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S U M M A R Y
Measuring the permeability of tight rocks remains a challenging task. In addition to the
traditional sources of errors that affect more permeable formations (e.g. sample selection,
non-representative specimens, disturbance introduced during sample acquisition and prepara-
tion), tight rocks can be particularly prone to solid–fluid interactions and thus more sensitive
to the methods, procedures and techniques used to measure permeability. To address this
problem, it is desirable to collect, for a single material, measurements obtained by different
methods and pore-fluids. For that purpose a collaborative benchmarking exercise involving
24 laboratories was organized for measuring the permeability of a single low permeability
material, the Grimsel granodiorite, at a common effective confining pressure (5 MPa). The
objectives of the benchmark were: (i) to compare the results for a given method, (ii) to compare
the results between different methods, (iii) to analyze the accuracy of each method, (iv) to
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study the influence of experimental conditions (especially the nature of pore fluid), (v) to
discuss the relevance of indirect methods and models and finally (vi) to suggest good practice
for low permeability measurements. In total 39 measurements were collected that allowed
us to discuss the influence of (i) pore-fluid, (ii) measurement method, (iii) sample size and
(iv) pressure sensitivity. Discarding some outliers from the bulk data set (4 out of 39) an
average permeability of 1.11 × 10−18 m2 with a standard deviation of 0.57 × 10−18 m2 was
obtained. The most striking result was the large difference in permeability for gas measure-
ments compared to liquid measurements. Regardless of the method used, gas permeability
was higher than liquid permeability by a factor approximately 2 (kgas = 1.28 × 10−18 m2

compared to kliquid = 0.65 × 10−18 m2). Possible explanations are that (i) liquid permeability
was underestimated due to fluid-rock interactions (ii) gas permeability was overestimated due
to insufficient correction for gas slippage and/or (iii) gases and liquids do not probe exactly
the same porous networks. The analysis of Knudsen numbers shows that the gas permeability
measurements were performed in conditions for which the Klinkenberg correction is sufficient.
Smaller samples had a larger scatter of permeability values, suggesting that their volume were
below the Representative Elementary Volume. The pressure dependence of permeability was
studied by some of the participating teams in the range 1–30 MPa and could be fitted to an
exponential law k = ko.exp(–γ Peff) with γ = 0.093 MPa−1. Good practice rules for measuring
permeability in tight materials are also provided.

Key words: Permeability and porosity; Microstructure; Hydrogeophysics.

1 I N T RO D U C T I O N

Permeability is a property of a given porous medium which quanti-
fies its ability to allow fluid flow. Since the introduction of Darcy’s
phenomenological law (Darcy 1856), permeability characterization
usually involves pressure gradient and flow measurements of a sin-
gle fluid phase. In the field, such measurements may only provide
apparent permeability estimates for rock masses including pore,
crack and fracture networks which are usually saturated or partially
saturated with several fluids (Zinszner 2007). Estimates of the sin-
gle phase (or intrinsic, or absolute) permeability (hereafter simply
referred to as permeability) are typically made by laboratory test-
ing of core samples, following a saturation or a drying procedure
for, respectively, liquid or gas phase testing. In the case of liquids,
fluid saturation can be assessed from the evolution of poroelastic
parameters such as the isotropic Skempton coefficient (Makhnenko
& Labuz 2013) which is very sensitive to residual air, during a step
by step back fluid pressure increase to dissolve trapped air bub-
bles (Wild et al. 2015a). For tight rocks, the sample preparation
and saturation procedures can be particularly long and may disturb
the original pore network. For example saturation can change the
equilibrium between solid and fluid phases naturally present in clay
rocks (Pearson et al. 2011; Wild et al. 2015b). The drying procedure
can also have dramatic effects in the presence of clay minerals, caus-
ing desiccation cracks (Wild et al. 2015b). Many observations have
been made regarding perturbations and modifications of rock prop-
erties due to sampling processes and stress release effects during
coring (Schild et al. 2001; Blümling et al. 2007).

