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Abstract

This study aimed to explore the relationships between the extension of rock desaturation and the Excavation Damaged Zone
(EDZ) subsequent to the excavation of a century-old tunnel and of recent drifts (1996 and 2003) at the Tournemire Underground
Research Laboratory (URL) located in the Aveyron county (South of the Massif Central, France). The other objective of this work
was to assess the impact of desaturation on the hydraulic head profile measured around the tunnel. One section was selected per
drift. Two boreholes were drilled for each section: one parallel and one inclined (45°) with respect to the bedding. For each
borehole, we performed on-site drill core mapping, petrophysical measurements, pneumatic and hydraulic tests by means of a
Modular Mini-Packer System (MMPS). Results indicate that the EDZ around drifts is mainly a combination of unloading joints,
mimicking the drift shape, and of desaturation cracks, parallel to the bedding. The EDZ extension around the tunnel is twice to
three times that of the drifts of 1996 and 2003 and is essentially composed of unloading joints resulting from the mechanical
response of the rock. The masonery covering the tunnel walls is assumed to have protected the rock from seasonal variations of air
humidity, thus limiting (without excluding) the formation of desaturation cracks. The EDZ extension deduced from core mapping is
in agreement with that deduced from pneumatic tests with permeabilities several orders of magnitude greater than in the
undisturbed zone. Degrees of saturation for the three sections range between 0.9 and 1 in the EDZ area and reach 1 in the
undamaged zone. The head profile deduced from measurements recorded since 2002 indicates the occurrence of an Excavation
disturbed Zone (EdZ) of about 40 m around the tunnel. This EdZ is likely due to the existence of sub-atmospheric water pressures
clearly seen in the first meter around the tunnel. We have tried to quantify the impact of the tunnel since its excavation on saturation
degree and on hydraulic heads. The simulation was performed by considering, as a first approach, the absence of fracturing in the
EDZ. A constant suction of −3300 m, deduced from the mean annual values of relative humidity and temperature measured in the
tunnel atmosphere since 2002, was applied at the tunnel wall. The degrees of saturation simulated around the tunnel are
underestimated in the EDZ area and consistent to experimental data in the unfractured zone. The modelling of hydraulic heads is
overestimated in the horizontal direction and is in the domain of experimental values in the vertical direction, but the lack of
intermediate data cannot enable us to conclude on this consistency. This study demonstrated the role played by fracturing on the
distribution of petrophysical parameters and of heads around drifts and the century-old tunnel. It has also demonstrated the
necessity of coupling mechanic and hydraulic calculations by considering capillary forces.
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1. Introduction

Argillaceous formations are considered in several
European countries as potential repository host rocks for
high-level radioactive wastes in deep geological forma-
tions. Their very low water velocity (due to a very low
permeability and diffusivity and a moderately low
hydraulic gradient) coupled to a large thickness (several
hundreds of meters) and a high sorption capacity make
these rocks potentially interesting for a repository as
radionuclide transfer times should exceed several times
the radionuclide half-lives. However, the construction of
a repository can lead to perturbations due to excavation
works and the subsequent decompression of the
surrounding rocks, ventilation of the underground drifts
or construction of the engineered barriers. Host rock
properties around underground openings (tunnels, drifts
and niches) are likely altered during and after excavation
works. Plastic deformations are especially expected in an
altered zone called excavation damaged zone (EDZ),
depending on the mechanical properties, the initial stress
field and excavation techniques (Bossart et al., 2002). A
fracture network consisting of unloading fractures and
desaturation cracks is developed in this EDZ with
hydraulic conductivities orders of magnitude higher than
those of the unaltered zone. This fracture network can
thus facilitate the transfer of radionuclides towards the
biosphere along galleries and shafts in case of radionu-
clide release from waste containers and tightness failure
of engineered barriers. It can also modify the petrophy-
sical properties of the claystone around the openings.
Porosity and water content are amongst the most
sensitive properties due to relaxing of the constraints
and to hydration/dehydratation cycles under low humid-
ity conditions (Charpentier et al., 2003). Ventilation of
the underground drifts and shafts during the construction
and the operation phases can induce the partial
desaturation of the rock around the drift, thus modifying
its thermo-hydromechanical properties (Mayor et al.,
2005). This change in rock properties affects a zone
around excavations called Excavation disturbed Zone
(EdZ) which may have an impact on the design of the
potential repository (drift spacing and repository size).
One of the greatest perturbations concerns the distribu-
tion of the hydraulic profiles around excavations.

To evaluate the impact of excavations, and more par-
ticularly, of desaturation on the hydraulic and petrophy-
sical properties of a claystone, the French Institute of
Radioprotection and Nuclear Safety (IRSN) has been
conducting research programmes since 1991 in its
underground research laboratory of Tournemire, in the
Aveyron county (south of France). The Tournemire URL
crosses a Toarcian argillaceous formation via a century-
old tunnel and its adjacent drifts excavated in 1996 and in
2003. The tunnel and drifts are naturally ventilated since
their excavation with a mean annual relative humidity and
temperature of 74.7%±14.7 and 11.2 °C±1.7 respectively
and for a record period of 4 years. This natural ventilation
is likely responsible for the partial desaturation of the rock
(Ramambasoa, 2001; Valès et al., 2004).

