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[1] Air permeability is measured in the fractured crystalline rocks of the Roselend Natural
Laboratory (France). Single-hole pneumatic injection tests as well as differential barometric
pressure monitoring are conducted on scales ranging from 1 to 50 m, in both shallow and
deep boreholes, as well as in an isolated 60 m3 chamber at 55 m depth. The field
experiments are interpreted using numerical simulations in equivalent homogeneous porous
media with their real 3-D geometry in order to estimate pneumatic parameters. For
pneumatic injection tests, steady-state data first allow to estimate air permeability. Then,
pressure recovery after a pneumatic injection test allows to estimate the air-filled porosity.
Comparison between the various studied cases clarifies the influence of the boundary
conditions on the accuracy of the often used 1-D estimate of air permeability. It also shows
that permeabilities correlate slightly with fracture density. In the chamber, a 1 order-of-
magnitude difference is found between the air permeabilities obtained from pneumatic
injection tests and from differential barometric pressure monitoring. This discrepancy is
interpreted as a scale effect resulting from the approximation of the heterogeneous fractured
rock by a homogeneous numerical model. The difference between the rock volumes
investigated by pneumatic injection tests and by differential barometric pressure monitoring
may also play a role. No clear dependence of air permeability on saturation has been found
so far.

Citation: Guillon, S., M. T. Vu, E. Pili, and P. M. Adler (2013), Field and numerical determinations of pneumatic flow parameters of
unsaturated fractured porous rocks on various scales, Water Resour. Res., 49, 2801–2811, doi:10.1002/wrcr.20263.

1. Introduction

[2] Gas flow and transport in unsaturated fractured rocks
is of high practical and theoretical interest [Berkowitz,
2002]. Unsaturated fractured geological media are ubiqui-
tous and are of great importance in a number of contexts :
underground waste storage [Illman and Hughson, 2005],
CO2 sequestration [Oldenburg et al., 2010], compressed-air
energy storage [Kim et al., 2012], remediation of contami-
nated sites [Switzer and Kosson, 2007], or detection of
underground nuclear explosions in the framework of the
Comprehensive Nuclear-Test-Ban Treaty [Sun and Carri-
gan, 2012]. On the theoretical side, several conceptual and
mathematical models exist to represent flow and transport
in fractured porous media or fractured networks [Long et
al., 1982; Bogdanov et al., 2003].

[3] This work is part of a research project aiming at the
understanding of gas flow and transport in unsaturated frac-
tured rocks [Pili et al., 2008b] through experiments con-
ducted at the Roselend Natural Laboratory. This underground

research laboratory is well documented thanks to many
experiments that have been conducted over the years, such as
fracture analyses, tracer experiments as well as long-term
monitoring of water and air compositions [Pili et al., 2004;
Richon et al., 2005; Patriarche et al., 2007; Pili et al.,
2008a]. While water permeability has already been deter-
mined at the field scale [Patriarche et al., 2007; Pili et al.,
2008a], we address here air flow in unsaturated rocks, and
the determination of two key pneumatic parameters, air per-
meability and air-filled porosity. At the Roselend Natural
Laboratory, this knowledge will be of particular importance
for forthcoming gas tracer experiments.

[4] Different experimental and numerical approaches
exist and have been used to estimate air permeability and
air-filled porosity in fractured rocks. Pneumatic injection
tests were often conducted in boreholes to estimate air per-
meability on scales ranging from 1 to 20 m [LeCain, 1997;
Bossart et al., 2002; Illman, 2004]. For single as well as
cross-holes tests, the methods that are used to estimate per-
meability are the following: steady-state analyses [Kearl et
al., 1990; Baehr and Hult, 1991; Jakubick and Franz,
1993; Guzman et al., 1996; LeCain, 1997; Bossart et al.,
2002; Illman and Neuman, 2003], type curve analyses [Ill-
man and Neuman, 2000, 2001; Illman, 2005], 3-D numeri-
cal inversions with homogeneous or heterogeneous models
[Vesselinov et al., 2001a; Vesselinov and Neuman, 2001;
Zhou et al., 2003; Ni and Yeh, 2008], and asymptotic anal-
yses [Illman and Tartakovsky, 2005]. Here pneumatic
injection tests are conducted in single holes in three set-
tings, having different locations, sizes and geometries.
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Analyses of steady state as well as pressure recovery are
performed using 3-D numerical simulations in an equiva-
lent homogeneous porous medium, in order to estimate
both the air permeability and the air-filled porosity. The use
of an equivalent porous model gives first estimates of the
flow parameters, that can be used for future simulations of
gas flow and transport, and that could be refined when nec-
essary using dual continuum or discrete fracture models
[Bogdanov et al., 2003].

