The external boundary conditions of the model were located at 1000 m from the wells in order to
minimize the influence of these boundaries. A 1/1000 gradient existed in the shallow aquifer in
the pilot area. The gradient was achieved by locating a constant rate boundary condition on the
northern side to simulate the water volume entrance. A prescribed head boundary condition was
located on the southern side to simulate the water exit (Figure 4— 10). The vertical permeabilities
of the 1D element areas were calibrated in order to obtain the vertical gradient. The real head of
the shallow aquifer and the head of the Delta del Liobregat Aquifer (obtained using the head time
function of the 60 m depth piezometer) were used in this calibration. Tunnel layout was
implemented in its geographical position and its real depth (layers 2b and 3), and only was

activated with the tunneling

The high permeability area detected previously in the drawdown study was regarded as a north-
south high transmissivity area in the upper layer. The vertical gradient was reduced by the
presence of fully penetrating wells that enhance the water flow because of gravel filter. These
wells and their associated skin areas were also calibrated. The wells were introduced into the
model as very small transmissive areas that connected all the layers (including the 1D layers) to

simulate the pipe effect created by the wells.

Pk

1000 m

dih an

1000 m

Figure 4—10. a) Modeled area with the mesh finite elements and boundary conditions, b) Detail of pilot site.
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4.4.4. Modeling results

The measured heads of the intermediate layers allowed us to correct the calibration of the
vertical permeabilities. The calibration of the two first pumping tests (pre-tunnel conditions)
enabled us to determine the permeability of detritic layers covered by the piezometer and the
well stretches (Figure 4— 11) and (Table 4- 1). The effective transmissivity of the aquifer crossed

by the tunnel is 80m?/d.

The barrier effect can be simulated after the calibration of the model. The simulation included
two scenarios; 1) simulation after tunneling without the introduction of the tunnel layout into the
model and 2) simulation after tunneling with the introduction of the tunnel layout into the model.
The temporal series that included the tunneling and the repetition of the pumping tests were

added to the model in the latter case.

Fits of scenario 1 in the upper piezometers (PA3 and PAG6 in Figure 4— 12) did not show large
differences between the pre and post tunneling periods. The tunnel layer piezometers (PA4 and
PA5 in Figure 4- 12) show a bad fit in the simulation undertaken without the introduction of the
tunnel into the model. The calculated head in piezometers located on the other side of the tunnel
from the pumping well (pumping test 3 in PA4, and pumping test 4 in PA5) were lower than the
observed head. On the other hand, the simulation in scenario 2 had a good fit. This simulation

allowed us to reproduce the permanent tunnel impact caused by aquifer obstruction.

The lower piezometers show a puzzling behavior during tunneling (PA1 and PA2 in Figure 4- 12).
The surface and intermediate piezometers increased in the head when the TBM was close to
them, whereas the lower piezometers underwent a permanent decrease in the head after

tunneling, recovering the initial low head that was changed by the pumping tests.
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Table 4- 1. Hydraulic parameters of the model layers.

Permeability (m/d)

Storativity (1/m)

1 0.5 0.01
2 7.5 6*10-5
3 1.4 2*10-4
4 0.02 1*10-6
5 100 1*10-6
1D-1 0.0004 -
1D-2 0.01 -
1D-3 2*10-7 -
1D-4 2*10-7 -
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Figure 4—11. Calibration heads in the two pretunneling pumping tests in wells and piezometers (reds points for the
measured heads and red continuous line for calibrated heads).
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Figure 4- 12. Simulated heads of all pumping tests in wells and piezometers (reds points for measured heads and red
continuous line for simulation without tunnel introduction, and Red continuous line for simulation with tunnel
introduced into the model).
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45. Discussion and Conclusions

Barrier effect of the lined tunneling under natural flow conditions can be forecasted by analytical
methods. Results obtained with the equations (Pujades et al., 2012) in the Sant Cosme case were
similar to the measured results. The value of the S, is quite similar and the differences can be
attributed at the very low value of the hydraulic gradient. When the gradients are very low the
level difference is also small and therefore its value may be subject to errors due to inaccuracies
in the piezometers references altimetry, in the making measurements, by head fluctuations by
natural or anthropogenic causes. Analytical methods allowed us to determine the effective
transmissivity of the portion of aquifer where the tunnel was located. The Kg effective calculated
by the analytical methods is 2.12 m/d that results in a transmissivity of 29.7 m?d. This
transmissivity value differs from the obtained with pumping tests 75 m?/d before the pumping
tests. This result implies a big reduction of the transmissivity of the aquifer where the tunnel is

located, the new Te is a 40% of the initial transmissivity.