This paper aims to characterize the extent of
desaturation around the century-old tunnel and drifts of
the URL and to understand the role of this desaturation
on the petrophysical and hydraulic properties of the rock.

Characterization has been performed by means of 6
cored boreholes, with 2 boreholes per openings
(century-old tunnel, drift 1996 and drift 2003), one
parallel to the bedding and the second with a dip angle
of 45° down at the intersection of the drift and the
ground to access the area assumed to be most fractured
of the EDZ but also for assessing the time and tunnel-
shape dependency on desaturation.

For each drift and tunnel, in these boreholes disconti-
nuities (unloading and tectonic joints), petrophysical
properties (total porosity, gravimetricwater content, degree
of saturation and volumetric moisture content) have been
analyzed. In parallel, permeability, hydraulic conductivi-
ties and transmissivities have been determined in each
borehole by means of pneumatic and hydraulic tests.

The role of desaturation on the petrophysical and
hydraulic properties of the rock around galleries is then
assessed by comparing the hydraulic heads estimated
around the tunnel after in situ pressure measurements to
hydraulic heads obtained from a numerical simulation
performed since the tunnel excavation. This preliminary
modelling was performed without taking into account
the mechanical aspects, by means of VS2DT 3.0, a
computer program developed by the U.S. Geological
Survey for solving problems of water flow and solute
transport in variably saturated porous media (Lappala
et al., 1983; Hsieh et al., 1999).

2. Geological, structural, mechanical and
hydrogeological background

The Tournemire URL is located in a Mesozoic
marine basin on the southern border of the French
Massif Central and at the western limit of the Causse du
Larzac. The studied argillaceous formation is 250 m-
thick and corresponds to sub-horizontal consolidated
argillaceous and marly layer of Toarcian and Domerian
age (Fig. 1). This formation is sandwiched between two
carbonated and karstified aquifers (Cabrera et al., 2001;
Patriarche et al., 2004).



Fig. 1. Geological cross section of the Tournemire URL.
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The Tournemire massif is a monocline structure with
a mean dip angle of about −4° to the North. The lower
(Hettangian to Carixian series) and upper (Aalenian to
Bathonian series) aquifers are 300 m and 250 m thick
respectively and essentially composed of limestone and
dolomite. The argillaceous formation is composed of
250 m of well-compacted and thinly bedded claystones
Fig. 2. Boreholes location and sections in the s
and marls. Peyaud et al. (2005) suggested on the basis of
results obtained from fission tracks analyses, that the
argillaceous formation was buried over 1300±400 m of
sediments more than those observed at present, thus
explaining the present state of over-consolidation of the
clayey formation. The clay fraction ranges between 20
and 50% of the bulk rock. It is mainly composed of illite
tructural context of the Tournemire URL.
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(5 to 15%), illite/smectite mixed-layer minerals (5 to
10% with a smectitic proportion of about 10%), chlorite
(1 to 5%) and kaolinite (15–20%). The claystone also
contains 10 to 20% of quartz grains, 10 to 40% of
carbonates (mainly composed of calcite with traces of
dolomite and siderite) and 2 to 7% of pyrite (Cabrera
et al., 2001; Savoye et al., 2001, 2006). The upper
Toarcian is crossed by an 1885 m long and century-old
railway tunnel excavated between 1882 and 1886. This
tunnel was an excellent opportunity for IRSN (formerly
IPSN) to have an easy access to an argillaceous forma-
tion and develop its own research programmes and for
training its experts in evaluating the possibilities and
processes of radionuclide transport in this kind of rock.

The Tournemire massif is separated by a reverse and
very transmissivemajor structure namely the Cernon fault
(80 km long, Fig. 1). This regional fault has a kilometric
extension roughly oriented West–East that enables the
communication between the two surrounding aquifers.
The argillaceous formation is also affected by a main fault
and secondary subvertical faults of hectometric extension
and oriented N170–180°E (Fig. 2), i.e. close to the
maximal horizontal stress direction σH=N162±15°E for
Fig. 3. Hydraulic head profile through the a
a minimal horizontal stress σh=N72±15°E. Both direc-
tions were determined through hydraulic fracturing tests
conducted on boreholes (Rejeb and Tijani, 2003). The
results suggest the occurrence of an anisotropic stress field
with σv=3.8 MPa, σh=2.1 MPa and σH=4.0 MPa
(Rejeb and Cabrera, 2006). Because most faults date from
the Pyrenean compression during the Eocene (from 53 to
33 Ma), and because the Cernon fault preceded them, the
argillites likely acquired their rigidity and subsequent
susceptibility to fracturing under mechanical stress quite
early in the massif history (Patriarche et al., 2004).

The secondary fractures are generally partially sealed
with calcite and give access to unfractured blocks of
argillite characterized by hydraulic conductivities
amongst the smallest reported in the world (between
10−14 and 10−15 m/s i.e. 10−21 and 10−22 m2 as intrinsic
permeabilities) for a specific storativity of ca 10−6 m−1

(Boisson et al., 1998; Cabrera et al., 2001; Fatmi et al.,
2005). These secondary faults sometimes present geodic
cavities located at the junctions of two faults that enable
the vertical transfer of fluids. With the Cernon fault,
these fractures are the only opportunity of getting fluids
in contact with the clay formation. Hydraulic tests
rgillaceous formation at Tournemire.



