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| ABSTRACT |

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 or discontinuities. Moreover, research into shallow
tunneling may be limited by the duration and cost of the civil engineering works. 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 me-
dia entailed a dewatering plan and changes in the tunnel course. This enabled us to construct the tunnel without
any problems.
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INTRODUCTION

Shallow tunneling may encounter a number of prob-
lems, 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;

Dalgi¢, 2003). 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 con-
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ductive areas that may represent groundwater inflows into
the tunnel. These studies are usually undertaken by defin-
ing the major fractures or the most susceptible ones to pro-
duce 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 prob-
able inflow areas (Banks et al., 1992; Mabee et al., 2002;
Cesano et al., 2000, 2003; Lipponen and Airo, 2006; Lip-
ponen, 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
civil engineering works, which rarely take into account
the hydraulic relationships with the rest of the rock mas-
sif (geological information is concentrated along the tunnel
length, which is often paid little attention to).

From the standpoint of hydrogeology and tunneling,
many authors consider that fractures and faults are areas
with high permeability, preferential flow and conduit be-
havior (e.g., Krisnamurthy et al., 2000; Sener et al., 2005;
Shaban et al., 2007; Mayer and Sharp, 1998; Flint et al.,
2001; Denny et al., 2007; Cesano et al., 2000, 2003; Ma-
bee, 1999; Mabee et al., 2002; Martinez-LLanda and Car-
rera, 2005, 2006; 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, where-
as the core zone is regarded as a lower permeability zone.
(Chester and Logan, 1986; Evans and Chester, 1995; Smith
and Schwartz, 1984; Forster and Evans, 1991; Chester et al.,
1993; Bruhn et al., 1994; Caine et al., 1996; Evans et al.,
1997). Recent research has questioned the general applica-
bility 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).
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The structure of low and high permeability features can
lead to extreme permeability heterogeneity and anisot-
ropy (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 geo-
metric architecture in three dimensions (Faulkner et al.,
2010; Lunn et al., 2008). The capacity to form barriers
to flow depends on the continuity of the low permeabil-
ity 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 a scale of the rock massif 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 mas-
sifs (Shapiro and Hsieh, 1991; Day-Lewis et al., 2000;
Knudby and Carrera, 2005; Martinez-Landa and Carre-
ra, 2000). 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 (Illman and Neu-
man, 2001, 2003; Martinez-Landa and Carrera, 2005;
Le Borgne et al., 2006; Illman and Tartakowsky, 2006)
or only in some particular directions (Illman, 2006).
However, large scale permeability may decrease in mas-
sifs with a low permeability lineament network (Hsieh,
1998; Shapiro, 2003) where the fractures act as barriers
that hinder connectivity and compartmentalize the flow
(Bredehoeftt et al., 1992, Bense et al., 2003, Bense and
Person, 2006, Benedek et al., 2009; Gleeson and Nova-
kowski, 2009). The conduit-barrier behavior may also
be expressed at a regional scale (Bense and Van Balen,
2004; Bense and Person, 2006; Bredehoeft ef al., 1992;
Mayer et al., 2007; Anderson and Bakker, 2008). The
behavior of the fractures at a 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 connectiv-
ity with the boundary conditions and sources of water
(Moon and Jeong, 2011).

The present paper addresses groundwater characteriza-
tion 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 con-
nectivity with the surrounding massif must be taken into
account.
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This characterization was implemented in the B-20
sector of Line 9 of the subway in Barcelona (Fig. 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 characteriza-
tion. 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.

GEOLOGICAL CONCEPTUAL MODEL

An accurate description of the structural geology at a
large scale was first carried out. The main structures, line-
aments, and geological changes that could constitute the
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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 a general characterization or large scale investiga-
tion (photogrammetry and geological interpretation of old
aerial photographs) and detailed scale investigation; out-
crop and borehole interpretation.

Accordingly, a large scale map showing the existence
of granodiorite with numerous porphyritic dikes was made
(Fig. 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 identification. Subvertical strike-slip faults,
trending NNW-SSE, separated by hundreds of meters
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FIGURE 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.
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displace the porphyritic dikes. These faults are late Car-
boniferous 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 (Mart{ et al., 2008). In fact, the con-
tact between granodiorites and Miocene sedimentary rocks
is a normal fault zone similar to other normal faults that
regionally generated the Miocene extensional basins relat-
ed 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 borehole core interpretation in an at-
tempt to improve the characterization of the granodiorite,
granitic dikes, and fault-zones in this area (Fig. 2). The gran-
odiorite 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 (Fig. 2) prob-
ably 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.

