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Abstract
During recent decades, argillaceous sedimentary formations have been studied as potential host formations for the geological 
disposal of long-living and heat-emitting radioactive waste—Boom Clay in Belgium and Opalinus Clay and Brown Dogger 
in Switzerland. A significant issue in the long-term performance of these potential host rocks concerns the generation and 
transport of gases. The pressure resulting from the generation of gas in an almost impermeable geological medium in the 
near field of a repository will increase. Under high gas pressures, the mechanical and hydraulic properties of the host rock 
are expected to change significantly. Preferential gas pathways may develop which exploit material heterogeneity, anisotropy 
(bedding planes), rock discontinuities, or interfaces between the different components of the repository, and may eventu-
ally lead to the release of the produced gases. Gas flow through these clayey rocks is investigated on the basis of laboratory 
work. Priority has been given to studying the volume change response of these initially water-saturated materials through 
relatively fast and controlled volume-rate gas injections. The effect of the gas injection rate, the confining pressure and the 
bedding orientation on the gas transport properties have been studied with particular attention paid to the coupling with strain 
behaviour. The results have shown features common to the three formations concerning the gas transfer process through 
preferential pathways, despite their initially differential properties.

Keywords Deep geological repository · Coupled process · Gas transfer · Hydro-mechanical behaviour · Argillaceous rocks · 
Laboratory tests

1 Introduction

Radioactive wastes conditioned for deep geological disposal 
in low-permeability formations will produce a significant 
amount of gas as a result of the anaerobic corrosion of metals 
(which produces  H2), degradation of organic matter (which 

may produce  CO2 and  CH4) and radiolysis of water (which 
principally produces  H2). The generation, accumulation and 
release of gases from the disposal system may affect several 
processes that influence the long-term radiological safety of 
the repository (NEA 2001). In particular, some of the gases 
produced may be radioactive (e.g., those containing 14C and 
3H); thus, their release from the repository into the biosphere 
may present a radiological hazard. Furthermore, gas accu-
mulation may eventually result in gas pressure build-up suf-
ficient to affect the mechanical integrity of the engineered 
barrier system (EBS) or the geological barriers (host rock), 
or influence groundwater movement, potentially enhancing 
the transport of dissolved radionuclides by the expulsion 
of contaminated water from the waste packages. Therefore, 
to establish confidence in the safety case for deep geologi-
cal disposal of radioactive wastes, all significant processes 
associated with repository performance and safety should be 
quantitatively evaluated, even if radiological risks are low.

Clay-rich rocks have been identified as a class of can-
didate host rock formations in radioactive waste disposal, 

 * Laura Gonzalez-Blanco 
 laura.gonzalez.blanco@upc.edu

1 Geomechanics Group, International Centre for Numerical 
Methods in Engineering (CIMNE), c/ Gran Capità s/n, 
Campus Nord UPC, Building C-1, 08034 Barcelona, Spain

2 Division of Geotechnical Engineering and Geosciences, 
Department of Civil and Environmental Engineering, 
Universitat Politècnica de Catalunya (UPC), Barcelona, 
Spain

3 Nationale Genossenschaft für die Lagerung radioaktiver 
Abfälle (NAGRA), Wettingen, Switzerland

4 Belgian Agency for Radioactive Waste and Enriched Fissile 
Materials (ONDRAF/NIRAS), Brussels, Belgium

http://orcid.org/0000-0003-3800-3007
http://orcid.org/0000-0002-4105-8941
http://orcid.org/0000-0003-3165-6312
http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-021-02717-3&domain=pdf


 L. Gonzalez-Blanco et al.

1 3

distinguished by their particular suitability for the long-
term isolation of waste forms. Furthermore, the capacity of 
argillaceous formations to efficiently self-seal both naturally 
occurring and excavation induced fractures, together with 
their favourable radionuclide retention characteristics, have 
been the subject of comprehensive international research 
programmes [e.g., (NEA 2010); SELFRAC (Bastiaens et al. 
2007); TIMODAZ (Li et al. 2007)].

Significantly, clay-rich materials' excellent radionu-
clide retention behaviour entails low gas transport capac-
ity. Therefore, after repository closure, the accumulation of 
corrosion and degradation gases, added to the build-up of 
excessive gas pressures on the backfilled repository struc-
tures, could impair the performance of long-term safety 
functions for the EBS and host rock, respectively. The 
development of a mechanistic understanding of the release 
of gases from the backfilled structures through argillaceous 
host rock formations has been addressed in various national 
radioactive waste disposal programmes (e.g., Marschall 
et al. 2005; ONDRAF/NIRAS 2011) and on international 
RD&D platforms for radioactive waste management organi-
sations worldwide [e.g., EUP7-FORGE/(Shaw 2013)]. Even 
so, laboratory data that might facilitate the development of 
conceptual models for predicting the long-term behaviour of 
the repositories are scarce.

There is more and more evidence (Marschall et al. 2005; 
Olivella and Alonso 2008; Xu 2013; Harrington et al. 2015; 
Liu et al. 2016) that gas transfer through saturated argilla-
ceous rocks will first be driven by the diffusion of dissolved 
gases in pore water, and via the immiscible displacement 
of the wetting fluid by the non-wetting gas phase (“two-
phase flow”). However, these formations present low dif-
fusion coefficients and low hydraulic conductivity, leading 
to a continuous increase in gas pressure. This fact, in con-
junction with the relatively low tensile strength properties 
of these clay rocks, may generate a micro-crack network 
(two-phase flow coupled with mechanical effects or gas 
flow through dilatant pathways). As a result, gas pathways 
may develop, thereby exploiting material heterogeneity and 
anisotropy (bedding planes), previously sealed discontinui-
ties in the EDZ (Excavation Damaged Zone) or along EBS/
EDZ interfaces (Davy et al. 2009; Harrington et al. 2012b, 
2017b; Cuss et al. 2014, 2015; Lanyon et al. 2014; Le and 
Nguyen 2014; Senger et al. 2014; Gonzalez-Blanco et al. 
2016; Liu et al. 2016). Therefore, the mechanical proper-
ties, the total stresses at the interfaces and the deformation 
response become key parameters for describing gas flow 
through dilatant pathways.