Table 1
Extent of damaged zones around each underground openings (after
Rejeb and Cabrera, 2006)

Openings 1881 tunnel 1996 gallery 2003 gallery

Fractures Onion skins Parallel to
stratification

Parallel to
stratification

EDZ 0.22 R 0.20 R 0.16 R
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performed on these fault junctions have supplied
relatively high transmissivities (around 10−10 m2/s) i.e.
with permeabilities orders of magnitude higher than
those of the unfractured zone and for an equivalent tested
height (Savoye et al., 2003). Fig. 3 shows the distribution
of the stabilized hydraulic heads with respect to bore-
holes CA and DC located in the tunnel axis. Pressures
have been measured in the unfractured zone with
permanent sealed probes (boreholes PH1 and PH3) and
a multipacker system (borehole PH2). Hydraulic heads
were also measured in the water-bearing fractures by
means of double packer devices (boreholes TN2,M2 and
ID180, see Fig. 2). Fig. 3 shows a depression of ca 30–
40 m around the tunnel with respect to the theoretical
hydraulic head profile drawn from heads measured in the
two aquifers (HCA=583 m NGF and HDC=453 m
NGF). This theoretical profile excludes any tunnel
influence or a possible overpressure. This region is
characterized by the occurrence of sub-atmospheric
water pressures limited to the first meter around the
tunnel (see desaturation results in Section 4) and
constitutes a capillary fringe (Horseman et al., 1996) as
a consequence of tunnel excavation and natural
ventilation. In contrast, the hydraulic head measured in
an 80 m height test section in the lower part of the
argillaceous formation and isolating a water-bearing
fracture likely indicates the occurrence of an overpres-
sure in the argillite.

Two other fracture networks exist at the Tournemire
URL that may have an important role on water flow and
transport of dissolved species. These networks are
Table 2
Main objectives (C for petrophysical measurements, H hydraulic tests, P pneu
this study

ID/
section

Aim Date Drift (distance from the
tunnel)

Azimu

MD2/A C/H/P 29/06/04 Drift 2003 (27 m N wall) N15
MD3/B C/H/P 12/10/04 Drift 1996 (23 m) N195
MD4/A C/P 22/11/04 Drift 2003 (27 m) N15
MD5/B C/P 23/11/04 Drift 1996 (23 m) N15
MD6/C C/H/P 23/02/05 Tunnel 1885 N105
MD7/C C/P 22/02/05 Tunnel 1885 N105

Section A, B and C refers respectively to gallery 2003, gallery 1996 and cen
essentially confined around the tunnel and drifts. The
first one is due to the stress redistribution during
excavation and subsequent rock convergence. This
mechanical behavior is governed by the anisotropic
character of the argillite. Values of the elastic modulus,
Poisson's coefficients, shear modulus and uniaxial
compressive strengths are E1=27,680 MPa, ν1=0.17,
E2=9270 MPa, ν2=0.20 and G12=3940 MPa, σC1=32
MPa and σC2=13 MPa, respectively with 1 and 2
referring to parallel and normal to the bedding (Rejeb
and Cabrera, 2006). The size of the EDZ around each
opening is reported in Table 1 (after Rejeb and Cabrera,
2006). The second network is made of subhorizontal
fractures at the drift wall and developed parallel to the
bedding (several meters deep each with a millimetric
aperture and a frequency of about 1 per 10 cm). This
network is directly linked to seasonal variations of the
drifts’ atmosphere (hygrometry and temperature) and
attributed to variations in the chemical potential of the
interstitial solutions under swelling/shrinking cycles
(Ramambasoa, 2001; Valès et al., 2004). Indeed, the
drift hygrometry recorded since 1999 indicates seasonal
variations (40% RH and 8 °C in winter and 100% and
14 °C in summer) with a mean annual RH value of 77%
leading to a partial evaporation of the interstitial water.
There is a clear correlation between this network aperture
and hygrometry with a lag time of about 60 h between the
fracture aperture recorded by means of extensometers
and RH variations measured with capacitive thermo-
hygrometers (Fatmi et al., 2004).

3. Materials and methods

3.1. Borehole drilling

Six single core boreholes with lengths ranging
between 1 and 6 m were air-drilled between June 2004
and February 2005 from the tunnel and the experimental
drifts excavated in 1996 and 2003. Boreholes were drilled
matic tests) and characteristics of boreholes drilled in the framework of

th Dip angle Length Height of borehole
head/ground

Degree m m

0° sub-parallel to bedding 2.07 1.6
0° sub-parallel to bedding 3.58 1.5
45° down 3.41 1.6
45° down 3.22 1.5
0° sub-parallel to bedding 6.00 1.87
45° down 6.00 1.87

tury-old tunnel.
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with a Hilti device and supplied core samples of about
35 cm long each with a diameter of 55 mm. Borehole
locations are shown in Fig. 2 and theirmain characteristics
summarized in Table 2.

3.2. Drill core mapping

The core analysis and photo documentation were
performed immediately after their removal from bore-
holes and just before the plug preparation for petrophy-
sical measurements. A thorough structural analysis
reported on core tried to distinguish between fracturing
related to the excavation works and the subsequent
desaturation on the one hand, and that induced by tectonic
events.