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 hydrogeo-
logical features and by evaluating the hydraulic tests.

Granite

Dikes
Fracture

Piezometric level

FIGURE 2 | Detailed scale geological map of the detailed area of B20,
location of pumping wells and piezometers, and steady state piezo-
metric surface.
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The piezometric level yielded indirect information
about the relative relationships of the hydraulic param-
eters of the different formations. The piezometric heads
can provide information about the contrast of hydraulic pa-
rameters 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; Gleeson
and Novakoski, 2009; Benedek et al., 2009).

A piezometric map of the area (Fig. 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 transmis-
sivity in the affected area. The presence of such areas in
fractured massifs may be associated with low permeability
fault zones that compartmentalize the flow. This barrier be-
havior 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).

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; Illman 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
Aplicaciones Territoriales SA, 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 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. Draw-
down 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 pi-
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ezometers SF-28, SC17-B, and SB20-3), pumping test 4
(Wells 2, 4 and piezometers SF-28, and SC-17B), pump-
ing 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.

A preliminary interpretation using analytical meth-
ods was made to analyze drawdowns, assuming that the
medium is homogeneous and has an infinite extent. In
these cross-hole tests, the drawdown curves were ana-
lyzed individually for each observation well in each
pumping test. The transmissivity varied more than one
order of magnitude, the pumping wells yielding low-
er transmissivities (50-250m?/d) than the piezometers
(140 a 1800m?/d). The distribution of transmissivity
values obtained from pumping wells does not allow dis-
tinguishing between the separate hydraulic formations
and the better connected fractures. This can be achieved
by storativity.

>

Characterization of a heterogeneous granite for shallow tunneling

Storativity contains information and connectivity relation-
ships. 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 to de-
termine 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 plot-
ted on the same graph (Fig. 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 1). The most extreme piezometer responses are plotted
in Figure 3B, C.
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FIGURE 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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TABLE 1 | Connectivity values of the observation wells (wells and pie-
zometers) for the five pumping events

Observation well Pumping well t/r* (d/m?)
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

The values of t/r* between pumping boreholes are plot-
ted on the map (Fig. 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 3 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.

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) con-
stitute the main discontinuities of the geometrical model.
Only at detailed scale was it possible to combine the re-
sults of the geological and hydrogeological research. Fault
1 presented four important characteristics: a fault-zone de-
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tected in large scale geological studies, a jump in depth of
the contact between weathered-unaltered granite granodi-
orite across the fault, a high hydraulic gradient, and a poor
cross-hole test response between the wells on both sides of
the surface of the discontinuity. Despite the fact that fault 2
had similar geometrical characteristics, the hydraulic gra-
dient was less marked and the bore hole test did not include
information about this structure. These two faults were in-
cluded 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 ar-
eas (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 in-
corporated into the different models in order to test their
validity.

NUMERICAL MODEL

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

SC-17B
(]

® Pumping Wells
@ Observation Wells

Value of t;
— 10E-8
— 10E-7
10E-6
" 10E5
----- > 10E-4
""" ~ 10E-3
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0 25 50

FIGURE 4 | Connectivity relationships between wells and piezometers
in Figure 3 are represented geographically. Each order of magnitude
of t/r? is plotted in a different color. Scale bar in meters.
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verifying the hydraulic effect of the incorporated geo-
logical 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 approach in line with the meth-
odology 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 differ-
entiate the lower layer of unaltered granite from the surface
layer of weathered granite.

The numerical model was performed with the finite
element code VisualTRANSIN (Grupo de Hidrologia
Subterrdanea, 2003; Medina and Carrera, 1996). The mod-
el was limited by no flow boundaries (Fig. 5), that where
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 draw-
down 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 (4-10m) than in piezometers
(0.01-0.2m) because part of the pumping well drawdown
was attributed to well loss and skin effects that were not
modeled. Figures 6 and 7 do not show the drawdown of
all the wells and piezometers since it was not 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.

Four scenarios, which increased in complexity from
the homogeneous model to the geometrical model defined
above (Fig. 8), were calibrated in order to obtain the most
suitable solution: a homogeneous model; a barrier fault
model (differentiating the characteristics of granite on both
sides of fault 1); a barrier model for faults and dikes; and a
conduit-barrier model constructed with the damage zones
surrounding the faults and the transmissive areas along the
dike axes.