A comprehensive series of gas injection tests were per-
formed to enhance understanding of the response of argil-
laceous rocks to gas transfer through preferential pathways. 
The gas tests were carried out at stress states equivalent 
to the repository conditions of three different formations, 

candidates for hosting radioactive waste in Belgium (Boom 
Clay formation) and Switzerland (Opalinus Clay formation 
and Brown Dogger). The laboratory tests aimed at investi-
gating the effect of the gas injection rate, the confining pres-
sure and the bedding orientation on the gas transport proper-
ties in fully saturated samples, with a special attention paid 
to the stress–strain response. In contrast to previous works 
(Harrington et al. 2012a, 2017a; Arnedo et al. 2013; Liu 
et al. 2016), sample volume changes were permitted during 
tests (oedometer or isotropic conditions) and gas injection 
was limited to a maximum gas pressure below the minimum 
principal stress, ensuring gas flow through the sample and 
avoiding gas flow through interfaces or gas-frack (gas migra-
tion through macro-cracks).

The discussion of the experimental results provides some 
clues to the common features of the three formations con-
cerning the gas transfer process through preferential path-
ways and seeks to promote interaction between different 
national agencies through European Joint Programmes such 
as the recently launched HORIZON 2020 project EURAD 
(www. ejp- eruad. eu).

2  Materials

2.1  Mineralogical Origin and In Situ Stress State

Three different argillaceous formations were considered 
in this study. Boom Clay (BC) is marine sediment of the 
Cenozoic, specifically of the Rupelian age (~ 30 My). At the 
Mol–Dessen nuclear site, the Boom Clay lies 190–290 m 
below ground level (Fig. 1). Samples of BC were retrieved 
by the ESV EURIDICE at a depth of 223 m in the HADES-
URF (Underground Research Facility) at Mol, Belgium 
(Core references: CGR70_71W_Core8, CGR70-71W_
Core7, CGR66-67W_Core 8_Sectiona). On the other hand, 
two different shales were recovered by NAGRA from a 
deep geothermal well, Schlattingen-1, near the village of 
Schlattingen in the Molasse Basin of Northern Switzerland 
(Wersin et al. 2013). The so-called “Brown Dogger” (BD) 
corresponds to a sequence of clay-rich layers with sandy 
and carbonate-rich intercalations from the Upper Dogger 
unit of the Bathonian/Bajocian age (~ 168 My), whilst the 
Opalinus Clay formation (OPA) is from the Lower Dogger 
unit of Aalenian age (~ 170 My). Figure 1 also shows a sec-
tion of the stratigraphic column of the geothermal well from 
which OPA and BD were retrieved. Cored samples in this 
study correspond to depths of 781.55–781.85 m for BD and 
936.26–936.49 m for OPA.

In terms of mineralogy, Boom Clay is very homogene-
ous in the vertical profile. However, variations exist in the 
quantitative mineralogy related to different grain-size dis-
tributions in silt-dominated and clay-dominated layers. It 

http://www.ejp-eruad.eu
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consists mainly of clay minerals (30–70%) dominated by 
illite (15–35%), kaolinite (5–20%) and smectite (10–30%). 
The complementary non-argillaceous fraction is mainly con-
stituted by quartz (5–60%) and feldspar (1–10%) (De Craen 
et al. 2004).

Mineralogical compositions of rock samples from the 
Opalinus Clay (Aalenian stage) and Brown Dogger section 
(comprising Callovian, Bathonian, Bajocian) in the Schlat-
tingen borehole were determined by X-ray diffractometry, 
as reported in Wersin et al. (2013). Further information was 
obtained from petrophysical logging. Three rock samples 
were taken at the depth interval 929.5–939.5 m in the lower 
section of the Opalinus Clay formation, displaying a total 
clay content of 34–63%, with 7–18% of illite, 14–31% of 
illite/smectite mixed layers, 7–17% of kaolinite and < 6% 
of chlorite. Among the non-clay minerals, quartz (9–40%), 
calcite (11–36%) and siderite (1–8%) dominate. In the 
Parkinsoni-Württembergica Beds within the BD section, 
the mineralogical information was derived from three core 
samples at a depth range between 778.5 and 787.5 m. The 
total content of clay minerals is about 34–52%, consisting of 
10–13% illite, 16–25% illite/smectite mixed layers, 7–12% 
kaolinite and 2–4% chlorite. The non-clay minerals are com-
prised of 21–24% quartz and 19–33% carbonates. These data 
points are broadly comparable to the ones published by Fer-
rari and Laloui (2013) and Ferrari et al. (2014), where the 
BD is classified as silty to clay-rich marl with a clay content 
of 25–45%, 30–50% carbonate and 20–25% quartz.

Given that the planned tests are intended to reproduce 
the samples’ in situ stress states as precisely as possible, 
the conditions before the injection should mimic the field 
stresses. BC at the depth of the HADES-URF presents the 
lithostatic pressure or total vertical stress, �v , imposed by 

the weight of the overlying material, of about 4.5 MPa. 
The undisturbed pore pressure uw at the HADES depth 
(but measured at a sufficient distance from the galleries) 
is about 2.2 MPa and corresponds closely to hydrostatic 
distribution up to the water table close to the surface. The 
effective vertical stress is thus ��

v = �v − uw = 2.3MPa . 
The K0 value (the ratio of horizontal to vertical effective 
stresses) was determined by laboratory tests (oedometer 
cell with lateral stress measurement) as being close to 0.9 
(Bernier et al. 2007; Dao 2015; Gonzalez-Blanco et al. 
2016) for an overconsolidation ratio between 2.1 and 2.3 
at HADES level.