[5] Differential barometric pressure monitoring is also
used to estimate air permeability in boreholes [Ahlers et
al., 1999; Neeper, 2002; Unger et al., 2004]. Here, this
second method is applied in only one setting, and 3-D nu-
merical simulations in an equivalent porous medium are
again used to estimate the pneumatic parameters. This sec-
ond method can only estimate the ratio of air permeability
to air-filled porosity, but this is very valuable as it is easily
performed and can reveal temporal variations of this ratio.

[6] Here we propose an integrated study of pneumatic
parameters determinations in the field. The values of the
two parameters are determined and compared on various
scales, and the use of 3-D versus 1-D numerical models to
estimate the permeability is discussed. The results obtained
with two experimental methods are compared.

[7] This paper is organized as follows. The experimental
site and the three locations that are investigated are pre-
sented in section 2. Section 3 details the two experimental
methods used for field permeability determination. Section
4 is a brief summary of the conceptual model, the equations
solved by the code and the numerical inversion of the ex-
perimental data. Section 5 presents the experimental and
numerical results for the three types of locations. Finally,
section 6 discusses the use of a simplified analytical for-
mula, the relationships between permeability and other
rocks parameters.

2. The Roselend Natural Laboratory

[8] The site is located in the South-East of France, 25
km south-west from Mont Blanc. It belongs to the External
Crystalline Massifs of the Western Alps. The Roselend
Natural Laboratory is composed of a dead-end horizontal
tunnel at an elevation of 1576 m, located below an aban-
doned quarry. The tunnel is 128 m long and ca. 2.4 m in di-
ameter. It is hosted in fractured gneisses and micaschists
and capped with the same rocks with an increasing thick-
ness from 7 m at the entrance to 55 m at its closed end (Fig-
ure 1a). The tunnel is located nearby and above the
Roselend lake. Head measurements in two piezometers
located between the tunnel and the lake indicate that the
water table level is approximately 20 m below the tunnel.

[9] At the end of the tunnel, a chamber whose length and
volume are 20 m and 60 m3, respectively, is isolated by a
concrete bulkhead, equipped with a door and connecting
plates (Figures 1a and 1d). It is referred to as chamber C.
Since Wassermann et al. [2011] estimated the thickness of
the Excavation Damaged Zone (EDZ) to be approximately
1 m in the tunnel, the bulkhead is anchored by more than 1
m all around the tunnel section (ceiling, walls and floor).
The bulkhead is air-tight by design; the door and connecting
plates were independently air-proofed in the laboratory at
1600 mbar absolute pressure. A gas tracer experiment was

conducted in chamber C and no direct leakage was observed
on the bulkhead, which confirms that it is air-tight.

[10] Five 2 m long horizontal boreholes, drilled in the
last 50 m of the tunnel wall (Figure 1b) are used in this
study. They are designated by Perm 4 to Perm 8. Ten 10 m
deep vertical boreholes, designated by SC1 to SC10, were
also drilled at the topographic surface (Figure 1c). They are
located 55 m above chamber C. The characteristic dimen-
sions of these three types of tested intervals are summar-
ized in Table 1.

[11] The fracture density in Perm and SC boreholes is
obtained by counting the number of fracture traces using a
borehole televiewer and visual examination of the cores.
They are summarized in Tables 2 and 3. The fracture den-
sity in chamber C is 0.3 m�1 and was obtained by Patri-
arche et al. [2007] from the interpretation of fracture traces
on the tunnel wall.

3. Experimental Methods

3.1. Pneumatic Injection Tests

[12] Pneumatic testing was already used successfully in
sedimentary and crystalline rocks, for the characterization
of the EDZ around underground excavations [Bossart et
al., 2002; Jakubick and Franz, 1993; Wassermann et al.,
2011], as well as for other purposes [LeCain, 1997; Cook
et al., 2003; Wang et al., 1999; Kim et al., 2012]. The
method is based on the measurement and interpretation of
the pneumatic response to air injection into (or air extrac-
tion out of) the volume of a rock mass. The experimental
setup of a pneumatic injection test is described as follows.
Using an air compressor (Metabo, Power 150) and a ther-
mal mass flow regulator (Brooks Instruments, SLA 5850),
air is injected at a constant rate into the borehole, which is
isolated from the atmosphere by an inflatable packer. Pres-
sure in the packed-off volume is monitored with a time step
of 5 s using a pressure transducer (Keller, PAA23RY), and
a data logger (Fluke, Hydra 2635A). Because of air injec-
tion, pressure increases in the borehole. After 5 min to
20 h, pressure reaches a plateau. Then, air injection is
stopped and the subsequent pressure decrease is monitored,
typically during 2–20 h. When possible, this pneumatic
injection test is conducted with at least two air injection
rates. This method is used in the horizontal boreholes Perm
in the tunnel wall and in the vertical boreholes SC at the
topographic surface.