RESULTS

The first scenario (homogeneous medium) yielded a
poor fit at all piezometers (Figs. 6; 7). The poor fit was es-
pecially noticeable when it corresponded to the pumping
wells located on the other side of the axis of fault 1 (not
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No flow

boundary
condition

|| ]
250 500

FIGURE 5 [ Boundaries and finite element mesh of the numerical mo-
del and detailed B20 area. Faults and dikes have a finer discretization.
Scale bar in meters.

active in this scenario). That is, the SB20-03 piezometer
and Wells 1 and 3 produced a poor response to the pump-
ing 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
Fig. 7).

The second scenario incorporated the faults (barrier ef-
fect) and the differences in the transmissivity of the granites
on both sides of Fault 1 (Fig. 6). This scenario simulated
the barrier effect better because of Fault 1, which entailed
areduction 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.

The third scenario introduced the SW-NE trending
dikes into the model geometry. There was a notable im-
provement in some piezometers (ZPA-2). However, the
fit was equal to, or worse than, that of the second sce-
nario in the other piezometers. Calculated drawdown
was higher than observed in the majority of the piezom-
eters (Fig. 6). This problem was resolved and tested in
the fourth scenario by implementing high transmissiv-
ity bands surrounding the faults and the dikes (conduit-
barrier model). This yielded a better fit, resulting in
a decrease in calculated 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 (Fig. 7).
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A Homogeneous model
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B Low permeability faults model
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C Low permeability faults
with dikes model

[ Granite
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D Conduit barrier model

FIGURE 6 [ Four scenarios calibrated in the numerical model. A) Homogeneous model B) Low permeability faults model C) Low permeability faults

with dikes model D) Conduit barrier model. Scale bar in meters.

The fit in the SF-28 (Fig. 7) 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 hydrogeologi-
cal information about fault 2 than about Fault 1), which
enhances the flow across Fault 1 in this area (Figs. 4; 6;
7). And finally there is non symmetric behavior between
Wells 1 and 5. Well 1 yields a better response to the pump-
ing 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 trans-
missivity area or when it has well connected pathways,
drawdown may be transmitted a considerable distance,
possibly lowering heads below some transmissive frac-
tures. 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 be-
tween two boreholes does not have to be symmetrical.
Our model was not able to simulate this behavior prob-
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ably because of the addition of concrete in Well 5 to seal
the lower granite.

In summary, the model was very sensitive to the bar-
rier structures, especially the fault-zones. The definition
of Fault 1 as a barrier was crucial for explaining the re-
sponse to the pumping on the other side of the fault. The
presence of the dike fractured bands (high and low per-
meability) 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 param-
eters of the geological rock units are shown in Table 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 up-
per 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 pa-
rameters of the two layers.
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tively with intervals of five days, returning to the O level of drawdown five days after to start the pumping test.
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DISCUSSION AND CONCLUSIONS

Groundwater characterization of a fractured massif of
shallow tunneling was undertaken successfully. Geologi-
cal 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.

The complex groundwater behavior of the fractures
was characterized in the B-20 area. Cross-hole tests
proved crucial for characterizing the connectivity be-
tween 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
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area that was not covered by the cross-hole test mesh
presented some problems of definition. Connectivity be-
tween 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 exten-

TABLE 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
[404]



J. FONT-CAPO et al.

Characterization of a heterogeneous granite for shallow tunneling

Pumping Wells

+ &

Observation Wells
Faults

Dikes

Tunnel Project

Drilled tunnel
Aproximate Inflow m3/d
10-25
25-125
>125

Drawdown (m)

B 3000

——Well 2
——Well 4

2500 W

- Well 5
o Well 6

—--Well 7
——Well 8

2000 /
1500 l

—--Well 9

water volume (m3ld)

|
1000 \
/|

O 0000(}00

500 *—ooqq
<
<
0 -0-O O-0-0-0-0-0-0-0-&
O-0-0-0-9-0-0-0-0-0-0-0-0-¢

time (d)

FIGURE 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.

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

The barrier behavior was instrumental in de-
watering because it compartmentalized the flow
and reduced the pumped volume and water in-
flows. The general drawdown of the area (tunnel
inflow+dewatering) is illustrated in Figure 9A,
which shows that groundwater is compartmental-
ized and that the piezometers on the south side of
fault 1 have a lower drawdown. The most volumet-
ric dewatering boreholes (Wells 6 and 7, Fig. 9B)
were located in the dike areas, especially in the more
transmissive bands (Fig. 9A). Higher tunnel inflows
(qualitative information) were located before fault 2
and in the dike area (Fig. 9A). A point of high water
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inflow was located near Well 2, which could be due
to the fact that Fault 2 was imperfectly defined.
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