3.3. Petrophysical measurements by water content and
volume determinations

Immediately after the visual description, the cores
were sawed on-site in plugs 34 cm long each. The
following parameters were determined: total porosity,
volumetric moisture content, gravimetric water content
and degree of saturation as a function of the distance
from the borehole mouth. The total mass of the humid
samples (Mtot) was measured right after sawing. Then,
the total apparent volume of the humid samples (Vtot)
was determined following the method detailed in
Monnier et al. (1973) that uses Archimedes’ principle
by weighing the displacement of petroleum (kerdane: a
de-aromatised oil) with a Sartorius YDK 01 density
measurement kit. This determination has required (i) to
saturate sample in petroleum just after the Mtot

measurement, (ii) the determination of the relationship
between the kerdane density and temperature (iii) plus
additional measurements among which the mass of
humid sample in the air after saturation in oil (Wa) and
the sample mass after immersion in petroleum (Wp). The
Fig. 4. Schematic view of
plugs were then oven dried at 105 °C and 150 °C until
stabilization (i.e. after 2 to 4 days for each temperature)
for measuring their respective masses M105°, M150°. All
masses were determined on-site with the same accurate
scale (OHAUS, type Adventurer AR3130 having a
repeatability of 0.001 g for masses ranging between 0
and 310 g). The grain density (ρs) was obtained by He-
pycnometry with a mean value of 2.704 g cm−3 at
105 °C and 2.703 g cm−3 at 150 °C for a standard
deviation of 0.004 g cm−3. The water density (ρW) was
calculated from an estimation of the interstitial water to
1.0012 g cm−3 with a standard deviation of 0.0004 g
cm−3. The definitions of functions are those reported in
Annex 10 in Pearson et al. (2003). The total or physical
porosity (ntot, dimensionless) is the ratio of the pore
volume to total apparent volume (ntot=Vpores /Vtot with
Vpores=Vtot−Vsolids=Vtot−M105° / 150° /ρs105° / 150° where
ρs105° / 150° is the grain density obtained at 105 °C or
150 °C). The gravimetric water content, dry mass basis
(WCdry, 105 or 150°, dimensionless) is the ratio of the mass
of water (MW=Mtot−M105° where Mtot represents the
total mass of the humid sample) and the oven-dry mass
M105° or M150° such as WCdry, 105 or 150°=100×(Mw /
M105 or 150°). The degree of saturation (S, dimensionless)
is the ratio of water-filled to total pore space (S=VW/
Vpores with Vw=(Mtot−M105 / 150°) /ρW). The volumetric
moisture content (θ, dimensionless) is the ratio of water-
filled pore space to total volume (Vw /Vtot) and becomes
a function of the degree of saturation (S) and of total
porosity such as: θ=Sr×ntot.

In addition, some SEM observations performed at
IRSNverified the occurrence or absence of heavyminerals
like pyrite and lighterminerals like carbonates, which have
an important impact on the grain density of samples.

Errors on functionsU=F(V1, V2,…) were estimated by
propagation of the analytical errors variances following the
classical Gauss formula (σU

2=σV1
2(∂F /∂V)2+σV2

2(∂F /
∂V )2+… in Theoria combinationis, 1821).
the MMPS device.



Table 3
Chemical composition of the synthetic water used for saturating tests
intervals during hydraulic tests

Anions (mmol L−1) Cations (mmol L−1)

Cl− 6.5 Na+ 9.5
HCO3

− 4 K+ 0.22
Ca2+ 0.085
Mg2+ 0.38

It represents the average composition of waters collected in boreholes
crossing water-producing fractures at the tunnel level (TF5 and M2,
location reported in Fig. 1) after Beaucaire et al. (submitted for
publication).
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3.4. Pneumatic and hydraulic tests

The MMPS (Modular Mini-Packer System) equip-
ment was initially designed for hydraulic testing in the
excavation disturbed zone of the Mont Terri Laboratory
(Cottour et al., 1999). It allows up to five individual
packer modules with a diameter of 52 mm to be coupled
in a variety of configurations. Each packer module
consists in a stand-alone unit with a packer inflation line
and both flow and pressure measurement lines. Packer
pressures are controlled by a manometer installed at the
control unit, while both a manometer and a pressure
transducer control interval pressures. The configuration
of the MMPS is shown in the Fig. 4. A series of four
10.5-cm intervals separated through four 10-cm packers
were applied. Further away, a 100-cm packer and a last
10-cm packer located at the bottom of the MMPS were
installed such that a fifth 10.5-cm interval (Fig. 4)
allows a less disturbed zone to be simultaneously
characterized. The use of 1-m length extension tubes
permits the investigation of an area up to 5 m (in the
tunnel boreholes). Pneumatic tests were performed prior
to hydraulic testing to provide an estimate of both the
extent and the connectivity of the fracture network and
also semi-quantitative estimates of interval permeability
of the tested intervals.

3.4.1. Pneumatic testing
Pneumatic tests have already been performed in

consolidated argillaceous rocks in the Mont Terri's URL
with the aim of characterizing the EDZ extension
(Bossart et al., 2002). They inject nitrogen or pump air
in/out of the interval; the corresponding pneumatic
response with the MMPS device is then interpreted. The
surface test equipment allows working with injection
and extraction flow rates between 0.1 and 50 l/min at
standard conditions.

