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a b s t r a c t

An excavation damaged zone (EDZ) around emplacement boreholes for radioactive waste represents a

potential pathway for radionuclides due to its increased porosity and crack permeability. As clay is one

of the potential host rocks for radioactive waste disposal, Opalinus clay samples from the underground

rock laboratory at Mont Terri were investigated regarding their hydraulic properties – and related crack

occurrence – after excavation and during stress-dependent crack closure. After determination of their

hydraulic properties in untreated conditions, the samples were artificially cracked by tensile strength

tests. The cracked samples were put into a triaxial pressure cell and the permeability and effective

porosity were measured during stepwise increase and decrease of confining pressure. When the

pressure was increased, a continuous decrease of permeability was found, which was similar for all test

samples, and a mathematical expression was identified. When the pressure was decreased, no increase

of permeability was observed until the samples were completely depressurized, leading to the

assumption that during pressurization some kind of sealing process took place resulting in a permanent

crack closure. In addition to the dependence on pressure, a time-dependent permeability reduction and

thus crack closure at constant pressure was found, indicating a creep compaction behaviour of the clay.

By knowing the initial permeability immediately after excavation of an emplacement borehole, the

permeability reduction due to time-dependent stress variation can be calculated for use in long-term

safety analyses.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The hydro-mechanical behaviour of clay as a host rock for a
repository for radioactive waste has been investigated. According
to previous conceptual design studies, the waste disposal in
vertical emplacement boreholes is the preferred disposal concept
[1,2]. One issue regarding borehole disposal is that due to the
drilling and the associated disturbance and damage in the area
surrounding the emplacement boreholes: the favourable proper-
ties of clay formations could change and the rock could lose part
of its barrier function. Stress redistribution will lead to the
creation of a so-called excavation damaged zone (EDZ) depending
on the initial stress field, the material properties, the existence of
natural fracture zones or local inhomogeneities of the rock mass
and the geometry of the boreholes. Immediately after excavation,
an EDZ consisting of cracks and fissures occurs around the
borehole. An EDZ represents a potential pathway for radio-
nuclides due to its increased porosity and crack permeability.
A key question to be answered within a safety analysis is how the

EDZ around an emplacement borehole evolves as a function of
time and stress, respectively, especially with regard to its
permeability. A major issue in this context is the considerable
amount of heat which, due to radioactive decay, dissipates into
the host rock inducing thermal stresses and possibly temperature
enhanced creep of the host rock. The latter may lead to a (self-)
sealing of the excavation-induced cracks and fissures [3,4]. In the
framework of the SELFRAC project sealing and healing mainly of
the plastic Boom clay and partly to Opalinus clay was investigated
resulting in a rather fast sealing (but not healing) of the Boom clay
was found and a much slower sealing of Opalinus clay [5]. Davy et
al. [6] investigated the permeability of macro-cracked argillite
and found that in case of water being the flowing liquid, a
swelling of clay particle led to an additional sealing of fractures.
Dedecker et al. proposed a calculation method for hydraulic
properties of cracked Callovo–Oxfordian clay using two coupled
finite difference computer codes [7].

An important task is to evaluate the thermo-mechanical
impact of a filled and thus heated emplacement field on
individual boreholes and their EDZ, especially on open emplace-
ment boreholes being prepared to take up new waste canisters
[8]. In this paper laboratory investigations are presented describ-
ing the permeability and effective porosity, i.e. the pore space
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relevant to fluid flow, of cracked Opalinus clay samples as a
function of confining pressure simulating the closing of EDZ
cracks by creep behaviour of a clay host rock.

2. Material and methods

The investigated Opalinus clay samples came from the Mont
Terri rock laboratory in Switzerland. The depth level is approxi-
mately 200 m below surface level. The samples were taken from
borehole BHE-D25 drilled in the side wall of a gallery called
MI-niche, at a borehole depth range 5–6 m. The horizontal bore-
hole cuts the natural bedding of the clay at an angle of ca. 451. The
obtained drill core samples were packed in suitable plastic tubes
directly after drilling. In order to protect them against mechanical
damage and extensive drying, the annulus between the tube and
the drill core was filled with epoxy resin (Fig. 1). Nevertheless, an
influence from drilling and stress relaxation cannot be excluded.
The investigations were carried out according to the following
steps: (i) preparation of samples from the different drill cores of
Opalinus clay, (ii) determination of the initial gas permeability
and effective porosity, (iii) artificial damage of the samples by
tensile strength tests, and (iv) determination of permeability and
effective porosity along drill core axis (451 to bedding) of the
cracked samples for different restraint conditions.