Measuring the permeability of tight formations, which can po-
tentially serve as seals for nuclear waste repositories and/or strata
for geological sequestration of CO2, for instance, poses a num-
ber of challenges. In addition to the traditional sources of errors
that affect more permeable formations (e.g. sample selection, non-
representative specimens, disturbance introduced during sample ac-
quisition and preparation), rocks that are particularly tight and prone
to solid–fluid interactions can be more sensitive to the methods, pro-
cedures and techniques used to acquire permeability data. In low

permeability rocks, classical steady-state flow measurements may
be very difficult to perform because of slow variations of the mea-
sured quantities (pore pressure, flow rate) and the long time needed
for flow stabilization. Due to the long duration of flow experiments,
variations in external conditions (typically ambient temperature)
may occur, compromising the accuracy of permeability estimates.
For this reason two other methods have been developed: the transient
pore pressure (or pulse) method and the pore pressure oscillation
method which is similar to a steady-state oscillatory method. The
pulse decay method pioneered by Brace et al. (1968) involves apply-
ing a pressure step increase in an upstream reservoir and measuring
the pressure variations with time in both upstream and downstream
reservoirs connected to the sample. As pressure diffusion occurs
through the rock sample, permeability can be estimated from decay
of the differential pore pressure which follows a decreasing expo-
nential law. Further knowledge on transient pulse tests was gained
from parametric analysis of pore pressure diffusion processes in
rocks by Hsieh et al. (1981) and Neuzil et al. (1981). The pulse
method has been widely and successfully used both in crystalline
and shaly rock samples during triaxial mechanical tests in the labo-
ratory (Bourbie & Walls 1982; Brace et al. 1968; Selvadurai et al.
2005; Carles et al. 2007). Other transient methods, like the draw-
down method or the pressure build-up method (Martin 1959) are
particularly well adapted to use in the field in boreholes (Jakubick &
Franz 1993; Bossart et al. 2002; Wassermann et al. 2011). Transient
methods can be applied step by step after re-equilibration periods
during loading tests, providing discrete measurements of perme-
ability. Continuous measurements have been developed in order to
investigate loading effects on low permeability rocks and are more
representative of the evolution of in situ conditions during reservoir
activities. Such methods are based on continuous oscillatory flow
and analysis of sinusoidal signals of pore pressure at both ends of a
sample through phase lag and amplitude ratio (Fischer 1992; Kranz
et al. 1990; Song & Renner 2007).

All the above methods assume Darcy flow and more or less steady
state conditions during the measurements. The measured quanti-
ties in the pulse decay and steady-state flow experiments are more
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sensitive to ambient temperature variations than the phase shift or
amplitude ratio continuously measured in the oscillatory method
(Kranz et al. 1990). The pulse decay method has the advantage of
being relatively easy to perform but requires appropriate selection of
the reservoir volume compared to the pore volume of the tested sam-
ple (Hsieh et al. 1981). Derivative techniques have been developed
to face such issues linked to the experimental apparatus (Trimmer
et al. 1980; Lin 1982). The oscillation technique also requires some
experimental adjustments concerning mainly: (i) the frequency of
the forcing pore pressure signal—as pointed out by Song & Renner
(2007), the frequency dependence of hydraulic properties could be
a way to define scaling parameters of the pore structure and (ii)
the peak-amplitude of the forcing waveform which has to be small
enough to avoid local poroelastic and fluid compressibility effects.
Sometimes it is also a technical challenge to maintain a sinusoidal
forcing signal. In addition to permeability, the oscillatory method
allows estimation of other key parameters such as diffusivity and
specific storage capacity (Song & Renner 2007). Theoretically, per-
meability depends only on the pore structure of the material, and
should be independent of the nature of the pore fluid used for
the measurement (Muskat & Wyckoff 1937). However, differences
have been reported in the literature between water and gas perme-
ability measurements. Gas permeability estimations must take into
account the gas compressibility, and the measured permeability is
an apparent value that needs to be corrected for the so-called gas
slippage effect: the ‘liquid equivalent’ permeability can be obtained
by applying the Klinkenberg correction (Klinkenberg 1941) to gas
permeability measurements made at different mean pore pressures.
When the pore size is of the same order as the gas molecule mean
free path, additional corrections have to be done to account for
Knudsen diffusion (Ziarani & Aguilera 2012; Anez et al. 2014).
This effect is minimized when using high pore pressures (typically
larger than several MPa). Whatever the fluid used, permeability
measurements require also a sufficiently low flow rate to avoid iner-
tial effects, otherwise the Forchheimer correction has to be applied
(e.g. Rust & Cashman 2004).