In situ stress state data from the SLA-1 borehole (Vietor 
et al. 2012; Giger and Marschall 2014), at the depth of 
BD samples (782 m), yielded values for minimum and 
maximum horizontal stresses of �h = 15.0MPa and 
�H = 21.0MPa , whilst the calculated vertical stress was 
�v = 19.5MPa , resulting in a value for total mean stress of 
p = 18.5MPa . Hydrostatic water pressure was assumed to 
be uw = 7.8MPa , and therefore, the result for vertical effec-
tive stress yielded ��

v = 11.7MPa , whereas the effective 
mean stress was p� = 10.7MPa . In the case of the stress 
state at the OPA depth (936 m), the vertical stress was 
calculated using the same overburden unit weight, result-
ing in �v = 23.4MPa . Giger and Marschall (2014) reported 
a total stress K-ratio (�h∕�v) of 0.82 for a depth of 900 m, 
which denotes a horizontal stress �h = 19.2MPa . Hydrau-
lic head distributions in Opalinus Clay can be considered 
hydrostatic (Giger and Marschall 2014). Therefore, the 
water pressure at OPA depth is uw = 9.4MPa , giving an 
effective mean stress p� = 11.2MPa and effective vertical 
stress ��

v = 14.0MPa.

Fig. 1  Left: Stratigraphic column of the Mol–Dessen nuclear site (Belgium) [modified after (Vandenberghe et al. 2014)]; right: Stratigraphy of 
the geothermal well Schlattingen-1 (SLA-1) (modified after Wersin et al. 2013)
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2.2  Geotechnical Properties

Table 1 shows the main geotechnical properties of the three 
materials, together with volumetric and gravimetric proper-
ties as well as initial state variables. To form a complete 
picture, the plasticity chart obtained for the studied sam-
ples according to ASTM D2487 is shown in Fig. 2 together 
with data reported by several authors (Belanteur et al. 1997; 
Romero 1999; Dehandschutter et al. 2004; Volckaert et al. 
2005; Li et al. 2007; François et al. 2009; Lima 2011; Ferrari 
et al. 2012; Ferrari and Laloui 2013; Romero and Gómez 
2013). Boom Clay is classified as a high–medium plastic 
inorganic clay (CH), Opalinus Clay as low plastic inorganic 
clay (CL), whilst Brown Dogger is in between low plastic 
inorganic clay (CL) and low plastic inorganic silt (ML).

In addition, the bulk density and void ratio at the initial 
state, as well as the initial degree of saturation and the initial 
total suction, are profiled and depicted in-depth to compare 
these argillaceous materials (Fig. 3). Again, values reported 
in the literature (Le 2008; Lima 2011; Ferrari et al. 2012; 
Ferrari and Laloui 2013; Dao 2015) at different depths have 
been used to complement the information of the three forma-
tions. As expected, the void ratio decreases with depth in BC 
samples. However, samples from the Schlattingen borehole, 
both OPA and BD, which are very deep, do not illustrate that 
tendency, the void ratio being around 0.1 for all of them, 
although the bulk density values are slightly scattered. In 
terms of the degree of saturation, it is notable that all sam-
ples are highly saturated, even though they display relatively 
high initial total suctions (some desiccation during retrieval 
and storage caused the increase of the initial total suction 
in some samples). The increase of matric suction is due to 
the water undrained retrieval of the samples since the pore 
water follows the change in total stress during the undrained 
unloading at constant effective stress.

2.3  Microstructural Analyses

Gas transfer in argillaceous rocks reveals some specific 
mechanisms (the diffusion and advection of dissolved gas, 
two-phase flow of gas and water, gas flow through dilatant 
pathways and gas transport in tensile fractures) (Marschall 
et al. 2005; Olivella and Alonso 2008; Gerard et al. 2014; 
Damians et al. 2020; Nguyen et al. 2020; Yang and Fall 
2021). These mechanisms are complex, as they seem to be 
highly dependent on the initial heterogeneity and micro-
structure. The existence of macro-pores or initial discon-
tinuities, such as bedding planes, may impact gas transport 
properties. Therefore, a good initial characterisation of the 
microstructure will allow for the identification of possible 
variations that may affect gas permeability, which is very 
sensitive to microstructural changes, due to the growth of 
micro-cracks or fissures in the rock mass (Gonzalez-Blanco 
et al. 2017).

Mercury Intrusion Porosimetry (MIP) tests were carried 
out to characterise the microstructure of the three forma-
tions at the initial state (Romero and Simms 2008; Gonzalez-
Blanco et al. 2017). In addition, the pore-network descrip-
tion was complemented by nitrogen adsorption tests to cover 
a wider range of pore sizes following the Barrett, Joyner 
and Halenda (BJH) method using the desorption information 
(Webb and Orr 1997). Figure 4 presents the cumulative void 
ratio ( e ) and the pore size density ( PSD ) function obtained 
with MIP and BJH for the different entrance pore sizes ( x ) 
of the three formations.