2.1. Artificial damage—methodology and application

In preparation for the permeability tests, cylindrical samples
with a diameter of 50 and 100 mm were drilled out of the

available cores. The orientation of the samples in relation to the
bedding of the clay is shown exemplarily for samples D25-3 and
D25-4 in Fig. 1. The 100 mm samples from the cores D25-1 and
D25-7 were taken with the same orientation as D25-3, which is
parallel to the core axis.

For the generation of cracks in the sample a test method called
indirect tensile stress test for rock samples—Brazilian test was
applied. The test was developed by the German Society for Earth
Work and Soil Engineering for the use in rock mechanics. Fig. 2
shows a sketch of the test configuration and the stress
distribution over a test sample. The tensile strength st [N] can
be determined by [9]

st ¼ 0:636 F=dL ð1Þ

where F is the force applied in [N], d the diameter and L the
length of the sample, both in [mm]. The test requires samples
with a diameter of Z50 mm and a length to diameter ratio
of approximately 1. During the tests, the samples were not
completely damaged but the load was continuously increased and
stopped immediately after cracking. Thus, the cylindrical shape
was kept for the subsequent permeability and porosity tests. This
kind of test was applied in order to artificially create cracks with
increased permeability in the samples (Figs. 3 and 4).

2.2. Determination of permeability and effective porosity

The determination of permeability is conventionally based on
the measurement of a steady state flow process under constant
test conditions. The steady state requirement leads to a high
experimental effort for the measurement of low flow rates and the
keeping of constant test conditions over long test durations,
especially for specimens of very low permeability. Therefore, a
test concept based on the monitoring of an impulse-induced
unsteady flow process was applied for the determination of the
permeability of the Opalinus clay [10]. This test configuration is
schematically shown in Fig. 5.

The sample is installed in a pressure cell completely covered
by a rubber seal. An inflow and outflow gas pressure chamber are
connected to the test cell, both having a known volume. The
inflow chamber is adjusted to a defined gas pressure and the
outflow chamber is adjusted to atmospheric pressure. Both
chambers are opened at the same time and the pressure
development in both chambers resulting from pressure compen-
sation through the sample are recorded. The knowledge of the

Fig. 1. Core samples of the Opalinus clay: (a) sample D25-4 before drilling

including orientation and (b) drilled core sample D25-3 with cracking along the

natural bedding.

Fig. 2. Sketch of the test configuration and the stress distribution over the

sample [6].
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exact volumes of the test equipment (inflow and outflow
chamber, sample, lines), the viscosity and compressibility of the
fluid, the compressibility of the test equipment and the time-
dependent pressure evolution measured in the input and output
chamber are essential for the determination of the permeability
and the effective porosity. Taking these data into consideration, a
numerical model of the flow process was generated for each
test to calculate the two time-dependent pressure curves. The
identification of permeability and effective porosity was per-
formed by fitting the measured and calculated pressure curves.
A fitting of measured data is shown in Fig. 6.

The test method allows the identification of the samples’
permeability for gases and liquids in the permeability range
between 1�10�12 and 1�10�24 m2, and of the effective porosity
down to 0.1%. The main features of the applied test method are
the short test duration for very low gas and liquid permeabilities
(hours to days) and the simultaneous determination of the
permeability and effective porosity.

The permeability investigations on the Opalinus clay samples
were done by applying a confining pressure (pc) from 0.25 to
5.0 MPa. Dry nitrogen was used with a gas injection pressure
varying from pt=pc�0.2 to pc�0.3 MPa. It has to be pointed out
that the test method describes a flow process through a partly

saturated porous medium. Due to these two-phase flow condi-
tions, the determined gas permeability represents the potential
flow process and thus should be taken as effective gas perme-
ability.

3. Results and discussion

3.1. Initial properties

Prior to cracking the samples several initial properties were
determined in order to get information on the untreated situation.
Besides permeability, the total and effective porosity as well as
the water content and water saturation of each sample was
determined. Table 1 gives an overview of sample properties.

The total porosity was determined by using the densities. All
initial values are shown in Fig. 7. The initial water content (wt%)

Fig. 3. Cracked sample.

Fig. 4. Crack of sample D25-1.1.

Fig. 5. Schematic diagram of the test configuration.

Fig. 6. Measured and calculated pressure curves for permeability and effective

porosity identification.
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of the samples was between 1.4% and 3.1%. In the framework of
earlier laboratory investigations on thermal parameters the initial
water content of similar samples from the same borehole was
measured between 2.3% and 4.1% [11]. This indicates that even
the samples were well coated, a slight drying could not be avoided
during storage. Together with the total porosity of 6.9–12.6 Vol%,
this equals a water saturation of 28–57 Vol%. The corresponding
gas permeability was in the range 3.2�10�20–1.9�10�16 m2.
Compared to others, the gas permeability of sample D25-1.1 is
very low (3.2�10�20 m2). It was assumed that this is mainly due
to the high water saturation (Fig. 7) impeding the gas flow.
The saturation of sample D25-4.2 is comparatively low, which is
due to a pre-existing damage of the sample. Due to this damage,
correct determination of initial permeability and effective
porosity was not possible.