In order to bring a know-how about accurate transport property
characterization in low permeability material, we proposed a bench-
marking exercise involving 24 laboratories around the world using
both direct (steady-state, transient, oscillatory) and indirect meth-
ods (pore and crack network imagery, modeling) to study fluid flow.
Such an extensive benchmarking effort in rock physics has not been
done before to our knowledge: the FEBEX benchmark study numer-
ically modeled the results of a fluid injection test in the Grimsel Test
Site (Alonso et al. 2005) and, within the framework of the SAFOD
project, an inter-laboratory benchmark of physical rock properties
measurements involving 20 research organizations was organized
several years ago. In the SAFOD effort, measured rock properties
were permeability, ultrasonic wave speed, electrical resistivity, fric-
tion and strength; however very few of the participating laboratories
provided results, so that the outcome of this benchmark was never
published (Lockner et al. 2009).

The selected material for the present benchmarking exercise came
from a single metre scale rock volume in a well-known underground
rock laboratory, the Grimsel Test Site (GTS) in Switzerland. The
GTS consists of several meter long galleries of 3.5 m diameter
excavated at 450 m depth in 1983 in granite and granodiorite of
the Central Aar massif in the Swiss Alps in order to perform in
situ experiments in the context of nuclear waste storage research in
Switzerland (Lieb 1989). Here the objectives and organization of
the benchmark will be presented, and then the permeability mea-
surements data set will be analyzed and discussed.

2 T H E KG 2B P RO J E C T

Following a workshop on �The challenge of studying low perme-
ability materials� that was held at Cergy-Pontoise University in
December 2014, a benchmark in which several laboratories would
estimate the permeability of a single material was proposed to the
attendees. The material to be selected for this benchmark had to ful-
fill different criteria such as availability, homogeneity and scientific
interest. Several options were examined until finally we selected the
Grimsel granodiorite (Switzerland). The benchmark was named the
‘KG2B’ project, which derived from ‘K for Grimsel Granodiorite
Benchmark’ where K stands for the symbol of permeability. Fresh
cores from the Swiss Grimsel test site, an underground research
laboratory in hard rock, were drilled during the coring campaign
of a scientific project funded through the Swiss Competence Cen-
ter of Energy Research—Supply of Electricity (SCCER-SoE), that
was aimed at performing a series of demonstration experiments
at various scales (up to 1 km) to support implementation of deep
geothermal energy in Switzerland. From published work on the
Grimsel Granodiorite (Ota et al. 2003), we expected a porosity of
about 0.7 per cent, and an order of magnitude in permeability of
10−19 to 10−18 m2.

2.1 The objectives and organization of the benchmarking
exercise

Multiple objectives were defined for the benchmark: (i) to compare
the results for a given method, (ii) to compare the results between
different methods, (iii) to analyze the accuracy of each method, (iv)
to study the influence of experimental conditions (especially the na-
ture of pore fluid), (v) to discuss the relevance of indirect methods
and models and finally (vi) to suggest good practice for low perme-
ability measurements. Guidelines were given to the participants, in
which they were requested to follow a number of mandatory instruc-
tions: (i) permeability should be measured along the same direction,
(ii) permeability should be measured at 5 MPa effective pressure
(a pressure high enough to prevent leakage, small enough to min-
imize crack closure) and (iii) rock samples should not experience
any effective pressure higher than 5 MPa before the permeability
measurement was done. Effective pressure was assumed to be the
difference between confining and pore pressure: indeed experimen-
tal evidence was found to support this statement (see section on
pressure dependence). No recommendations or requirements were
made concerning the pore fluid, confining and pore pressures, sam-
ple size and method to be used for estimating permeability. However
we requested that all of this information be reported on a results
spreadsheet (David et al. 2017). The benchmark was designed as a
‘blind-test’: other results were not shared with the participants until
after they had submitted their own results. The participants were
also encouraged, once the permeability at 5 MPa effective pressure
was obtained, to study the pressure dependence of permeability, in
particular by reproducing the in situ stress conditions (estimated
effective pressure 30 MPa). Any additional data reported was also
welcome, such as porosity values. This complementary data set is
discussed in the companion paper (part 2).