The MMPS was set into the boreholes immediately
after their completion. Packers were inflated to 20 to 25
bars to limit the possibility of packer bypass. Afterwards,
during the injection of nitrogen or the extraction of air
using a vacuum pump, the air flow rates and the
pressures in the test and observation intervals were
recorded with a data acquisition system. A test was
stopped when steady-state conditions were either
reached or the pressure and flow rate measurements
indicated a permeability below the detection limit of
about 5×10−17 m2. The detection limit was reached
when flow rates dropped below the measurement limit
during air extraction tests or when pressures during
injection tests were completely dominated by wellbore
storage effects. The estimate of gas permeability was
deduced from a steady-state approximation of pneumatic
test data as described in detail by Bossart et al. (2002).

3.4.2. Hydraulic testing
Three types of hydraulic tests were performed: (i)

injection tests at constant head performed right after initial
pressure recovery in intervals crossing water-bearing
fractures; (ii) pulse tests carried out in intervals showing a
value of gas permeability under the detection limit
(5×10−17 m2), thus indicating that rock should be
water-saturated, i.e. without occurrence of connected
fractures. This kind of test was performed right after
pneumatic testing, thus inducing an overestimation of
transmissivity as the initial pressurewas not achieved; (iii)
injection tests at constant head in intervals crossing very
transmissive single fractures as in the EDZ to verify
estimates from pneumatic tests. All test intervals were
saturated with a synthetic water, the composition of which
was as close as possible to that of interstitial waters to
avoid any osmotic and chemical effects. This water
(Table 3) was made similar to the average composition of
fracture waters collected in the argillite at the tunnel level
(Beaucaire et al., submitted for publication). In the third
case, single fractures were firstly artificially saturated by
circulating this synthetic water for one day.

The pulse test data were analyzed using the method
developed by Bredehoeft and Papadopoulos (1980) and
the constant head injection test using a straight line
analysis (Jacob and Lohman, 1952) on a pressure vs log
time plot (see Bossart et al., 2002 for details). The
following relationship was used to compare the trans-
missivity estimates from hydraulic testing with the per-
meability estimates from pneumatic testing:

k ¼ Tl
hqg

Where k: permeability (m2); T: transmissivity esti-
mate from hydraulic testing (m2 s−1); μ: viscosity of
water (1.002×10−3 Pa s at 20 °C); h: test interval length



Fig. 5. Drill core mapping, gas permeability and degree of saturation as a function of distance for boreholes MD2 andMD4 drilled from the drift 2003.
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(usually h=0.105 m); ρ: density of water (1000 kg/m3);
g: gravity acceleration (9.81 m s−2).

4. Results

All data are shown for each section in Figs. 5–7 as a
function of the distance from the borehole head. Each
figure reports results obtained on the two boreholes of a
same section (A for drift 2003, B for drift 1996 and C for
the century-old tunnel). For each borehole, are given the
drill core mapping showing the extension of the EDZ,
the degree of saturation calculated from petrophysical
measurements of sample volumes and masses for
samples oven dried at 105 °C, permeability determined
from pneumatic test and permeability recalculated from
transmissivity values obtained from hydraulic tests. The



Fig. 6. Drill core mapping, gas permeability and degree of saturation as a function of distance for boreholes MD3 andMD5 drilled from the drift 1996.
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average petrophysical properties determined inside and
outside the EDZ areas are summarized in Table 4. Due
to the similar results obtained in the first borehole at 105
and 150 °C (Table 4), we decided to only oven-dry at
105 °C.

4.1. Section A (drift 2003)

The drill core mapping shows a destructured (DZ)
Excavation Disturbed Zone (EDZ) with an extension of
about 30 cm and 50 cm in MD2 (horizontal) and MD4
(inclined), respectively. Those damaged zones are
characterized by a High Density Fracturation (HDF)
combining unloading joints (UJ) (mimicking the gallery
shape) and desaturation cracks (DC), parallel to the
bedding. Borehole MD2 also shows the occurrence of
isolated unloading joints at distances of about 40 and
70 cm and of a water-bearing mechanical fracture (MF).
MF is a fracture assumed to be induced by the stress
redistribution during the gallery excavation. This fracture
has likely captured water from fractures of tectonic origin
as suggested by their chemical and isotopic compositions
close to those collected on water-bearing tectonic frac-
tures (Beaucaire et al., submitted for publication). In



Fig. 7. Drill core mapping, gas permeability and degree of saturation as a function of distance for boreholes MD6 and MD7 drilled from the century-
old tunnel.
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further support of this hypothesis, the very low matrix
permeability cannot explain the production of such
amount of water since the beginning of the gallery
excavation (about 1 year). One calcite-filledmicrofracture
of tectonic origin is also observed in MD4.

Table 4 shows that petrophysical parameters inside
the EDZ are systematically lower than the outside,
except for MD4 where the very first centimeters are
saturated. We assume that water used for the concrete
floor of the gallery has partially re-saturated the clayey
matrix before its hardening. Except for this area, both
boreholes show a desaturation trend in the damaged
zones with values increasing from 95% in MD4 and
98% in MD2 at the borehole mouth up to about 100%
close to the EDZ outer border with an error of ca 3%.
Outside the EDZ, the rock may be considered as fully
saturated. There are also two other artefacts. The first
one is artificial and refers to strong desaturation trends at
the core limits as a consequence of an overheating
during the in situ core break and removal. The second
type is natural and attributed to the presence or absence
of heavy minerals like pyrite (density of 5 g cm−3).
Degrees of saturation greater than one as shown in MD4
are attributed to the second type after SEM observations.