The cumulative void ratio estimated via both techniques 
reaches the initial void ratio (see Table 1) of the sam-
ples, except for the deepest sample—OPA (936 m)—in 
which a porosity of 0.02 was not intruded. MIP data show 
a mono-modal pore size distribution at the intact state. 
The pore volume at the macro-scale is very low for the 
three materials. According to the study carried out by 

Table 1  Main geotechnical, volumetric and gravimetric properties of 
the three tested materials

Material BC BD OPA

Depth (m) 223 782 936
Density of solids, �

s
 (Mg/m3) 2.67 2.69 2.69

Dry density, �
d
 (Mg/m3) 1.63–1.69 2.48 2.43

Void ratio, e (–) 0.58–0.63 0.09–0.11 0.11
Plastic limit w

P
 (%) 29 17 18

Liquid limit w
L
 (%) 67 24 29

Initial total suction, s (MPa) 2.45 37 44
Degree of saturation, S

r
 (–) 1 0.95–1 0.98–1

Dominant pore size from MIP (nm) 70 22 < 8
AEV (MPa) form MIP 4.8 118 > 118
AEV (MPa) from WRC at S

r
= 0.90 5.5 39 60

P0 (MPa) from WRC 10 80 120

Fig. 2  Plasticity chart  including data from other authors  (Belanteur 
et al. 1997; Romero 1999; Dehandschutter et al. 2004; Volckaert et al. 
2005; Li et al. 2007; François et al. 2009; Lima 2011; Ferrari et al. 
2012; Ferrari and Laloui 2013; Romero and Gómez 2013)
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Keller et al. (2013) in Opalinus Clay from Mont Terri, 
the dominant entrance pore size is possibly related to the 
bedding aperture, which showed a higher frequency of 
longer and larger pores in the direction of the bedding 
planes using several microstructural techniques. This fact 
allows us to estimate the air-entry value (AEV), resulting 
in a value of 4.8 MPa for BC and 118 MPa for BD accord-
ing to the Young–Laplace equation for capillary pressure 
(Bear 2018), indicated in Table 1. However, these values, 
associated with the PSD peaks, are large and AEV is also 

determined by water retention results described below. For 
the OPA (936 m) sample, the peak was not detected using 
MIP; instead, in this case, the nitrogen desorption informa-
tion revealed a dominant pore mode of 3 nm (peaks at 0.6 
and 4 nm were reported in Gimmi and Fernandez 2017). 
Smaller peaks were also detected for the other samples at 
the nano-metre level. The figure is complemented by data 
reported by Romero and Gómez (2013) for BD and OPA 
samples at similar depths.

Fig. 3  Depth profiles of bulk 
density, void ratio and degree 
of saturation of BC, OPA and 
BD and  total suction induced 
on retrieval and storage com-
plemented with data from other 
authors (Le 2008; Lima 2011; 
Ferrari et al. 2012; Ferrari and 
Laloui 2013; Dao 2015)
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2.4  Water Retention Properties

The determination of water retention curves (WRC) is 
essential to interpret better the suction induced on water 
undrained retrieval, the AEV on drying at a given degree 
of saturation and the hysteresis response on wetting and 
drying cycles (Romero and Vaunat 2000; Ferrari et al. 
2014). This study obtained the water retention curve using 
a dew-point psychrometer (Cardoso et al. 2007) in the total 
suction range from 1 to 100 MPa under unstressed condi-
tions (Fig. 5). The specimens were dried in steps starting 
from the initial state; they were stored for 1 day for equali-
sation and then weighed, and finally, the total suction was 
measured. Afterwards, samples were wetted in steps from 
the dry state by adding a drop of synthetic water, corre-
sponding to that of the formation prepared according to 
De Craen et al. (2004) for BC, and to Mäder (2011) for 
OPA and BD. These synthetic water preparations were also 
used in the tests described below, but are labelled as water 
for the sake of simplicity. The values obtained are in close 
correspondence with those published by Lima (2011) for 

Fig. 4  Cumulative void ratio (top) and PSD functions (bottom) for different entrance pore sizes for BC samples (left), BD samples (middle) and 
OPA samples (right)

Fig. 5  Water retention curves in terms of degree of saturation for BC, 
BD and OPA samples
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BC and Ferrari et al. (2014) for OPA and BD samples at 
similar depths.

The figure also includes fitting curves for the drying 
(solid line) and wetting (dashed line) branches for each 
material, using a modified version of van Genuchten’s 
expression

where Srmin is the residual degree of saturation and n , � and 
P0 are fitting parameters; the latter being related to the AEV. 
For the gas migration process in saturated clayey rocks, the 
P0 value for the drying path is, at first, the most relevant one, 
and yields values reported in Table 1. This means that the 
gas pressure needed to start to desaturate the samples should 
be very high, and Table 1 also includes information on the 
total suction required to reach a degree of saturation of 0.90. 
However, as described in the next section, pressures as large 
as those are not required during the gas injections, since 
stress-dependent pathways may develop through the bedding 
planes, though initially closed, still represent a weakness 
within the clay matrix. Nonetheless, the data provided by the 
water retention curve do not consider the changes in the fab-
ric of the material, due to the gas pressurisation process, and 
the AEV only describes the initial state. Consequently, for 
the gas transport in pressure-dependent pathways, the behav-
iour may not follow these initial water retention curves.

3  Experimental Set‑Ups and Protocols

A high-pressure oedometer cell was used to perform the 
hydro-mechanical (HM) tests (samples of 50 mm in diameter 
and 20 mm in height). This equipment was also used for gas 
injection tests in BC, whereas in OPA and BD samples, gas 
injection tests were performed in a high-pressure isotropic 
cell (samples of 50 mm in diameter and 25 mm in height). 
Details of both set-ups are well described in Romero et al. 
(2013), Gonzalez-Blanco et al. (2016) and Gonzalez-Blanco 
(2017). Briefly, both set-ups consist of the cell and several 
controllers for the application of the boundary conditions: 
a pressure/volume controller (PVC) for applying vertical or 
isotropic stress; two water PVCs for injecting or collecting 
fluids in the upstream or downstream lines; and a gas PVC 
located in the upstream line at the bottom of the sample. 
In addition, an LVDT was installed to measure the vertical 
displacements in each piece of equipment.