[13] A similar method is used in chamber C, with the air-
tight bulkhead playing the role of the packer. Air is injected
at constant pressure into the chamber with a blower
(ElmoRiechle, G-BH1) equipped with a relief valve
adjusted to around 200 mbar overpressure. In this case, the
air injection flow rate is not controlled; it is very high dur-
ing the first minutes and the target pressure is rapidly
reached. Then, a small and constant portion of the air flow
is injected into chamber C, while the rest simply flows
through the check valve back into the tunnel. A volume-
meter (Gallus, 6/20 SD) monitors the air injection flow rate
into chamber C, and a barometric pressure sensor (GE
Sensing, RPT 410) monitors pressure in chamber C, using
a data logger (Campbell Scientific, CR 1000) and a 15 min
time step. The constant overpressure is maintained during
1–60 h. When the blower is turned off, the pressure
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decrease is monitored. In chamber C, such pneumatic injec-
tion tests are repeated several times during 1 year, during
both dry and wet periods.

3.2. Differential Barometric Pressure Monitoring

[14] Pressure monitoring in boreholes was already used
to characterize permeability in the unsaturated zone [Ahlers
et al., 1999; Neeper, 2002; Unger et al., 2004; Cook et al.,
2003]. This method is applied here to chamber C. Pressure
was monitored during more than 3 months in both the
chamber and the atmosphere, by two pressure sensors (GE

Sensing, RPT 410) logged on the same data logger (Camp-
bell Scientific, CR 1000) with a 15 min time step.

4. Numerical Methods

4.1. Conceptual Model

[15] Here, we consider single phase air flow through a
homogeneous porous medium with an equivalent air

Figure 1. The experimental site. (a) Cross section of the Roselend Natural Laboratory with the loca-
tions and names of the boreholes and the chamber used in this study; inset : the air-tight bulkhead and
door viewed from the chamber. (b) Horizontal boreholes Perm in the tunnel wall. (c) Vertical boreholes
SC at the surface. (d) Chamber C at the end of the tunnel.

Table 1. Characteristic Dimensions of the Three Types of Tested
Intervals

Packer
Depth, d (m)

Packer
Length, W (m)

Test Interval
Length, L (m)

Radius,
R (cm)

Borehole perm 0 1 1.5 4
Borehole SC 3 1 6 5
Chamber Ca 108 1 20 120

a‘‘packer’’ designates the air-tight bulkhead, and d corresponds to the
distance between this bulkhead and the tunnel entrance.

Table 2. Permeability and Porosity Estimated From Pneumatic
Injection Tests in the Tunnel Boreholes Perm

Borehole
Name

Flow
Rate, Mb

(L min�1)
Overpressure,

�P (mbar)
Permeability,

k (m2)
Porosity,
" (%)

Fracture
Density,
(m�1)

Perm 4 0.1 1450 6�10�17 0
Perm 5 0.2 200 1�10�15 2.7 1.9
Perm 6 0.2 58 6�10�15 2.5 0.8
Perm 6 0.8 156 8�10�15 3.2 0.8
Perm 7 0.2 71 4�10�15 3.3 2.6
Perm 7 0.4 104 5�10�15 2.6
Perm 8 0.2 504 6�10�16 2.2 0.4
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permeability k (m2) which takes into account the presence
of fractures. An important approximation is made by calcu-
lating the pressure field and the flow rates using a Darcy
equation and replacing the fracture network by a homoge-
neous porous medium, but such an approximation was jus-
tified by Long et al. [1982] for large samples, large fracture
density and random fracture orientation. Such an approach
would be precise when the size of the investigated domain
is much larger than the size of the fractures. In this respect,
Patriarche et al. [2007] showed that the fractures along the
Roselend tunnel belong to two families; the first one con-
sists of small fractures with an average diameter of 2.9 m
and a random orientation, while the second one consists of
large subvertical fractures with an average diameter of
15 m. Here, the three types of experiments can be character-
ized by the following dimensions: the characteristic lengths
of the boreholes Perm, SC, and chamber C are 1.5, 6, and
20 m, respectively (Table 1). Therefore, the continuum
approximation is expected to be rough for boreholes Perm,
acceptable for boreholes SC and good for chamber C.

[16] A detailed study of the pressure in fracture networks
is possible and has already been conducted for different
applications by Mourzenko et al. [2011]. However, such a
study relies on a realistic model of the fracture network for
each borehole, taking into account the observed fracture
densities (Tables 2 and 3). Such detailed models would
most probably lead to permeability estimations with large
variations as was observed by Bogdanov et al. [2003].
Even for the worst case of boreholes Perm, the permeability
estimations obtained in this study are in a narrow range,
when the borehole Perm 4, which does not cross any frac-
ture, is omitted. Last, the generation of fracture networks
requires a larger number of assumptions than the one of a
continuous model where the only unknowns are permeabil-
ity and porosity. Thus, it was preferable to start with a sim-
ple homogeneous model to provide a first estimation of the
permeabilities and porosities in all cases.