3.2. Tensile strength

To generate artificial cracks for permeability measurements all
samples were exposed to a uniaxial pressure continuously
increasing from 0 MPa up to their individual tensile strength
limit and above. When comparing the results of the tensile
strength measurements (Fig. 8) a strong variation of the
maximum tensile strength is obvious for all the individual test
samples. For the Opalinus clay, tensile strength values between
1.09 and 2.49 MPa were obtained.

Possible reasons for these differences could be different pre-
existing damage of the samples due to the drilling process or a
slightly varying orientation of the application of force relative to
the bedding planes. The orientation of the samples was a difficult
task since the bedding was only hardly visible after core
preparation. Principally, the obtained values correspond very well
with the investigation of Mathier et al., who found values between

1.2 and 2.7 MPa [7,12]. After exceeding the tensile strength of a
sample, cracks were generated on a more or less distinct crack plane
acting as pre-dominant pathways for fluids (Fig. 9).

Table 1
Initial properties of samples.

Sample Length
(mm)

Diameter
(mm)

Direction of
measurement

Density
(wet)
(g cm�3)

Mass
(wet) (g)

Grain
density
(g cm�3)

Initial total
porosity (%)

Initial water
content
(wt. %)

Initial
saturation
(Vol%)

Tensile
strength
(MPa)

D25-1.1 27.6 38.6 Axial 2.343 75.69 2.60 12.6 3.1 57 1.09

D25-3.1 28.8 49.4 Axial 2.378 131.23 2.60 10.7 2.4 52 1.80

D25-3.2 27.2 49.4 Axial 2.356 122.74 2.60 11.5 2.4 48 2.49

D25-3.3 27.4 49.4 Axial 2.343 122.95 2.60 12.0 2.4 46 2.02

D25-4.1 51.5 49.4 Axial 2.454 242.25 2.60 6.9 1.4 50 2.13

D25-4.2 50.4 49.5 Axial 2.329 225.90 2.60 11.7 1.4 28 –

D25-7.1 100.0 92.5 Axial 2.372a 1672.26 2.60 10.6 2.0 44 1.30

a Determined by average of the dry density.

Fig. 7. Initial hydraulic properties of the test samples.

Fig. 8. Strength–strain diagram of the test samples.

Fig. 9. Examples of generated cracks.
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3.3. Permeability and porosity as a function of confining pressure

After crack generation, the samples were put into a triaxial
pressure cell and the permeability and effective porosity were
measured as a function of the stepwise increasing confining
pressure. The results of the permeability and effective porosity
measurements are shown in Figs. 10 and 11.

The characteristics of the permeability graphs were quite
similar for all samples. Although starting at a different level of
permeability, the permeability reduction for each sample due to
stepwise crack closing was about two orders of magnitude at
pressures between 0.25 and 3 MPa. A rapid decrease of perme-
ability can be observed up to a confining pressure of about
1.5 MPa followed by a slower decrease up to 3 and 5 MPa. One
could assume that the lower decrease is due to matrix compaction
rather than to crack closing, but looking at the initial values prior
to cracking (Fig. 7), it is obvious that the initial values are not
reached at 1.5 MPa except for sample D25-3.3. Thus, it seems as if
the crack is not completely closed and that due to a rough crack
surface there is still a small remaining space for the gas to go
through. The different starting levels of permeability are due to
the fact that the initial cracking of the samples could not be
controlled so that not all samples were damaged in the same way.
The samples had different pre-existing damages and tensile
strengths as explained in Section 3.2. For two of the samples,
the confining pressure was increased up to 5.5 MPa resulting in a
further continuous decrease of the permeability. The measured
decrease of permeabilities are in line with results obtained in [13].
The permeability values correspond well with those found in [14].
In this study, the EDZ of drifts in the underground rock laboratory
at Mont Terri was investigated and the mean EDZ permeability
was between 10�15 and 10�14 m2.

For a better comparison of the permeability development, the
measurements for each sample were normalized to their start
values at 0.25 MPa (Fig. 12). Generally, the permeability decrease
for all samples can be described by

k=kð0:25 MPaÞ ¼ a pb ð2Þ

with k=permeability [m2], p=confining pressure [MPa], and the
empirical parameters taking the values a=0.06 and b=�2.404.
From Fig. 12, a clear distinction between crack closure effects and
matrix compaction effects on permeability as discussed above
cannot be made.