The HM behaviour was addressed by testing the three 
materials in the oedometer cell. The test stages are described 
below and include common features, whilst specific char-
acteristics for each stage for the different materials are 
explained along with the results for the sake of clarity.

(1)Sr = Srmin +
(

1 − Srmin

)[

1 + (s∕P0)
n
](−�)

,

 i. A pre-conditioning path to restore the in situ effec-
tive stress conditions was first applied to all samples. 
It consisted of two steps. Initially, a water undrained 
loading stage at a rate of 15 kPa/min at constant water 
content was carried out, followed by the flooding of 
the samples to ensure full saturation and the increase 
of the pore water pressure.

 ii. Water permeability was determined at steady-state 
conditions by imposing a pressure gradient through 
the samples at constant vertical stress mimicking the 
in situ stress.

 iii. Continuous loading to a target vertical stress was car-
ried out at a controlled stress rate of 0.5 kPa/min to 
ensure drained conditions.

 iv. Water permeability was determined at steady-state 
conditions by imposing a pressure gradient through 
the samples at constant vertical stress.

 v. Continuous unloading at a controlled stress rate of 
0.9 kPa/min to ensure drained conditions.

Concerning the gas injection tests in BC, the same 
oedometer cell was used, whereas OPA and BD were tested 
in the isotropic cell. Nonetheless, equivalent protocols were 
established. For these tests, the two initial stages were the 
same as described above. The continuous loading was per-
formed at the same rate, but the maximum target pressure 
was limited in order not to exceed the yield stress. After the 
water permeability determination (stage iv in the HM proto-
col), the protocol changed to include the gas injection stage. 
It began with fast drainage of the bottom line (upstream 
boundary) to replace water with gas at the same pressure, 
whilst in the top line (downstream boundary), the water pres-
sure remained the same. Then, the gas injection started at 
a constant controlled volume rate until reaching maximum 
gas pressure. At this maximum gas pressure, the injection 
piston was stopped (shut-off), and gas pressure was left to 
dissipate at constant gas volume of the inlet line. Finally, an 
undrained unloading stage was carried out to preserve the 
fabric of the samples after the injection.

4  Results

4.1  Hydro‑mechanical Behaviour on Loading 
and Unloading

The first protocol was established primarily to obtain HM 
parameters, such as the compressibility coefficient, or to cal-
culate water permeability in the oedometer cell. A pre-con-
ditioning path was initially applied to all samples, since this 
was a prerequisite for the correspondence of the geostatic 
conditions of the material at the in situ state, and to ensure 
maximum parity in terms of effective stress. In addition, it is 
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essential to take into account that argillaceous rocks display 
a high initial suction level due to the significant stress relief 
upon sampling, despite being close to saturation. Therefore, 
they can undergo expansion and degradation as a straightfor-
ward consequence of suction reduction effects due to water 
contact at low-stress levels (Della Vecchia et al. 2011; Lima 
2011; Bésuelle et al. 2014). To minimise these effects, the 
samples were always loaded at a target total stress at constant 
water content, reducing the initial suction, and only then 
put in contact with water under atmospheric pressure. Thus, 
once the water pressure is applied, the effective stress will 
be equivalent to the stress in situ, thereby avoiding damage 
to the samples.

As described above, the pore water pressure of the mate-
rials, at their corresponding depth, is 2.2 MPa for BC, 
7.82 MPa for BD and 9.36 for OPA. However, in our labo-
ratory tests, due to the operating range of the boundary con-
dition controllers (PVC), the applied water pressure cannot 
exceed 2 MPa. Consequently, to achieve correspondence 
with the value of the in situ effective stress, the total stress 
to be applied should be lower. At oedometer conditions, ver-
tical total stress of 3 MPa for BC samples was considered 
for the initial loading at constant water content in the pre-
conditioning stage. After flooding at atmospheric pressure 
to ensure full saturation, the water pressure was increased to 
0.5 MPa, resulting in a vertical effective stress of 2.5 MPa, 
very close to the value in situ. In the case of deep OPA and 
BD samples, the in situ vertical effective stresses are 14 and 
12 MPa approximately. Therefore, a determination was made 
to load both materials to 12.5 MPa in terms of total stress 
and apply the same increase in water pressure (0.5 MPa), 
resulting in a vertical effective stress of 12 MPa, equivalent 
to the in situ effective stress of the BD but slightly lower 
than the OPA one.

This first loading stage to the target total pressure was 
carried out at a relatively fast rate of 15 kPa/min and at con-
stant water content. A reduction in the initial suction down 
to zero was expected during this path, since the total stress 
would affect the pore pressure. According to the Barcelona 
Basic Model (Alonso et al. 1990), small deformations were 
predicted during these total stress and suction paths. This 
model computes the elastic deformation with two param-
eters, � and �s , which represent the stiffness due to changes 
in net stress and changes in suction, respectively, where the 
net stress is defined as the total stress minus the maximum 
fluid pressure, either water or gas pressure. For instance, 
values of � = 0.005 and �

s
= 0.002 were used for the BC 

sample with bedding planes parallel to the axis, given an 
axial deformation of around 0.58% and a remaining suction 
of 0.6 MPa at the end of the load, which cohere closely with 
the experimental results (Gonzalez-Blanco 2017). Figure 6 
presents the continuous loading results at controlled stress 
rates measuring axial strain (positive in compression) as a 

function of the vertical total stress on a logarithmic scale for 
representative samples. OPA and BD were tested with the 
bedding planes orthogonal to the axis, whilst BC was tested 
with bedding planes in both directions—orthogonal  (BC⊥) 
and parallel  (BC//), to study the effects of anisotropy. The 
loading and reduction in suction caused less than 1.5% of 
deformation for the BC and BD, whilst OPA underwent a 
slightly higher compression. The elastic anisotropy of BC is 
also observed, since  BC⊥ presented higher compressibility 
for this initial loading.