2.2 The participants

When the benchmark was announced, 30 laboratories from eight
different countries volunteered to participate. Three groups were
forced to withdraw participation for different reasons (experimental
setup not available, technical problems, work overload), one group
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was not able to provide the results in due time, and two others did not
respond to our further solicitations. Ultimately, we received results
from 24 laboratories that form the ‘KG2B Team’. The complete
list of participants who sent their results is given in alphabetic
order in Appendix A. A dedicated website https://labo.u-cergy.fr/
∼kggb/ was created, including in particular a web page where the
progress of the project could be followed on the so-called ‘KG2B-
wheel’ (David et al. 2017) which was updated as soon as results
were received from any of the participants. It took one year to
collect all the results. Participants were regularly sent updates on the
benchmark progress, to encourage those who had not yet sent their
results.

2.3 The selected material

Two cores of Grimsel granodiorite, each about 1 m long and 85 mm
in diameter, were provided by our Swiss colleagues in September
2015. These cores were retrieved at a distance of 4–6 m from the
tunnel were the borehole has been drilled; the sampling region was
expected to be sufficiently distant from the fracture network of the
excavation damage zone (EDZ) and the cores were therefore as-
sumed to be free of tunnel induced damage. It was decided to send
to the participants a different piece of the cores, rather than to ask
them to work on a single sample that would ‘travel’ from one lab to
the other. Indeed working on a single rock sample hinges on a num-
ber of problems: (i) all the labs are not using the same sample size
in their setup, (ii) successive permeability measurements induce a
complex history of loading and unloading that could generate ir-
reversible changes in the porous space (iii) multiple handling and
sending of the sample would increase the risk of damage or loss
and (iv) the time necessary to complete the benchmarking exer-
cise would be much longer. The cores were cut into small blocks
at lengths requested by each participant (2–10 cm). Foliations are
visible on the cores, at an angle of about 20–30◦ with respect to
the core axis. The foliation is related to compositional banding of
alternating dark biotite layers and quartz-rich layers (Schild et al.
2001). A thorough microstructural study is presented in the com-
panion paper: the minerals identified are quartz, feldspars (albite,
plagioclase), micas (muscovite, biotite) and apatite. Before blocks
were sent to the participants, a quality check was performed on each
block by the organizers at Cergy-Pontoise University. After drying
the samples at 60◦ C for 24 hr, their P-wave velocity was measured
at room conditions in three orthogonal directions, using ultrasonic
transducers connected to a Panametrics 5058PR pulser and a digital
oscilloscope. We observed that the P-wave velocity in the core axis
direction increased with the distance from the tunnel, and decreased
slightly with distance in the radial direction perpendicular to the fo-
liation (David et al. 2017). This trend may result from mineralogical
changes along the borehole or from the persistent influence of the
excavation damage effects. A significant P-wave velocity anisotropy
was found, due to the foliation inclination with respect to the core
axis. It was necessary to require that all participants make perme-
ability measurements in a common direction. This common direc-
tion was chosen for convenience as the core axis direction. Some lab-
oratories performed additional permeability measurements in other
directions, thus providing insight into the permeability anisotropy
in the Grimsel granodiorite (see the discussion in the companion pa-
per). The main result of this quality check was that reproducibility is
acceptable.

3 P E R M E A B I L I T Y M E A S U R E M E N T S AT
C O N S TA N T E F F E C T I V E S T R E S S

We will use the following convention for presenting the data set.
Each lab was assigned a number in increasing order based upon
the distance between their sample and the borehole mouth. Lab#01
worked on the sample closest to the borehole mouth (i.e. closest to
the tunnel wall), and Lab#24 on the farthest sample (i.e. the deepest
from the tunnel wall).