The permeability profiles obtained from pneumatic
tests showa progressive decrease of values fromvery high
(≥10−12 m2) in the EDZ to very low values (≤10−17 m2)
in the undisturbed zones. The extent of the partially-
saturated zone is greater for MD2 than for MD4 and is
explained by the presence of unloading joints up to about



Table 4
Average values of water content, total porosity, volumetric moisture content and degree of saturation determined inside and outside the EDZ areas at
105 °C

Borehole EDZ WCdry, % ntot, % h, % S, %

MD2 In 3.073±0.003 7.79±0.18 7.612±0.38 97.7±2.7
MD2 Out 4.085±0.003 9.92±0.18 9.93±0.37 100.1±1.8
MD2* In 3.173±0.003 8.12±0.18 7.85±0.38 96.3±3.7
MD2* Out 4.183±0.003 10.22±0.28 10.17±0.66 99.6±2.6
MD3 In 3.284±0.007 8.53±0.27 8.14±0.64 95.1±2.1
MD3 Out 3.562±0.005 8.87±0.18 8.77±0.65 98.9±2.5
MD4 In 3.891±0.021 9.95±0.28 9.51±0.64 95.2±2.7
MD4 Out 4.150±0.005 10.07±0.27 10.06±0.63 100.1±2.7
MD5 In 3.180±0.004 8.31±0.18 7.91±0.38 94.9±2.1
MD5 Out 3.456±0.004 8.67±0.18 8.53±0.37 98.6±2.1
MD6 In 3.670±0.003 9.29±0.27 9.04±0.64 96.9±2.8
MD6 Out 3.704±0.003 9.38±0.27 9.11±0.65 97.0±2.8
MD7 In 3.910±0.003 9.60±0.27 9.57±0.64 99.7±2.8
MD7 Out 3.783±0.004 9.26±0.27 9.29±0.64 100.3±2.9

*Data obtained at 150 °C.
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70 cm from the borehole border in MD2. Hydraulic tests
performed in the water-bearing fracture crossed in MD2
indicate a transmissivity of ca 8.9×10−9 m2 s−1.

4.2. Section B (drift 1996)

There is a bigger EDZ extension in MD3 (horizontal)
than in MD5 (inclined). This result is due by a bigger
extension of desaturation cracks reaching ca 45 cm and
30 cm in MD3 and MD5, respectively. On the contrary,
the EDZ unloading joints are limited to the very first
20 cm in MD3 with a high density fracturation and reach
up to 35 cm in MD5 with a low density fracturation.
Both boreholes also show the occurrence of tectonic
microfractures filled with calcite.

As in Section A, the mean values of petrophysical
parameters (Table 4) are systematically lower inside the
EDZ than outside. There is no clear desaturation trend in
MD3 but values as low as 94% are calculated up to about
80 cm. On the contrary, borehole MD5 shows a clear
desaturation profile limited to the EDZ extent. In both
boreholes border artefacts are observed as in Section A.
The permeability profile obtained from pneumatic tests
performed inMD3 shows a progressive decrease of values
from ≥10−11 m2 in the very first 60 cm down to
≤10−17 m2 at about 2 m, i.e. far away from the EDZ
extension. The presence of tectonic fractures filled with-
calcite could explain this behavior. Permeabilities obtained
in MD5 are much more lower (10−16 m2bkb10−15 m)
than for MD3. This behavior is quite similar to that
observed in the inclined borehole MD4 from Section A. A
hydraulic test was performed in the saturated area at a
distance of 2.3 m from the borehole head, giving a
transmissivity of 1.1×10−12 m2 s−1, for an equivalent
permeability of 10−18 m2, i.e. at least two orders of
magnitude greater than it should be in the undisturbed
zone.

4.3. Section C (century-old tunnel)

The drill core mapping shows an EDZ of about 1 m
in both MD6 (horizontal) and MD7 (inclined). High
density fracturation of unloading joints concerns the
whole EDZ in MD6 and only the first 50 cm in MD7.
The EDZ unloading joints observed in MD7 also show
the occurrence of gypsum spots.

Table 4 shows that the MD6 petrophysical para-
meters are systematically lower inside the EDZ than
outside. MD7 shows the inverse situation but uncertain-
ties calculated for this borehole are so important that
the real behavior may be overwhelmed by measurement
errors.