During flooding at constant vertical stress, all samples 
underwent some expansion due to some remaining suction 
after the initial loading. In this case, the Barcelona Basic 
Model predicted the expansion of the material due to suction 
changes (i.e., using the same parameters as above, the defor-
mation at the end of the flooding stage on the  BC// sample 
was − 0.08%). Figure 7 presents the time evolution of the 
swelling strains (negative in expansion) for the three materi-
als. BC results are presented for both orientations, showing 
the distinctive behaviour of anisotropy due to the bedding 
orientation. Samples with bedding planes orthogonal to the 

Fig. 6  Axial deformation against total stress during fast loading at 
constant water content

Fig. 7  Evolution of swelling (negative axial deformation) during 
flooding at atmospheric water pressure and constant total stress
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axis underwent more significant expansions during soaking. 
Surprisingly, the compressibility behaviour of BD and OPA 
at this initial stage, pre-conditioning and flooding, is very 
similar to the behaviour displayed by BC samples with bed-
ding planes parallel and orthogonal to the axis, respectively. 
BD is stiffer than OPA and swells less, which is consistent 
with its lower clay mineral content.

After reaching steady-state conditions for deformation 
during flooding, water pressure at the downstream and 
upstream boundaries was increased to 0.5 MPa, and once 
the pore pressure was equalised, vertical effective stress was 
equivalent to in situ stress for the three samples.

Water permeability was calculated subsequently at con-
stant vertical stress by applying a pressure gradient and 
recording the inlet and outlet water volumes. Water pressure 
at the upstream boundary was increased to 0.6 MPa for BC 
samples and 2.0 MPa for BD and OPA samples.

After the complete saturation of the samples, a drained 
continuous loading was carried out in all the oedometer tests 
at a slow stress rate of 0.5 kPa/min to ensure drained condi-
tions. This rate was checked by stopping the loading and 
recording the deformations with time, which were negligi-
ble. BD and OPA samples were loaded to 25 MPa of verti-
cal total stress; for BC, maximum vertical total stresses of 
9 and 14 MPa were selected to study post-yield behaviour. 
Nonetheless, for gas injection tests, the maximum applied 
stress for the three materials was lower than indicated above 
to avoid inducing plastic deformations. At these stress lev-
els, water permeability was again determined by applying 
the same hydraulic gradient described above. Afterwards, 
a drained unloading was carried out in all the HM tests at a 

0.9 kPa/min rate, checking again that pore pressure changes 
were not generated.

Figure 8 shows the compressibility curves of the materi-
als. In the case of BC, selected results on samples with bed-
ding planes orthogonal and parallel to the axis up to maxi-
mum effective stresses of 8.5 and 13.5 MPa, respectively, 
are plotted in the figure. Despite being natural samples, good 
consistency was observed during this hydro-mechanical 
loading. Anisotropy behaviour during this stage was not as 
evident as in the pre-conditioning stage. However, samples 
with bedding planes orthogonal to the axis still presented 
slightly higher compressibility. BD and OPA are signifi-
cantly stiffer than BC. To facilitate the comparison, the 
drained constrained modulus for the different loading stages 
was defined as E�

k = ���
v∕��a (Fig. 9), ��

v being the effec-
tive vertical stress and �a the axial strain. It should be noted 
that during the first loading in the pre-conditioning stage, 
OPA and  BC⊥ present similar values, as well as BD and 
 BC//, the latter being considerably higher. This behaviour 
was not replicated during the drained loading. OPA and BD 
samples still present an increase of the modulus along with 
the effective stress, whilst BC samples change the tendency; 
their moduli are slightly decreasing with stress.

Drained unloading paths on BC samples produced a 
marked change in the structure of the sample, even increas-
ing the porosity of the initial state. It is readily apparent 
that BC presents two different trends for stiffness in unload-
ing. Typically, the first stiffer slope is associated with a 
mechanically driven mechanism and the second one with 
a hydraulically driven mechanism due to the damage to the 
structure when applying high stresses, which facilitate the 
water uptake at low stresses (Lima 2011; Cui et al. 2013). 

Fig. 8  Axial deformation against vertical effective stress during drained loading/unloading paths: a BC samples at both bedding orientations; b 
BD and OPA samples
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The loading to high stresses leads to a progressive degrada-
tion (presumably bond breakage) of the argillaceous rock 
fabric. When stresses are released, swelling takes place eas-
ily, since it is now only partially constrained by the damaged 
mineral skeleton. Therefore, this behaviour has been inter-
preted as the coupled response of the damaged rock micro-
structure and the swelling of the active minerals (Alonso 
and Alcoverro 2002). On the other hand, BD and OPA also 
underwent swelling during the drained unloading, recover-
ing the initial porosity in the case of the former and slightly 
higher for the latter. For both materials, the double slope of 
the curve was not so evident, because they were less affected 
by the degradation on loading.

4.2  Water Permeability

Results on water permeability for the three materials, 
obtained at different constant vertical stresses, are shown in 
Fig. 10 as a function of the average void ratio together with 
values reported by other authors (Horseman et al. 2007; Le 
2008; Lima 2011; Ferrari et al. 2012; Nguyen 2013; Romero 
and Gómez 2013).

The BC results highlighted the clear dependence of the 
water permeability on porosity. Furthermore, higher water 
permeability was observed with flow parallel to bedding 
planes as expected, which indicated a marked anisotropic 
feature as indicated in Aertsens et  al. (2004) and Lima 
(2011). The fitting of the experimental data obtained in this 
study is presented in Fig. 10 for each orientation. Regarding 
the values for BD and OPA samples, very small changes 
in void ratio resulted in relatively significant variations of 
permeability in these deep indurated clays. To study the ani-
sotropy of these materials, there are not much data with the 
bedding planes parallel to the water flow in the case of OPA, 
and none were found in the case of BD, so that no clear 
conclusion can be drawn.