In the following analysis, the number of results is larger than the
number of laboratories in the KG2B team for several reasons: (i)
some laboratories tested several small samples subcored from the
original core, (ii) some laboratories made different kinds of mea-
surements on a single sample. Before permeability measurements
were made, the samples were systematically dried before being sat-
urated with the working fluid. Our benchmarking exercise specifi-
cally excludes two-phase flow and relative permeability estimation
which, although important, imply higher order of complexity.

3.1 General characteristics of the data set

In Table B1 of Appendix B we report the location of each sample
(distance from the tunnel), the size of the subcored samples on which
permeability was measured, the method applied and the fluid used
to conduct the measurements. In total we collected 45 permeability
values from measurements (39) and modeling (6). Most of the
results (56 per cent) come from direct measurements using gas as
the pore fluid (Fig. 1a), about 31 per cent of the results come from
direct measurements using liquids (mostly water) as the pore fluid,
and only six results (about 13 per cent) were collected from models
using microstructural data to predict the permeability. Here we will
only consider the experimental data set, while the modeling data set
will be presented in the companion paper. Fig. 1(b) summarizes the
techniques which were used.

Regardless of the nature of the pore fluid, the transient technique
was the most used (56 per cent) followed by the standard steady-
state method (36 per cent), a direct application of Darcy’s law. A
few laboratories used the pore pressure oscillation technique (8 per
cent). The distribution is, however, very different if one takes into
account the fluid used to measure the permeability. In experiments
with liquid as the working fluid, 78 per cent of the results were
obtained with the steady-state technique. In contrast, with gas as
the working fluid, only 12 per cent of the results were obtained
with the steady-state technique and 84 per cent of the results come
from the pulse transient technique. Various gases were used: mostly
nitrogen, but also argon, helium and air.

3.2 Statistical analysis of the raw data set

The complete data set is reported in Table B2 of Appendix B. Here
we present the statistical analysis for all measured permeability
values at 5 MPa effective pressure in the core axis direction only
(no anisotropy effect included), regardless of the method, pore fluid
or sample size (Fig. 2). For the complete data set, permeability
ranges between 0.05 and 8.35 10−18 m2, with an average value of
1.47 × 10−18 m2 and a high standard deviation of 1.55 × 10−18 m2.
We identified four outliers (three in the last bin, one in the first bin
in Fig. 2) with permeability higher or lower by a factor three than
the average permeability. It is, consequently, preferable to use the
median (1.18 × 10−18 m2) and interquartile range (1.07 × 10−18

m2) as estimators of the permeability statistics. If we remove the
four outliers, we find a range of permeability spanning one order of
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Figure 1. (a) Methods used in the benchmark and (b) techniques used for the experiments, global distribution (left) and distribution by working fluid type
(right).

Figure 2. Statistical distribution of the raw data set for all methods, fluids and sample size. Each label gives the central value of each bin (e.g. bin 0.2
corresponds to the range [0.1, 0.3]).

magnitude (between 0.20 and 2.6 × 10−18 m2) with a mean value
of 1.11 × 10−18 m2 close to the median (1.12 × 10−18 m2), and a
standard deviation significantly reduced (0.57 × 10−18 m2). These
values are in good agreement with the Grimsel granodiorite values
reported by Schild et al. (2001) —between 0.35 and 2.5 × 10−18 m2

at 5 MPa effective pressure, depending on the sample orientation
with respect to foliation.

3.3 Influence of the pore fluid

Considering only the measurements in the core axis direction (‘ax-
ial’ flow), the 39 permeability values at 5 MPa effective pres-
sure (Fig. 2) can be divided into two subsets based on the nature
of the pore fluid (gas or liquid) used to measure the permeabil-
ity. The statistical distribution of these two subsets exhibits two

overlapped distributions (Fig. 3) and defines possible new outliers
for the gas group: 2.6 × 10−18 m2 (extrapolated value and poorly
defined stresses) and 0.2 × 10−18 m2. The influence of these possible
gas outliers is low.

A first analysis shows that the statistical parameters of the gas
subset are about twice those of the liquid sub-set without outliers.
Whereas the lowest outlier value seems to reflect to a bad mea-
surement (according to the operator who did the measurement), the
higher ones probably owe to anomalous samples.