4.2. Governing Equations

[17] Air is assumed to be isothermal and slightly com-
pressible. The air density � (kg�m�3) is related to the pres-
sure P (Pa) by

� ¼ �0

P

P0
; ð1Þ

where �0 is the air density at the reference pressure P0.
Note that the average atmospheric pressure P0 is equal to
850 hPa for the studied site because of its elevation.

[18] Water is considered as motionless. Water saturation
Sw is only taken into account by a reduction of the air-filled
porosity " and/or air permeability k. The Darcy velocity v
(m�s�1) is given by Darcy’s law

v ¼ � k

�
rP; ð2Þ

where � (Pa�s) is the air viscosity. The mass flow rate of
air qm kg �m �2 � s�1

� �
is expressed as

qm ¼ �v: ð3Þ

[19] Mass conservation implies

@�"

@t
þr � �vð Þ ¼ 0: ð4Þ

[20] Introduction of equations (1) and (2) into (4) yields

@P

@t
� k

�"
r � PrPð Þ ¼ 0: ð5Þ

[21] The diffusivity D m2 � s�1ð Þ is defined as

D ¼ kP0

�"
: ð6Þ

[22] Equation (5) can be made dimensionless by intro-
ducing a characteristic length scale L and a pressure scale
P0. Values for L in each case are listed in Table 1. Thus, a
system of dimensionless variables which are indicated by
primes is defined

x0 ¼ x

L
P0 ¼ P

P0
t0 ¼ t

T
T ¼ L2

D
: ð7Þ

[23] The characteristic time T corresponds to diffusion
since equation (5) is a diffusion equation. For simplicity,
primes are omitted and equation (5) becomes, in dimen-
sionless units,

@P

@t
�r � PrPð Þ ¼ 0; ð8Þ

or,

@P

@t
¼ Pr2PþrP � rP; ð9Þ

or,

@P

@t
¼ 1

2
r2P2: ð10Þ

[24] A no flux boundary condition is assumed at z ¼ zb

corresponding to the water table, 20 m below the tunnel.

Table 3. Permeability Estimated From Pneumatic Injection Tests
in the Surface Boreholes SC

Borehole
name

Flow
Rate, Mb

(L min�1)
Overpressure,

�P (mbar)
Permeability,

k (m2)
Porosity,
" (%)

Fracture
Density,
(m�1)

SC1 1 536 7�10�16 1.5 1.0
SC1 0.2 317 5�10�16 1.8 1.0
SC2 0.2 28 1�10�15 0.2 1.6
SC3 0.2 18 1�10�16 0.5 1.0
SC4 0.2 150 8�10�16 3.0 1.1
SC6 5 25 8�10�14 1.0
SC7 5 75 2�10�14 1.3 1.4
SC7 2 30 3�10�14 1.4 1.4
SC9 5 21 1�10�13 1.6 2.2
SC9 2 9 1�10�13 1.4 2.2
SC10 2 176 5�10�15 1.6 2.1
SC10 0.5 85 4�10�15 2.5 2.1
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The same condition applies on the vertical boundaries,
sufficiently far from the boreholes or the chamber. The
air-tight bulkhead or the packers are considered as imper-
meable, and a no-flux condition is applied on their surface
Sp. These boundary conditions are summarized as

n � rP ¼ 0 for z ¼ zb and x 2 Sp; ð11Þ

where n is the unit normal to the boundaries.
[25] Equation (10) is solved by the finite difference

method [Peyret and Taylor, 1985]. The grid spacing � is
equal to 0.02 m for simulations of boreholes Perm and SC;
� is equal to 0.4 m for the larger scale simulations of
chamber C.

[26] All the bounding surfaces (ground, water table,
borehole, and tunnel walls) are defined by means of the
Level Set Method. In this method, the real surface is
defined by a distance function based on the usual fixed Car-
tesian grid. The interface is represented by a polygonal
smooth surface at the zero level of this distance function.
With this method, tilted surfaces are represented more
accurately than with a standard discretization. Moreover,
since the boundary conditions are written on the surface
itself, the numerical codes are more precise for the same
discretization than the standard codes [Sethian and Smer-
eka, 2003].

[27] The iteration method is explicit in time with a time
step �t. A stability analysis can be easily performed in the
one-dimensional case [Hirt, 1968] and it implies

�t

�2
� 2=5: ð12Þ

[28] This approximation gives an order of magnitude for
�t in the computations, namely less than 0.01 s for bore-
holes Perm and SC, and less than 1 s for chamber C.

4.3. Interpretation of the Pneumatic Injection Tests

[29] A test consists of three parts. The first period is the
rapid transient pressure buildup in response to air injection,
and is discarded here as it mainly involves borehole storage
effects and would not be easily modeled. In the second
part, both pressure and injection flow rate are constant in
time. In the third one, injection is stopped and pressure
decreases.