Water permeability values for the three materials are plot-
ted in a depth profile (Fig. 11). Compiled results for BC and 
OPA at Mont Terri level present dispersion of less than two 
orders of magnitude. The deeper materials present the same 
variation if only the results of this study are considered; 
however, taking into account the collected data, the scatter-
ing increased up to three orders of magnitude. This variation 
could be attributed to the depth at which these samples were 
obtained, whereas the boreholes drilled directly from the 
underground research facilities may be of higher quality and 
therefore present less dispersion.

Fig. 9  Drained constrained moduli during the two steps of loading in 
terms of net/effective stress

Fig. 10  Water permeability as a function of the void ratio together 
with data reported by other authors (Horseman et al. 2007; Le 2008; 
Lima 2011; Ferrari et  al. 2012; Nguyen 2013; Romero and Gómez 
2013)

Fig. 11  Depth profile of water permeability including data reported 
by other authors (Horseman et al. 2007; Le 2008; Lima 2011; Ferrari 
et al. 2012; Nguyen 2013; Romero and Gómez 2013)
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4.3  Gas Injection Tests

4.3.1  Experimental Methods

Selected results of gas migration experiments are presented 
in this section for the three materials, to find comparable fea-
tures. To achieve this, samples were tested following similar 
procedures but at different stress levels, using different injec-
tion rates or with different bedding plane orientations with 
respect to the gas flow. Air was used as the injected gas in 
all the experiments.

For BC samples, the oedometer cell was used for the gas 
injection tests, reproducing the same protocol as for the HM 
tests but loading to a maximum total vertical stress of 6 MPa 
so as not to incur damage to the sample on the post-yield 
range. In the case of OPA and BD samples, the air injection 
was carried out in an isotropic cell, reproducing the same 
steps as described above (pre-conditioning, flooding, drained 
loading and water permeability determination). The confin-
ing pressure reached before the air injection was 15 MPa, 
but in the case of OPA samples, another injection was per-
formed at a higher confining pressure of 19 MPa to study 
its influence.

The protocol for the gas injection stage was the same for 
all the tests. Just before the gas injection phase, fast drainage 
of the bottom line was carried out to replace water with air. 
Immediately afterwards, air pressure at the upstream bound-
ary was increased from the initial ( ubottom

aini
 ) to the maximum 

air pressure ( ubottom
amax

 ) at a constant-volume injection rate ( r ). 
At this moment, the injection piston was stopped, which is 
the shut-off of the system, and air pressure was subsequently 
left to decay at constant air volume of the inlet line during 
the dissipation phase. During the entire stage, the vertical 
( �v ) or isotropic stress ( p ) were kept constant. The recovery 
lines were initially full of water, and the pressure ( utopw  ) was 
kept constant in both set-ups. The selected rates were rela-
tively fast (gas pulse tests) to minimise gas diffusion mecha-
nisms through the matrix and enhance gas flow mechanisms 
through discontinuities (Marschall et al. 2005). Furthermore, 
the maximum gas pressure was targeted lower than the verti-
cal stress to avoid overpassing the minimum principal stress 
and prevent the gas passage between the interfaces. Finally, 
after the gas injection, undrained unloading was carried out 
to avoid water uptake during this process, resulting in neg-
ligible expansion. In this manner, suction developed due to 
the stress relief preserved the pore-network, which allowed 
the microstructure to be studied after the gas injection (Gon-
zalez-Blanco et al. 2017).

The maximum gas pressure of these tests was limited 
and held below the estimated air-entry pressure of the 
intact materials. The tests did not follow the typically called 
‘breakthrough tests’ (Volckaert et al. 1995; Harrington and 
Horseman 1999; Rodwell 2000; Hildenbrand et al. 2004; 

Harrington et al. 2012a; Wiseall et al. 2015; Liu et al. 2016), 
in which gas pressure is continuously increased until some 
outflow volume is recorded indicating the breakthrough 
pressure. Instead, the gas pressure was increased until the 
(shut-off) maximum pressure, and then, gas volume in the 
inflow line was kept constant. Therefore, the gas pressure 
decay indicated the gas entrance into the sample, which was 
corroborated by the volume change of the PVC located at 
the outflow line.

4.3.2  Time Evolution of Gas Injection and Dissipation

Gas injection tests with different characteristics were per-
formed to analyse the influence of each one on the coupled 
hydro-mechanical response. Selected results for BC samples 
involved different injection rates for the same bedding orien-
tation and the same injection rate with different orientations. 
Tests on OPA samples were carried out at different confining 
pressures and the same injection rate. In contrast, confining 
pressure was identical during injection tests on BD samples, 
but three different injection rates were used. The different 
values for each studied case are gathered in Table 2. The 
recorded data during the tests include the time evolution 
of the gas injection pressure at the upstream boundary, the 
outflow pressure and volume at the downstream boundary, 
jointly with the axial displacement at the top, which permits 
for the calculation of the average axial strain.

Figure 12 shows the results of the gas injection tests in 
two BC samples with the bedding planes orthogonal to the 
gas flow  (BC⊥); and one sample with the bedding parallel 
 (BC//) to the gas flow at two different injection rates, 2 and 
100 mL/min. For all of them, the total vertical stress was 
6 MPa and was kept constant during gas injection and dissi-
pation. The gas pressure at the upstream boundary increased 
from 0.5 to 4 MPa (A to B in the figures), followed by shut-
off (point B) and dissipation at closed gas injection line (B to 
C). The increase in injection pressure was accompanied by 
expansion (negative axial strains), followed by compression 
strains throughout the dissipation stage.