Permeability measurements using gas and liquid on a single sam-
ple were carried out by two labs with the following results: 1.3 and
0.94 × 10−18 m2 @5 MPa (Lab#09) and 0.034 & 0.028 × 10−18

m2 @27 MPa (Lab#23), respectively, giving a 1.3 ratio between
gas and liquid permeability values. In both cases, the gas pressure
was higher than 1.7 MPa and the Klinkenberg correction should be
small.
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Figure 3. Statistical distribution of measured permeability values as a function of the working fluid.

Each team described the protocol used to saturate the porous
space of the tested samples. There is no basis for associating low
permeability values with incomplete saturation or to low pore pres-
sures. Each lab which used a low gas pressure, attempted accurate
evaluation of the Klinkenberg slip factor b.

Some labs provided several values of permeability by using the
same sample with different gases, pore pressures and confinement
pressures at constant effective pressure. Some labs used several sub
samples from their initial piece of core. To remove the large weight
of repetitive measurements, a single value for each lab was obtained
by replacing multiple values by their average. The reduced data set
contains 20 permeability values. Removing two outliers in the gas
subset (light blue diamonds), the set of data was further reduced to
18 values: 11 for the gas subset and 7 for the liquid subset (Fig. 4).

The overlapping of gas and liquid sub-sets is now reduced and
this new representation of the data clearly confirms that measured
gas permeability values tend to be larger than liquid permeability
values by a factor of about two. This significant difference leads us
to separate both subsets in the following discussion.

3.4 Influence of the distance to the tunnel

The permeability as a function of distance to the tunnel (Fig. 5)
shows no clear trend. David et al. (2017) reported P-wave velocity
measurements at room temperature and unconfined conditions on
the original core samples: they observed that P-wave velocity in
the core axis direction increases with distance from the tunnel.
The P-wave velocity increases linearly from ∼4200 m s–1 at a
distance of 4.2 m to approximately 4600 m s–1 at 5.7 m, and then
jumps to a value close to 4800 m s–1 from 5.7 to 6 m. Between
4.2 and 5.7 m, the average gas permeability seems to be relatively
constant, whereas the average liquid permeability seems to increase
slightly. The observed trend in P-wave velocity may result from
changes in mineralogy or foliation orientation along the borehole.
This trend could also be linked to a varying Borehole Damage Zone
which induced different stress release patterns from the tunnel to
the deepest part of the borehole. Between 5.7 and 6 m, the average
gas permeability seems to decrease, which could be correlated with
the observed 200 m s–1 jump in P-wave velocity. Both observations
could reflect a preexisting crack density (Fortin et al. 2011), which
is lower for the samples located between 5.7 and 6 m. However,

only three samples are located in this interval, so that we cannot
draw any firm conclusion on the effect of sample location (distance
to tunnel) or porosity (see companion paper).

3.5 Influence of the sample size

No recommendations were made with respect to sample size for per-
meability estimation. Most of the laboratories chose to subcore the
provided material (Table B1) and prepared small samples (volume
approximately 20 cm3, length 2–5 cm) in order to reduce the time re-
quired for completing the permeability measurements (David et al.
2017). Two laboratories decided to work directly on the original
cores without subcoring, whereas one group used a special device
designed to work on tiny samples or chips (Lenormand et al. 2010).
Permeability measurements with gas (open symbols) or liquid (solid
symbols) are plotted in Fig. 6(a) as a function of sample length in the
direction of flow. As mentioned previously there is a wide range of
permeability values (about two orders of magnitude), and the scatter
appears larger for smaller samples, while little variation is found for
the few long samples that were studied. This size dependence can
be linked to the magnitude of the representative elementary volume
(REV), which may be large in the case of the Grimsel granodiorite
because the grain size can be up to 2 cm (Schild et al. 2001). In
Fig. 6(b) a density map obtained from micro-CT scanning reveals
the size of mineralogical heterogeneities. Although the density map
is not necessarily correlated with pore network heterogeneity, one
may expect an REV size larger than a few centimetres.