The permeability profiles obtained from pneumatic
tests performed in MD6 and MD7 show very high
permeabilities in the High Density Fracturation zones
with values ranging between 10−13 and 10−12 m2. An
attempt of artificial saturation of this zone has allowed
the conduction of a hydraulic test giving a transmissivity
value of about 10−6 m2 s−1. This value gave an estimate
of equivalent permeability of about 10−11 m2, i.e. very
close to those estimated from pneumatic tests, like those
performed under similar conditions at the Mont Terri
underground rock laboratory (Bossart et al., 2002).
Permeabilities calculated outside of these areas are
likely less than the detection limit of pneumatic tests
(5×10−17 m2).
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5. Discussion

5.1. EDZ and desaturation extensions

The study of the fracture network from the drill core
mapping shows that the extension of the EDZ at the
Tournemire URL is a combination of unloading joints
and of desaturation cracks. This extension is bigger
around the tunnel (ca 1 m in both boreholes MD6 and
MD7) than around drift 1996 (up to 45 cm from the
horizontal MD3 and 30 cm from the inclined MD5)
which in turn shows a bigger extension than around drift
2003 (around 30 cm in the horizontal borehole MD2 and
up to 40 cm in the inclined MD4). Desaturation cracks
are not visible around the tunnel contrary to the drifts.
The masonery made of limestone blocks (70–80 cm
thick) and covering the tunnel wall since the end of the
excavation is likely protecting the rock from the natural
ventilation of the tunnel and could therefore explain the
lack of desaturation cracks around the tunnel. The
uncovered drifts show the occurrence of desaturation
cracks with a bigger extension in horizontal boreholes
(MD3 and MD2) than in the inclined one (MD4 and
MD5) as a consequence of cracks developed along the
subhorizontal bedding planes. The extension of unload-
ing joints decreases with the age of the structure (tunnel,
drifts) and is generally bigger in inclined boreholes
compared to the horizontal ones. Therefore, a time-
dependency on the EDZ unloading joints’ extension is
suggested (Rejeb and Cabrera, 2006).

The permeability profiles determined from pneumat-
ic and hydraulic tests perfectly fit the EDZ extension.
Permeabilities are highest (between 10− 11 and
10− 12 m2) in the High Density Fracturation and
Destructured Zones of the EDZ. They decrease
progressively in the Low Density fracturation area to
reach values below the detection limit of 5×10−17 m2 in
the undisturbed zone of the EDZ.

There is also a strong correlation between the
desaturated area determined from petrophysical deter-
minations with the extension of the EDZ deduced from
the coupled study of core mapping and permeability
measurements. With the exception of borehole MD7, all
petrophysical parameters determined inside the EDZ are
systematically lower than the outside. The degree of
saturation reflects the evolution of the water content and
total porosity which are clearly linked to the extent of
the EDZ. Therefore, the lower porosities and water
content determined in the EDZ are likely a consequence
of unloading and capillary coupled forces. The analysis
of the curves that relate specific-volume and water
content (%) relative to imposed suctions indicates that
for an equivalent capillary pressure deduced from the
mean annual tunnel hygrometry (74%), we are still in an
area where any loss of water is accompanied by an
equivalent reduction of volume as suggested in Altinier
(2006).

5.2. Modelling of saturation profiles and hydraulic
heads around the tunnel

The main objective of this preliminary modelling is
to assess the capability of Richards desaturation model
to reproduce both desaturation and pressure head data
measured around the tunnel. In the Richards model (de
Marsily, 1986; Genty et al., 2002), both water submitted
to gravity and suction forces are taken into account. The
Richards equation is solved with a finite difference
formulation implemented in VS2DTI 3.0 code (Lappala
et al., 1983; Hsieh et al., 1999). The fracturation
observed in the EDZ is not considered here. Model input
data are porosity ntot, suction curves giving the
relationship between saturation Sw and suction ψ
expressed as a function of the pressure head h,
permeability K expressed as a product of the saturated
permeability Ks and the relative permeability curve Kr

function of the pressure head. The expressions of Se(h)
and Kr(h) given below, were formulated following the
van Genuchten model (van Genuchten, 1980), as
follows:

Se ¼ 1

1þ jahjb
� �1�1

b

kr ¼ 1� jahjðb�1Þ 1þ jahjb
� �ð1b�1Þ� �2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jahjb

� �ð1b�1Þ
r

Where α and β are the parameters of the van
Genuchten model and Se, the effective saturation
expressed in terms of volumetric moisture content θ
and residual moisture content θr.

Se ¼ h� hr
ntot � hr

Lab and in situ hydraulic tests have allowed an
estimate of a mean value for hydraulic conductivity of
about 10−14 m s−1 (Boisson et al., 2001; Bertrand et al.,
2002). Parameters for the van Genuchten suction curve
were deduced from lab data obtained by Daupley (1997):
α=1.510−4 m−1, β=2.5 and (r=0.0056. The mean



Fig. 8. Comparison of modeled degrees of saturation with measured ones (A) in borehole MD6 and (B) in borehole MD7.
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value of total porosity measured in this study was equal
to 9% (Table 4).