[30] First, consider steady-state conditions. When air is
injected into a borehole, an equilibrium state is reached af-
ter a variable period of time, and the pressure in the bore-
hole and the injection flow rate are constant. Equation (10)
is simplified as

r2P2 ¼ 0: ð13Þ

[31] The boundary conditions are, for all times,

P x; tð Þ ¼ P0 for x 2 Ss; P x; tð Þ ¼ P0 þ�P for
x 2 borehole or chamber C;

ð14Þ

where �P is the steady-state overpressure in the borehole
or chamber C, and Ss is the topographic surface and tunnel
wall where barometric conditions apply (Figure 1). In this

situation, the mass flow rate Mb through the packed-off
borehole surface Sb should be equal to the mass flow rate of
air Ms through the surface Ss

Ms ¼ Mb at t ¼ 1: ð15Þ

[32] In equation (13), the pressure field is independent of
permeability, and can be calculated for a fixed pressure in
the borehole. The mass flow rate Mb injected through the
borehole surface is measured during the experiment. The
permeability k can be deduced from

k ¼ MbZZ
Sb

� �
�rP � ds

: ð16Þ

[33] Second, consider unsteady conditions. Equation
(10) is solved as explained above in order to calculate the
pressure decrease after the end of the injection. The initial
condition in the injection zone (borehole or chamber C) is

P x; t ¼ 0ð Þ ¼ P0 þ�P for x 2 borehole or chamber C; ð17Þ

and the boundary condition on the surface Ss is, for all
times,

P x; tð Þ ¼ P0 for x 2 Ss: ð18Þ

[34] In this case, the diffusivity is needed, which is pro-
portional to the ratio of permeability and porosity. The air
permeability is estimated from the steady-state experiment
as explained previously (equation (16)). The air-filled po-
rosity is obtained by fitting the calculated and experimental
pressure evolutions. The chosen value of porosity is the
one that minimizes the sum of the square differences
between the numerical and experimental data.

4.4. Interpretation of Differential
Barometric Pressure Monitoring

[35] The atmospheric pressure is measured as a function
of time at the Roselend site and is used in equation (8) as
the surface boundary condition

P x; tð Þ ¼ Patm tð Þ for x 2 Ss: ð19Þ

[36] The corresponding evolution of the pressure in
chamber C is calculated. The diffusivity D is chosen in
order to fit this calculated pressure in chamber C and the
experimental data.

5. Results

5.1. Tunnel Boreholes Perm

[37] Pneumatic injection tests have been conducted in
the horizontal boreholes Perm. The air injection rates range
from 0.2 to 0.8 L min�1. In all the settings and experiments
presented here, overpressures are smaller than 500 mbar,
and they should not induce any deformation of the medium
or fracture opening. A typical pressure evolution during a
pneumatic injection test in a tunnel borehole Perm is pre-
sented in Figure 2a. In the borehole Perm 6, an air injection

GUILLON ET AL.: FLOW PARAMETERS OF UNSATURATED FRACTURED ROCKS

2805



flow rate of 0.8 L min�1 leads to an overpressure of
156 mbar. Pressure increases and reaches steady state after
10 min. At the end of the air injection, pressure decreases to
the atmospheric value in less than 1 h. As explained in sec-
tion 4, the air permeability k is deduced from the steady-state
data (equation (16)). k is further used to interpret the tran-
sient pressure decrease and deduce the porosity.

[38] Figure 3a shows the pressure field and the air
streamlines around a tunnel borehole, Perm 6, at steady
state. The pressure field is elongated along the borehole
axis z, and pressure decreases rapidly with the distance x
from the borehole. Air flows perpendicular to the borehole
axis, but streamlines are bent towards the tunnel wall which
is the only atmospheric pressure boundary. As noticed in
section 4.1, the smooth pressure field calculated with an
equivalent porous model can locally differ from the real
pressure field, but the average fracture density is large
enough for this approximation to be done.

[39] The computed permeabilities range from 6�10�17

to 8�10�15 m2, and porosities from 2.2 to 3.3% (Table 2).
The 2 orders of magnitude between the permeabilities of
boreholes located only 1 m apart reveal the spatial hetero-
geneity. Since the minimum distance between two bore-
holes is 1 m and Figure 3a shows that the pressure
perturbation is negligible at this distance, interactions
between adjacent boreholes are not considered here.

[40] A small increase in permeability with the injection
flow rate or overpressure is observed (Table 2). This was
also observed by Illman [2005], who explained it by the ex-
istence of some water flow. At high overpressures, water is
displaced by air which increases the local air-filled porosity
and air permeability.

5.2. Surface Boreholes SC

[41] In the surface boreholes SC, the air injection rates
range from 0.2 to 5 L min�1 (Table 3). Figure 2b shows the
pressure monitored in the vertical surface borehole SC7
during air injection at 5 L min�1. As for tunnel boreholes
Perm, the pressure increases and reaches a maximum after
about 10 min. Pressure decreases from its steady state value
to the atmospheric value in less than 1 h.