The sample length L has also a significant influence on the time
required to establish steady-state flow conditions. Assuming no gas
slippage effect, the duration of the transient scales as (μCfφ/k)L2

with φ the porosity, k the permeability, Cf the fluid compressibility
and μ the fluid viscosity. In addition there is a non-linear effect of
mean pore pressure that can be quantified using numerical simula-
tion. Taking k = 1.0 × 10−18 m2 and φ = 1 per cent for the Grimsel
granodiorite, the transient time at low fluid pressure (<1 MPa) is
about 15 s for a one centimeter long sample, but increases to about
30 min for a 10 cm long sample. At higher fluid pressure (approx-
imately 10 MPa) the transient time is shorter, about 2 min for a
10 cm long sample. As stability is generally obtained after a few
minutes, due to the relatively high permeability and low porosity,
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Figure 4. (a) Average permeability values at a 5 MPa effective pressure for each lab (data are ordered by lab number) and (b) statistical parameters for these
average values.

Figure 5. Measured axial permeability versus distance to the tunnel from
which the long cores were drilled.

the transient is not likely to be a source of error for the KG2B mea-
surements. However for a sample with a permeability in the range
of 10−21 m2, the stabilization time for a similar measurement at low
pressure on a 10 cm plug would be multiplied by 1000 (20 d).

3.6 Influence of the experimental method

Steady-state measurements with gas were systematically corrected
for the Klinkenberg effect. Not all transient measurements with gas
were corrected for the Klinkenberg effect when the pore pressure
was higher than 3 MPa. Several transient techniques were used to
extract permeability from the recorded pressure decay data, includ-
ing the standard transient pulse approximation (Brace et al. 1968),
a complex transient inversion scheme that additionally provides
specific storage (based on Kranz et al. 1990) and the more recent
step decay method that provides the intrinsic permeability, porosity
and Klinkenberg coefficient for gas measurements in tight rocks
(Lasseux et al. 2012). In Fig. 7 the data set is divided into three
groups according to the method used for measurements (SST for
steady-state, PLS for transient pulse, and OSC for pore pressure
oscillation). For each sub-group we also separate gas (open sym-
bols) and liquid (solid symbols) measurements. For each subgroup,
we estimated an average permeability value, omitting outliers. The
average value for the transient pulse method (1.27 × 10−18 m2)
is the highest, and that for the steady state method is the smallest
(0.78 × 10−18 m2). For the pore pressure oscillation method, there
are only three values available, so it is difficult to draw any statis-
tically meaningful conclusion. Notice however that there is a great
overlap between the division in terms of testing and the division in
terms of working fluid (SST mostly liquids and PLS mostly gases).

To address this problem, we analyzed results provided by four
teams who measured permeability on the same sample using differ-
ent methods but the same pore fluid, sometimes at different pressure
conditions (Lab#18). Fig. 8 is a cross-plot of permeability using one
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Figure 6. (a) Measured axial permeability values versus sample length in the flow direction. (b) 3-D reconstruction from micro-CT images obtained on a small
volume of Grimsel granodiorite (voxel size 5 μm).

Figure 7. Measured axial permeability for the different techniques used with error bars when known (data points are ordered by lab number in each group).
Open symbols correspond to measurements using gas. Dashed lines correspond to the average permeability value per method (without the outliers highlighted
by ellipses).

particular method versus permeability using another one. For this
limited set of measurements, the permeability values are such that
kSST < kOSC < kPLS which is the same order derived from statistical
analysis on the three subgroups (Fig. 7).

3.6.1 Example of Steady-state flow method for permeability
determination

[Contribution of Lab#19] Permeability was measured on a section
of whole core using the steady-state flow technique at a series of
effective pressures and pore pressure gradients. Normally, subcores
would be prepared from the original samples for testing. However,
since the starting material had relatively large grain size, we de-
cided that the best determination of average permeability would
be obtained if the entire sample were tested. In this case, the core

circumference, which was smooth and even, was used without mod-
ification and faces were ground flat and parallel using a diamond
wheel on a surface grinder. The resulting sample, shown in Fig. 9(a),
had physical dimensions of diameter = 8.3348 ± 0.0008 cm and
height = 3.3617 ± 0.0005 cm.

