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In the French repository concept large quantities of gas will be generated through corrosion and
degradation of repository infrastructure and waste packages. Understanding the impact and fate of this gas
phase is of significant importance within performance assessment and for the accurate long-term prediction
of repository evolution.

This paper describes the initial results from an ongoing experimental study to measure the two-phase flow
behaviour of the Callovo-Oxfordian argillite from the Bure underground research laboratory (URL) in
France, using the custom-designed BGS permeameter (Harrington et al 2008). The work, primarily
sponsored by the French radioactive waste management company Agence Nationale pour la Gestion des
Déchets Radioactifs (Andra) is performed under the auspices of the “Transfert de Gaz” initiative and is
supported by the British Geological Survey. The primary objectives of the study are to measure: (i) the
hydraulic conductivity and intrinsic (absolute) permeability; (ii) the (threshold) capillary displacement
pressure; (iii) the effective gas permeability and relative permeability to gas for a range of conditions; and
(iv) the post-test gas saturation.

During testing, the specimen, a cylinder of 54mm thickness, cut perpendicular to bedding, is subject to an
isotropic confining stress, with fluids injected through the base of the specimen. A novel feature of the
apparatus is the use of porous annular guard-ring filters around the inflow and outflow filters. The
pressures in these two ’guard-rings’ can be independently monitored to provide data on the distribution of
pressure and anisotropy of the sample.

Initial measurements, performed on a specimen orientation perpendicular to the bedding plane, have been
divided into three components: resaturation and consolidation; hydraulic properties (measured using a
synthetic interstitial fluid); gas behaviour (using helium, a safe substitute for hydrogen, as the test
permeant).

During the initial period of equilibration (confining and backpressure were both held constant at 9.5 MPa
and 4.5 MPa respectively), resaturation (and minor swelling) of the sample were noted. Net volume change
due to resaturation closely agreed with pre-test geotechnical measurements of water saturation, suggesting
the bulk of the gas phase was resident in non-dilatant pores and that the specimen was fully saturated at
the onset of testing.

A two step consolidation test was then performed with confining pressure raised to 11 MPa for 5 days and
then to 12.5 MPa for a further 8 days. Values for drained bulk modulus based on the total volume of fluid
expelled at the end of each step were found to range from 1574 MPa to 2262 MPa, reflecting the indurated
nature of the material. Commensurate values for Young’s modulus were found to range from 1870 MPa
to 2629 MPa.

Finite element coupled deformation and porewater flow modelling of the data was undertaken for
both consolidation stages. This yielded an axial permeability of 4.0x10-21 m2, a radial permeability of
1.0 × 10-19 m2 (based on the anisotropy observed during the hydraulic tests) and a Young’s modulus of
1370 MPa for the first stage. As confining stress increased, axial and radial permeability decreased slightly
to 2.8 × 10-21 m2 and 7.0x10-20 m2 respectively. Young’s modulus remained constant at 1370 MPa. Young’s



P/GAS/02

Page 528 CLAYS IN NATURAL & ENGINEERED BARRIERS FOR RADIOACTIVE WASTE CONFINEMENT
4TH INTERNATIONAL MEETING – MARCH 2010 – NANTES, FRANCE

modulus and Poisson’s ratio (assumed to be 0.3, Zhang et al. 2007) were related to specific storage, which
was subsequently estimated to be around 8.6 × 10-6 m-1. This was slightly higher than the value obtained
from modelling of the hydraulic data.

A finite element porewater flow model of the experimental configuration was created to simulate the
hydraulic tests. It was found that a good fit to the data could be obtained by setting axial permeability to
2.0 × 10-21 m2 and radial permeability to 5.0 × 10-20 m2. A specific storage of 5.4 × 10-6 m-1 was used to
obtain a reasonable fit to the transients.

Following flushing of the test system with helium, a fixed gas pressure of 6.5 MPa was applied to the
injection filter. This was followed by a number of pressure increments lasting anywhere from 33 to
117 days depending on the observational data. During the initial stages of the test sequence, a small
emergent flux was measured in the backpressure system. This continued at a fairly constant rate, increasing
in magnitude as gas pressure increased, until major breakthrough occurred after 170 days of gas testing.
This was signified by a spontaneous increase in discharge rate, ultimately leading to a well defined steady-
state. Analysis of flux and pressure data indicates dynamic flow behaviour and time-dependent propagation
of gas pathways across the specimen. Based on these observations, the gas entry pressure for the argillite
is less ≤ 3 MPa. While the origin of the initial precursor flux remains unclear at this stage of testing, the
discharge rates are comparable to those observed during hydraulic testing, suggesting the flux may be
aqueous in nature. Post test analysis of the sample should yield data to help explain this observation.

Additional increments in gas pressure clearly show the slow temporal evolution of gas permeability within
the specimen, with flux taking around 20 days (or longer) to attain a true steady-state. This can be readily
explained by time-dependent drainage (porous medium concepts) or pressure induced dilatancy and
accompanied drainage, depending on the mechanism invoked. Spontaneous increases/decreases in guard-
ring pressures occur through the test which are difficult to reconcile with standard porous medium
concepts.

Preliminary numerical modelling of the gas data has been undertaken using TOUGH2 and a series of
characteristic function parameters based on the van Genuchten formulation. However, initial attempts to
model the data in its entirety, have to date, proved illusive. By alteration of the residual saturation and gas
permeability functions, it is possible to fit sections of the data to the model predictions. However, this is
often to the detriment of other experimental data. Consistent functional fits to the guard-ring pressure
responses have not been possible, although fits to discrete sections of the data can be achieved. Following
multiple simulations it can be seen that standard porous medium models that reproduce the time of gas
breakthrough give flow rates much lower than that observed. In contrast, models that generate flow rates
comparable with the data breakthrough much earlier than observed.

While the exact mechanism(s) controlling gas entry and the evolution of permeability within the argillite
remain unclear at this stage of testing, the inability of standard porous medium models to adequately
describe the data, combined with the complex and time-dependent evolution of parameters observed above,
suggest that either a combination of visco-capillary and/or dilatant processes predominate. Alternatively,
more complex, possibly pore network scale models, are required to adequately describe gas flow through
the Callovo-Oxfordian argillite.
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