[42] The computed permeabilities in boreholes SC range
from 1�10�16 to 1�10�13 m2, and the porosities from 0.2
to 3.0% (Table 3). Permeabilities vary by 3 orders of mag-
nitude over a distance of 20 m. Spatial heterogeneity is
strong in the subsurface, as well as for the tunnel boreholes
Perm at 55 m depth.

[43] The pressure field and the streamlines around a sur-
face borehole SC are shown in Figure 3b. Results are very
similar to those in the tunnel boreholes Perm with a rapid
pressure attenuation with distance x and flow toward the
surface which is the atmospheric pressure boundary.

Figure 2. Pressure variations (black solid line) and air injection flow rate (dotted line) measured during
and after air injections into the three types of tested intervals. The pressure decrease after the end of the
injection is reproduced by numerical simulation (red), using the steady-state permeability. (a) Tunnel
borehole Perm 6. (b) Surface borehole SC 7. (c) Chamber C (data from 21 September 2011). The experi-
mental parameters and the computed permeabilities are given in Tables 1–4. The sum of the square dif-
ferences between simulated and measured pressure divided by the number of data points is 8.0 for
borehole Perm 6, 3.6 for borehole SC 7 and 28 for chamber C.
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5.3. Chamber C

[44] Figure 2c shows the pressure monitored in chamber
C during a pneumatic injection test. As explained in section
3, a constant pressure is imposed during the pneumatic
injection tests in chamber C, whereas a constant flow rate is
imposed in boreholes Perm and SC. Thus, the pressure evo-
lution in Figure 2c is different from those in Figures 2a and
2b. A flow rate of 24 L min�1 is needed to maintain an
overpressure of 200 mbar in chamber C. Steady state is

reached after a few minutes, even if a small pressure
decrease is observed for long injection times (0.2% in 40 h
in Figure 2c). After the end of the injection, the pressure
decreases during more than 24 h to reach the atmospheric
value. The computed permeabilities and porosities for all
the successive experiments are in a narrow range (Table
4): the mean and standard deviation for all the tests in
chamber C are 6.4 6 1.5�10�15 m2 and 4.6 6 0.07%.

[45] Figure 3c shows the steady-state pressure field and
the corresponding streamlines around the chamber during a
pneumatic injection test with an overpressure of 200 mbar.
Pressure decreases rapidly in a few meters around the
chamber. Around 10 m above the tunnel, an imaginary sur-
face can be drawn, that separates an upper zone connected
to the topographic surface and a lower zone connected to
the tunnel. Only 15% of the air flow is bypassed around the
air-tight bulkhead through the tunnel, while 85% of the
flow occurs through the topographic surface. This propor-
tion is related to the geometry of the topographic surface
and tunnel wall, which are at atmospheric pressure. Such a
proportion is not observed in the boreholes SC and in the
boreholes Perm, where the surface which is at atmospheric
pressure is perpendicular to the injection zone.

[46] Figure 4 shows the pressure fluctuations measured
in both the chamber C and the atmosphere. Relatively to
the atmospheric pressure, pressure fluctuations in the cham-
ber C are attenuated by a factor between 0.4 and 0.8, with a
lag of 24 h. As only the diffusivity can be determined by
this method (see section 4), a value is needed for the poros-
ity in order to estimate the permeability. The estimations of
the porosity of the rocks at the Roselend Natural Labora-
tory range from 0.3 to 5% [Richon et al., 2005; Pili et al.,

Figure 3. 2-D vertical cross sections of 3-D air pressure field and streamlines at steady state during
pneumatic injection tests. (a) Tunnel borehole Perm 6. (b) Surface borehole SC 7. (c) Chamber C (same
data as in Figure 2).

Figure 4. Pressure fluctuations measured from January to
March 2012, in chamber C (black line) and in the atmos-
phere (grey line); numerical simulation of pressure in
chamber C (red solid and dotted lines) for two values of the
permeability k. The vertical shaded zone separates two suc-
cessive periods, which are discussed in section 6.3.
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2008a]. In consistence with these estimations and accord-
ing to the results obtained from pneumatic injection tests in
chamber C, the air-filled porosity is supposed to be 5%. A
good agreement between the pressure calculated in the
chamber and the data are obtained for a permeability of
1.5�10�13 m2, at least in the first part of the graph from 21
January 2012 until 4 February 2012. From 4 February until
4 March 2012, Figure 4 shows that a better fit is obtained
with a permeability of 1.0�10�13 m2.

[47] Tables 4 and 5 summarize the results for all the
pneumatic injection tests and for the differential barometric
pressure monitoring periods, respectively.