Stainless steel end caps with 1.5-mm-diameter centre holes and
groove patterns on faces were placed on either end of the sample.
Fine mesh stainless steel screen was placed between end caps and
the sample to provide uniform pore pressure on sample faces. Shrink
tubing covered the sample + end cap assembly which was then cast
in 2-part polyurethane (approximately 5 mm thickness) to isolate
the sample from the silicone oil confining fluid (Fig. 9b). A coiled
stainless return tubing provided pore fluid access to the bottom end
cap.

This assembly was placed in a pressure vessel and an initial con-
fining pressure, Pc = 2 MPa was applied. The pore pressure system
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Figure 8. Comparison of permeability values for the same sample under the
same pressure condition but using two different techniques. OSC, oscillating
pore pressure method; SST, steady-state flow method; PLS, transient pulse
method.

was evacuated and then pressurized to Pp = 1 MPa with deion-
ized water. Pc and Pp were then increased together to assure that
effective pressure (Peff = Pc – Pp) never exceeded 2 MPa. The low-
aspect-ratio cracks that provide flow paths in this crystalline rock
are sensitive to effective pressure and have memory of past pressure
history. Therefore, it is important that the target test pressure is not
exceeded during sample pressurization.

Evacuation of the combined sample + pore pressure system, prior
to saturation, is important in a low porosity sample to prevent air
bubbles that would alter the fluid flow paths being trapped in the
pore space. Conducting permeability tests at elevated pore pressure
further reduces the risk of spurious measurements by compressing
and dissolving remnant air bubbles that might remain trapped in
pore space. The sample assembly in the pressure vessel, as well as
the pore pressure pump and flow rate sensor were enclosed in a

temperature-controlled chamber that maintained 23.5 ± 0.1 ◦C. For
steady flow tests in low permeability samples, variations in ambient
temperature can become the primary source of uncertainty in deter-
mining permeability, since room temperature changes produce fluid
volume fluctuations that appear as transients in flow rate (Morrow
et al. 2014, Fig. A1)

Confining pressure, up-stream (PUP) and down-stream (PDOWN)
pore pressure were independently computer controlled. Reported
effective pressure is defined as Peff = Pc – Pp = Pc – PMEAN, where
PMEAN = (PUP + PDOWN)/2 is the mean pore pressure. Pressure drop
across the sample is just P = PUP – PDOWN. The pore pressure
generator on the up-stream side of the sample recorded the change
in pore volume (VP) needed to maintain constant pressure with a
precision of 10−5 cm3. This volume change was used to determine
the volumetric flow rate, Q = dVP/dt. Once the pressure drop across
the sample is established and a steady state flow condition is attained,
permeability k can be calculated from Darcy’s law

k =
�

μL

A

�
Q/�P, (1)

where A is the cross-sectional area of the sample. Dynamic viscosity
of water at 23.5 ◦C is 0.921 × 10−3 Pa.s and L A–1 for this sample is
0.06161 cm−1. As an example, a flow measurement at Pc = 30 MPa,
Peff = 5 MPa and P = 0.946 MPa resulted in k = 1.068 × 10−18

m2.
This reported permeability is of limited use without estimat-

ing errors. We next consider different methods for determining
confidence intervals for the permeability measurements. The first
method is to take multiple measurements of k and compute a mean
value and standard error. We performed a series of 10 flow tests
at Peff = 5.0 MPa and at varying pore pressure gradients that pro-
duced both forward and reverse flow (Fig. 10). If we assume that the
individual determinations of k are random samples from the same
distribution, and the ‘true’ permeability is represented by the mean
of the distribution, then uncertainty can be expressed as standard
error of the measurements. In this case, permeability, based on ten
measurements, is k = (1.04 ± 0.01) × 10−18 m2.

An equivalent method is to compute a least squares fit to the data
in Fig. 10 to provide the ratio Q/P. The result, including a calculation
of the formal error is ∂q/∂P = 0.00185 ± 0.00001 cm3/MPa, and
applying eq. (1) leads to a similar estimate of permeability.

Figure 9. (a) Whole core KG2B test sample with stainless steel end caps and stainless screen that assures uniform pore water access to sample faces. (b)
Sample assembly, including coiled return pore fluid line, is jacketed and ready to place in the pressure vessel.
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