To check the behaviour of the Opalinus clay not only under
increasing pressure but also under decreasing pressure condi-
tions, the permeabilities of the samples D25-1.1 and D25-7.1 were

measured at stepwise decreasing pressure from 5.3 down to 3.0
and 0.25 MPa, respectively (Fig. 13). As can be seen in Fig. 13, the
reduction of permeability seems to be an irreversible process.
Going down from 5.3 to 3 MPa no increase of permeability
was observed. It was not until the lowest confining pressure of

Fig. 10. Permeability versus confining pressure.

Fig. 11. Effective porosity versus confining pressure.

Fig. 12. Permeability reduction versus confining pressure.

Fig. 13. Permeability versus confining pressure on loading and de-loading path.
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0.25 MPa was reached that a slight increase in permeability was
measured. This led to the assumption that during pressurization
some kind of sealing process took place resulting in a permanent
crack closure.

Looking at the effective porosity values (Fig. 11) measured
during confining pressure increase, the view is a bit different. On
the one hand, a distinction can be made between the three
different sample types (D25-3.x, D25-4.x, and D25-x.1). For each
type, the level of effective porosity is a bit different ranging from
about 0.01 for the D25-x.1 samples to about 0.1 for the D25-3.x
ones (Fig. 11). A similar distinction cannot be made by looking at
the permeability plot only (Fig. 10). On the other hand, it can be
seen that for two samples the effective porosity unexpectedly
increased at the beginning of the measurements at low confining
pressure. This effect can be interpreted either as a result of an
expulsion of water, or as a result of a drying process, since several
times a technically dry gas flew through the sample over a longer
period of time. Due to the gas flow during the measurement water
got out of the sample resulting in a higher effective porosity. At
higher pressure steps this effect was not detected any more
leading to the assumption that crack closing increased preventing
the displacement of any remaining water.

3.4. Permeability and porosity as a function of time

at constant pressure

The permeability is not only dependent on confining pressure
but also on time. At some of the applied pressure levels the
permeability of a sample was measured after different periods of
time without changing the pressure. Generally, the permeability
decreased over time indicating some kind of ‘‘creep’’ behaviour
of the Opalinus clay resulting in a slight closure of cracks. To
visualize this time dependence, the permeability values obtained
for each sample at the different pressure levels were normalized
to the first value (Fig. 14). Except for sample D25-4.2, the values
obtained at a constant pressure show a decrease of permeability
over time. Within a time period of 100 h the permeability
reduction is about 30% and it can be assumed that the
permeability is reduced even further over longer time periods.
The different behaviour of D25-4.2 in this context was assumed to
be the result of drying and/or the expulsion of water already
explained in Section 3.3. The observed pre-existing fracturing of
this sample (see Section 3.1) led to a higher permeability before
the permeability was reduced by the compaction process. It can
be said that on the one hand the reduction of permeability
depends on the reduction of available pore space. On the other

hand, the permeability could be further reduced in case of some
‘‘creep’’ behaviour that changes the connectivity of the remaining
pore space.

4. Conclusions

The hydraulic properties permeability and effective porosity
under increasing and decreasing confining pressure were deter-
mined for fissured Opalinus clay samples taken from the Mont
Terri underground rock laboratory. As a result, the following
conclusions can be drawn:

(i) The initial water content of the samples prior to cracking was
between 1.4% and 3.1%. Together with the total porosity of
6.9 to 12.6Vol% this resulted in a water saturation between
28 and 57Vol%.

(ii) The undisturbed gas permeability was between 2.1�10�18

and 1.9�10�16 m2, except for sample D25-1.1. Its low gas
permeability (3.2�10�20 m2) was due to the higher water
saturation.

(iii) Tensile strength values between 1.09 and 2.49 MPa were
obtained. It was assumed that the reason for the differences
was due to different pre-existing damage of the samples
caused by the drilling process or due to a slightly varying
orientation of the application of force relative to the bedding
planes.

(iv) A continuous decrease of permeability was determined
during increase of confining pressure and a mathematical
expression was identified in terms of a potential function
that can be used in the framework of a long-term safety
analysis. The permeability reduction was roughly two orders
of magnitude up to a confining pressure of 3 MPa. In contrast
to this, a decrease of confining pressure did not result in an
increase of permeability indicating a sealing process of the
cracks during pressurization. It should be mentioned that
predictive calculation for permeability evolution should take
into consideration that the observed permeability reduction
is valid only for the investigated pressure range.

The obtained results of the laboratory investigations yielded an
increased understanding of the pressure and time-dependent
permeability behaviour of fissured Opalinus clay samples. Prior to
a transfer of these results to real EDZ behaviour a verification by
an in-situ test is necessary.
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