6. Discussion

6.1. Analytical Interpretation and Numerical
Simulations of Pneumatic Injection Tests

[48] In the approximation of a radial flow around the air
injection interval, air permeability is given by [Bossart et
al., 2002; Jakubick and Franz, 1993]

k ¼ �Z

�L

T

Tstd
qss

Pstd

P2
ss � P2

0

ln
Re

R

� �
; ð20Þ

where qss is the air flow rate at steady-state conditions
(m3�s�1), Pss the pressure in borehole under steady-state
conditions (Pa), Pstd the pressure under standard conditions
(1013.25 hPa), P0 the average atmospheric pressure
(850 hPa), T the temperature in the borehole or chamber
C (283 K), Tstd the temperature under standard conditions
(298.15 K), Z the gas deviation factor (0.982), � the air
viscosity 1:8110�5 Pa � sÞ

�
, L the length of the injection

interval (m), R the borehole radius (m), and Re the radius of
influence (m). In equation (20), Re is the distance from the
injection interval to the point at which there is no signifi-
cant pressure increase due to the pneumatic injection.

[49] In this approach, only steady-state data are used,
and the porosity cannot be estimated. The radius of influ-
ence is often approximated by the length of the injection
interval L [Freifeld, 2001; Illman, 2004]. Here the pressure
field around the injection volume is calculated by 3-D sim-
ulations, which provides an insight into the approximation
of the radius of influence. According to these simulations,
the pressure decreases logarithmically with the radial dis-
tance to the injection volume for all three locations. At a
distance equal to the injection interval L, the pressure
increase is less than 5%, indicating that this approximation
of the radius of influence is acceptable for all cases. For

chamber C, the assumption of radial symmetry is violated,
but it appears that the approximation of the radius of influ-
ence remains acceptable. Indeed, as the radius of influence
only appears as a natural logarithm, it has little influence
on the permeability, and the above approximation still
applies in most cases.

[50] Permeability was determined with formula (20) for
all the pneumatic injection tests, using the parameters in
Table 1, and the above approximation for the radius of
influence. Results are presented in Figure 5. The differen-
ces between the permeabilities estimated in the 1-D
approximation and those estimated from numerical simula-
tions in 3-D geometry range from �54 to 200%, with an
average absolute difference of 30%. Even though the sim-
plified analytical formula (20) gives permeabilities that are
at first order correct, numerical simulations with the real
3-D geometry allow to obtain values for both permeability
and porosity, with reduced uncertainty, whatever the geom-
etry of the injection interval and the boundary conditions.

6.2. Influence of Fracture Density on Permeability

[51] In surface boreholes SC as well as tunnel boreholes
Perm, permeability varies from one borehole to another,
with up to 3 orders of magnitude difference in permeabil-
ities estimated in nearby boreholes (Tables 2 and 3). The
borehole Perm 4 is characterized by an absence of fracture
trace and is associated with the lowest permeability value
of 10�17 m2. Thus, it probably corresponds to the matrix
permeability. For scales from 1 to 10 m, this spatial vari-
ability is related to the heterogeneity of the fracture net-
work. Figure 6, which gathers all observed data, shows a
weak positive correlation between the logarithm of the gas
permeability and the fracture density. Close to the surface,
permeability and fracture density are on average higher
than at depth.

6.3. Variability of the Permeability Measured in
Chamber C With Various Methods and Role of Water
Saturation

[52] In chamber C, air diffusivity obtained from differen-
tial barometric pressure monitoring is one order of magni-
tude higher than air diffusivity obtained from pneumatic
injection tests (Tables 4 and 5). This could result either
from an increase in air permeability, or a decrease in air-
filled porosity, or more probably from a combination of
both.

[53] A variation of water saturation cannot explain the
discrepancy between the permeability values obtained from
the two methods, as the expected behavior is opposite.
Indeed, the sometimes observed increase in permeability
with the overpressure (Tables 2 and 3) suggests that water
can be displaced by the injected air during pneumatic injec-
tion tests. By contrast, during differential barometric

Table 5. Permeability Estimated From Differential Barometric
Pressure Monitoring in Chamber C, with 5% Porosity

Date Permeability, k (m2)

2 Jul to 18 Jul 2011 1.5�10�13

6 Aug to 11 Sep 2011 1.5�10�13

21 Jan to 4 Feb 2012 1.5�10�13

4 Feb to 4 Mar 2012 1.0�10�13

Table 4. Permeability and Porosity Estimated From Pneumatic
Injection Tests in Chamber C

Date
Flow Rate,

Mb (L min�1)
Overpressure,

�P (mbar)
Permeability,

k (m2)
Porosity,
" (%)

14 Sep 2011 23 210 8�10�15 4.7
20 Sep 2011 24 213 8�10�15 4.6
17 Oct 2011 18 221 8�10�15 4.7
14 Jan 2012 18 216 6�10�15 4.5
24 Mar 2012 15 202 5�10�15 4.6
30 Mar 2012 15 212 5�10�15 4.6
6 Apr 2012 15 212 5�10�15 4.6
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pressure monitoring, the medium is only submitted to small
natural pressure variations, and water saturation is expected
to remain constant. If such variations of water saturation
were to exist, the air permeability obtained from pneumatic
injection tests should be the higher value, and this is not
observed here.