As the purpose of the calculations is to quantify the
impact of the tunnel on the saturation degree and the
hydraulic heads, the size of the simulated zone must also
include domains outside the tunnel's influence. Thus, the
2D mesh consists of a 60 m×120 m rectangle in which a
half tunnel is equidistant to the top, bottom and right side
of the domain. The hydraulic boundary conditions were
of the form: (i) hydrostatic conditions imposed by the
two surrounding aquifers were applied at the upper and
lower limits; (ii) a constant suction (−3300 m) was
imposed at the tunnel wall. The capillary pressure value
was derived from the temperature and relative humidity
variations (Ramambasoa, 2001; Valès et al., 2004)
measured in the tunnel using the Kelvin equation; (iii)
a no-flow-boundary was applied at the others limits.
The initial time for simulation is the year 1888, corre-
sponding to the end of the tunnel excavation.
Fig. 8(A)–(B) compares the degrees of saturation
simulated along boreholes MD6 and MD7 to values
calculated from petrophysical data. Modelling results are
roughly consistent to experimental data except in the EDZ
where they are slightly lower. This discrepancy suggests
that our single porosity model is likely smoothing the
heterogeneities induced by the occurrence of fractures.
The comparison between the simulated and the measured
hydraulic heads is given in Fig. 9(A)–(B). The modelling
of hydraulic heads in the vertical direction is in the domain
of those measured in PH1 and PH3, but it is difficult to
conclude on the consistency of this result with the
measured data, because of the lack of in situ measure-
ments at intermediate level. In the horizontal direction, the
discrepancy between the simulated and the in situ values,
especially in the deepest level, suggests that the influence
of the tunnel would be greater than that derived from
modelling. The presence of a high density fracturing
made of unloading joints resulting from the mechanical
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response of the rock to the present field of constraints and/
or to the re-use of weakness plane of an ancient tectonic
event could explain the occurrence of a capillary fringe
around the tunnel. This fracturing is assumed to have
increased the penetration depth of the suction effect and
explains that the measured hydraulic heads are less than
the simulated one. The extension of this depression may
reach several tens of meters around the tunnel and makes
part of the Excavation hydraulic disturbed Zone (EdZ).
More complex modelling involving hydromechanical
coupled modelling codes have been performed for
predicting the EDZ extension under saturated and
unsaturated conditions. Results indicate that the high
deviatoric stress can cause failure and development of
radial fractures around the tunnel rather than the “onion
skin” orthoradial fractures observed in the true situation
(after Rejeb et al., 2006). The comparison of modelling
performed in the framework of this paper to the hydro-
mechanical coupled one will help to verify the role played
by desaturation cracks on the hydraulic head profiles.
Fig. 9. Comparison of modeled hydraulic with measured ones (A) in horiz
hydraulic head values were represented in the figure for clarity reasons and
6. Conclusions

The purpose of this study was twofold. Firstly, to
explore the relationships between rock desaturation
subsequent to the excavation of a century-old tunnel
and modern drifts (1996 and 2003) and the EDZ
extension. Secondly, to assess the impact of this
desaturation on the hydraulic head profile measured
around the tunnel and the drifts. One section was selected
per structure (drift 2003, drift 1996 and century-old
tunnel). We drilled two new boreholes for each section:
one parallel to the bedding and the other one inclined
downward at 45° at the gallery wall and ground
intersection. For each borehole, we performed on-site
drill core mapping, petrophysical measurements and
finally, pneumatic and hydraulic tests by means of a
Modular Mini-Packer System (MMPS).

Results indicate that the EDZ around drifts is
mainly a combination of unloading joints, mimicking
the drift shape, and of desaturation cracks, parallel to the
ontal direction and (B) in vertical direction. Only positive simulated
all negative ones were fixed at zero.
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bedding. The EDZ extension around the tunnel is twice
to three times that of drifts 1996 and 2003 and
essentially composed of unloading joints resulting
from the mechanical response of the rock to the present
field of constraints or to the resumption of an ancient
tectonic damage. The masonery covering the tunnel
walls is assumed to have protected the rock from the
seasonal variations of the air humidity, thus limiting
(without excluding) the formation of desaturation
cracks. The EDZ extension deduced from core mapping
is also in agreement with that deduced from pneumatic
tests with permeabilities several orders of magnitude
greater than in the undisturbed zone. Degrees of
saturation deduced from petrophysical measurements
for the three sections range between 0.9 and 1 in the
EDZ area and reached saturation in the undamaged
zone. Hydraulic heads are measured since 2002 by
permanent pressure probes installed in the unfractured
rock around the tunnel and by piezometers installed in
the surrounding aquifers. The head profile indicates the
occurrence of sub-atmospheric water pressures with an
extension of ca 40 m around the tunnel. We have
searched to quantify the impact of the tunnel since its
excavation on the degrees of saturation and the
hydraulic heads. The simulation was performed with
the VS2DTI 3.0 code by using the Richards desaturation
model and considering, as a first approach, the absence
of fracturing in the EDZ area. A constant suction of
−3300 m, deduced from the mean annual values of
relative humidity and temperature measured in the
tunnel atmosphere since 2002, was applied at the tunnel
wall. The degrees of saturation simulated around the
tunnel are underestimated in the EDZ area and
consistent to experimental data in the unfractured
zone. The modelling of hydraulic heads is overestimated
in the horizontal direction and is in the domain of
experimental values in the vertical direction, but the lack
of intermediate data does not allow us to conclude on
this consistency. The occurrence of an unloading joints
fracture network resulting from the mechanical response
of the rock to the present field of constraints or to the re-
use of weakness zones of an ancient tectonic event is
assumed to have created very high capillary pressures in
the EDZ and could therefore explain discrepancies
between the observed and simulated hydraulic heads.

This study has demonstrated the role played by
fracturing on the distribution of petrophysical para-
meters and of heads around drifts and the century-old
tunnel. It has also demonstrated the necessity of
coupling mechanic and hydraulic calculations by
considering capillary forces. Such calculations will be
performed in the next step.
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