Pumping test in the tunnel area allowed study the barrier effect minimizing the gradient effect.
The repetition of two pumping tests before and after the tunneling permitted to observe the
different responses due to tunneling. Drawdown in the piezometers located on the same side of
the tunnel as the pumping well do not permitted to observe drawdown effects associated to
tunneling due to local perturbations. Drawdown differences can be observed in the piezometers
located on the other side of the tunnel as the pumping well. The two theoretical behaviors
(permanent drawdown decrease and response delay) described in section 2 can be observed.
Permanent decrease drawdown due to tunneling (considering as permanent the period of the
pumping test) can be observed in the piezometers located on the same depth of the tunnel. Delay
response behavior is difficult to observe in the piezometers located in the aquifer affected by
tunnel, elevate diffusivity of the formations avoided the delay. Piezometers located under the
tunnel presented a small delay in the drawdown response in the post tunnel pumping event. The
behavior can be attributed at their location in low permeable materials. The tunnel crossed high
permeable materials located above these piezometers, these formations can transmit easily the
drawdown and its interruption created a small delay in post-tunnel drawdown. Pumping test

enabled us to detect the layers affected by the barrier effect created by the tunnel.
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Numerical model enabled us simulate the groundwater changes due to the tunneling. The tunnel
introduction into the model allowed simulating the barrier effect taking into account the
hydrogeological heterogeneity. The introduction the tunnel into the model enabled us to
compare the groundwater changes due to tunneling. The S, value under permanent conditions is
very low in Sant Cosme and it is difficult to calculate with numerical methods due to the low
gradient of the aquifer. The use of pumping tests enabled us to calculate the permanent
drawdown and the connectivity changes due to tunneling. The drawdown effect due to tunneling
can be modeled by the introduction of the tunnel into the numerical model. The use of numerical
methods allowed us to confirm the validity of the use of the pumping test for the determination

of the barrier effect.

Numerical methods may be useful methods to forecast the barrier effect under natural flow and
the barrier effect in the connectivity (changes in drawdown responses due to tunneling). The
difficulty to calculate the barrier effect under natural flow can be solved by using numerical

methods where the horizontal and vertical heterogeneity can be introduced correctly.
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5. Conclusions

Chapter 5 includes the main contributions of this thesis. The major findings respond to the main
aim of gaining a better understanding of the relationships of groundwater and tunnels excavated
with a TBM. This concerns the problems arising from groundwater in the tunnel excavation

(Inflows), and the impact of tunneling on groundwater flow.

Our methodology allowed us to forecast the main areas where tunneling may encounter
problems due to groundwater. Exhaustive geological and hydrogeological studies (including
pumping tests) were necessary to develop the conceptual model. Discrete numerical modeling
enabled us to consider the connectivity with the rest of the massif and the hydraulic behavior of
fractures and geological units (conduit or barrier), which was instrumental in defining the

tunneling method and other excavation works (dewatering...).

In order to include the tunnel in the model (conceptual and numerical), it is necessary to specify
the problems of construction due to groundwater and the tunneling impact. Tunnels excavated
with a TBM usually focus on construction problems at the tunnel face. Analytical methods cannot
detect inflows into the tunnel face in shallow tunnels where boundary conditions can be very
close to the tunnel. The possibility that the machine offers resistance to the entry of water also
invalidates this method. The introduction of the tunnel into the model in real time activated a
tunnel boundary condition that simulated the tunnel-face water restriction as leakage. Leakage
disappeared when the tunnel was completely impermeable, but some seepage occurred in the
tunnel and consequently some residual leakage had to be applied to the model. As a result,

inflows at the tunnel face can be correctly calculated.

Drainage which is the most common impact due to tunnel inflows, is minimized in TBM tunnels,
which have impermeable lining and hence restrict the inflows to the tunnel face. The barrier
effect is the main impact produced by lined tunnels. Impacts under permanent conditions can be

calculated by analytical methods or by numerical modeling. Furthermore, connectivity variations
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due to tunneling using pumping tests also enabled us to determine the barrier effect under other
conditions. The barrier effect is very sensitive to aquifer obstruction due to tunneling and the
hydraulic gradient. In addition, vertical anisotropy and the degree heterogeneity have been
shown to have adverse consequences for the barrier effect determination. The use of the
pumping tests allowed us to determine the barrier effect more effectively than the analytical

methods and better locate which portions of the aquifer are more affected by the tunnel.
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