[54] The discrepancy between the air permeability values
obtained with two different methods from one single tested
interval can be interpreted as a scale effect due to the dif-
ference of the sizes of the rock volume actually investi-
gated [Hinds et al., 2003]. Pneumatic injection tests in
chamber C would give a permeability that is representative
of the volume of rock surrounding the chamber, the size of
which is related to the length of the chamber. The perme-
ability estimated from differential barometric pressure
monitoring integrates a larger rock volume up to the sur-
face. For crystalline rocks [Brace, 1984; Clauser, 1992] as
well as for other rock types [Neuman, 1994; Vesselinov et
al., 2001b; Hyun et al., 2002; Illman, 2004, 2006], it has
been shown that permeability increases with scale. The per-
meability estimated from differential barometric pressure
monitoring is thus expected to be higher than the perme-
ability estimated from pneumatic injection test in the same
tested interval. Vesselinov et al. [2001b] proposed that this
scale effect is an artifact, caused by the use of a homogene-
ous model as an approximation of a heterogeneous frac-
tured medium. This scale effect would be suppressed by
treating the modeled region as heterogeneous.

[55] The use of a single-phase flow model is another li-
mitation that could partly explain the apparent contradic-
tion between the two experimental methods. Numerical
simulations of two-phase flow would give insights into the
influence of pneumatic injection tests on saturation and
water movements. Such a relation between air permeability
and variations of water saturation could be observed with
differential barometric pressure monitoring. In Figure 4, a

small decrease in air permeability, from 1.5�10�13 to
1.0�10�13 m2, can be seen between 4 and 8 February
2012, assuming that the air-filled porosity remains constant.
Since differential barometric pressure monitoring reflects
the natural conditions of the medium, especially in terms of
water saturation, this decrease in air permeability would
reveal a small increase in the water saturation of the rock.
Available infiltration data and water drip rate measured at
the roof of chamber C are currently not precise enough to
identify such small changes in the medium. It is planned to
use electric resistivity monitoring as a complementary tool
for the monitoring of water saturation as in Daily et al.
[1992].

7. Conclusion

[56] A thorough determination of pneumatic parameters
in the field requires the acquisition and interpretation of
many experimental data. Especially when dealing with het-
erogeneous fracture networks in variably saturated media,
measurements must be repeated for various air flow rates,
various locations and various hydrological conditions.

[57] Here we propose an integrated study of gas-phase
flow parameters. Two experimental methods are used to
determine air permeability, that can easily be implemented
in the field, in a variety of settings and scales. In the Rose-
lend Natural Laboratory, air permeability is investigated in
deep and shallow boreholes, as well as in chamber C, by
both pneumatic injection tests and differential barometric
pressure monitoring.

[58] Experimental data are combined with numerical
simulations to obtain both air permeability and air-filled
porosity. Since each tested interval has its specific shape
and boundary conditions, it is recommended to interpret
the experimental data using 3-D numerical simulations.
The widely used 1-D radial approximation leads to air

Figure 5. Permeability determined from steady-state data
using equation (20) for a 1-D radial model versus perme-
ability determined from numerical simulations in the real
3-D geometry. Data are for pneumatic injection tests in tun-
nel boreholes Perm (squares), surface boreholes SC (trian-
gles), and chamber C (circles).

Figure 6. Permeability in the three cases as a function of
fracture density in the tested interval. Data are for pneu-
matic injection tests in tunnel boreholes Perm (squares),
surface boreholes SC (triangles) and chamber C (circles).
The solid line is the best fit y ¼ 9:54e0:824x with a correla-
tion coefficient R2¼ 0.14
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permeability values that differ on average of 30% from the
3-D simulations (from �54% toþ 200%).

[59] The permeability values obtained here at different
scales span four orders of magnitude, thus highlighting the
strong heterogeneity of fractured rocks. In the chamber, a 1
order-of-magnitude difference is found between the air per-
meability values obtained from pneumatic injection tests
and from differential barometric pressure monitoring. This
discrepancy is interpreted as a scale effect resulting from
the approximation of the heterogeneous fractured rock by a
homogeneous numerical model. The difference between
the rock volumes investigated by pneumatic injection tests
and by differential barometric pressure monitoring may
also play a role.

[60] The flow parameters obtained in this study will be
used to interpret tracing experiments conducted at the
Roselend Natural Laboratory with aqueous [Pili et al.,
2008a] or gaseous tracers. They will also serve to design
future tracing experiments at all scales.

[61] The isolated chamber C, one of the settings pre-
sented in this study, is a very useful tool which gives access
to parameters on large scales, intermediate between the
borehole and the regional scales. The experimental and nu-
merical methods presented here for chamber C are also of
interest in the design and validation of air- or water-tight
bulkhead, especially for underground waste repositories
[Martino et al., 2007].
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