When comparing the tests at different injection rates and 
with the same bedding orientation, it is noticeable that mini-
mal displacements were recorded during the fast injection 
phase and that the sample underwent most of the expan-
sion after the shut-off. Conversely, expansion of the samples 
tested at the slower rate occurred during the injection phase, 
reaching its maximum at the shut-off. This fact could be 
explained by examining the gas pressure-front propagation 
into the sample, which induces a local increase in the pore 
pressure and, consequently, a local decrease in the effective 
stress. When the injection rate was fast, there was a delay in 
the deformation response, since the pore pressure increase 
was restricted to the lower boundary of the sample. In con-
trast, when the injection rate was slow enough, samples 
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expanded during the injection stage, reaching their peak 
expansion at the maximum gas pressure (the slow pore pres-
sure increase propagated into the sample reaching minimum 
local effective stress). Hence, expansion after shut-off was 
not observed. In fact, the first outflow detection in the slow 
injection tests occurred during the injection phase, indicat-
ing that the pressure front had propagated into the sample.

The effect of bedding orientation is analysed based on the 
results of Fig. 12 and on those reported by Gonzalez-Blanco 

(2017), reinforcing the consistency of the results. BC sam-
ples with bedding planes orientated orthogonal to flow, 
systematically showed higher expansions regardless of the 
injection rate, since the material is less constrained from 
expanding due to the oedometer conditions compared to the 
samples with bedding planes parallel to the flow. In the case 
presented here, the sample  BC⊥ underwent larger expan-
sion strains on gas pressure-front propagation and more 
significant compression on gas dissipation, which is con-
sistent with the anisotropic behaviour observed on loading. 
The sample  BC// underwent the breakthrough (the outflow 
volume rapidly increased) just after attaining the maximum 
injection pressure (point B in the figure). On the contrary, 
the sample  BC⊥ could sustain the maximum pressure for a 
slightly more extended period after shut-off (point B) with-
out a perceptible increase in volume. After the breakthrough, 
the injection pressure in both samples started to decrease 
during the dissipation phase towards the value indicated by 
point C, leading to progressive compression of the material.

Figure 13a presents the comparison of the behaviour 
during gas injection and dissipation phases for BD samples 
tested at three different controlled-volume rates (0.04, 2 
and 100 mL/min) and at constant isotropic stress (15 MPa). 
It was possible for the gas pressure to increase up to the 
target pressure of 14 MPa. Samples tested at the fast and 
medium rates displayed some small expansion at the end 
of the air injection phase (A to B in the figure), reproducing 
the same behaviour as the BC sample tested at 100 mL/min. 
Expansion continued in both samples after shut-off (point 
B in the figure), as the gas pressure front propagated into 
the sample, causing an increase in the pore pressure and 
decreasing local effective stress (at constant isotropic stress). 
The time at which the first gas outflow occurred depended 
on the injection rate. In the sample tested at 100 mL/min, 
the first outflow was detected during the dissipation phase, 
whereas in the sample tested at 2 mL/min, it had already 
occurred during the last phase of the injection stage. At 
fast and medium rates (100 and 2 mL/min), the expan-
sion of the BD samples took place with some delay in the 

Table 2  Main characteristics of 
the gas injection tests

Material �v or p (MPa) u
bottom
aini

 (MPa) u
bottom
amax

 (MPa) r (mL/min) u
top
w  (MPa) Bedding 

plane orien-
tation

BC 6 0.5 4 100 0.5 Orthogonal
6 0.5 4 2 0.5 Parallel
6 0.5 4 2 0.5 Orthogonal

BD 15 3 14 100 0.5 Orthogonal
15 3 14 2 0.5 Orthogonal
15 3 14 0.04 0.5 Orthogonal

OPA 15 3 14 100 0.5 Orthogonal
19 3 18 100 0.5 Orthogonal

Fig. 12  Time evolution of air pressure at the bottom boundary (bot-
tom), average axial strain (centre) and outflow volume (top) for BC 
samples at the same vertical stress but different bedding orientations 
and different injection rates
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dissipation stage (some time was needed for the pressure 
front to propagate into the sample). When the maximum 
strain was reached, and the outflow volume rate speeded up, 
the samples underwent compression. In contrast, the sample 
tested at the lowest rate (0.04 mL/min) behaved differently 
and was equivalent to BC tested at 2 mL/min. Indeed, all 
the expansion took place during the injection phase, and the 
maximum strain was recorded at the maximum air pressure. 
As the BC samples tested at 2 mL/min, the expansion after 
shut-off was not observed. The main difference is that in 
the case of the BC, 2 mL/min is slow enough for the pore 
pressure equilibration during the injection, whilst for the 
BD, the rate is somewhat slower, which is a consequence of 
its lower porosity. Again, the first outflow detection in this 
slow injection regime occurred during the injection phase. 
Immediately after that, the sample underwent compression 
due to the local effective stress increase during pore pressure 
dissipation (B to C in the figure).

Figure 13b presents the air injection results for the OPA 
sample at two different constant isotropic confining stresses 
of 15 MPa and 19 MPa tested with the bedding planes 
orthogonal to the gas flow. In the first test, gas injection 
pressure was increased to 14 MPa, whilst in the second, the 

maximum gas pressure was 18 MPa, both at a constant volu-
metric injection rate of 100 mL/min. In both cases, it was 
possible for the injection pressure to increase up to the target 
value (14 or 18 MPa). At the end of the injection stage (A to 
B in the figure), the samples underwent some small expan-
sion, being more significant at the higher confining pressure. 
The sample degradation might cause this behavioural feature 
after the first gas injection, but more research is needed to 
draw firm conclusions. However, any outflow was recorded 
in either case during the injection. After the shut-off, the 
gas pressure essentially remained flat in the recovery stage 
at constant volume without appreciable outflow volume 
detected for both tests (the outflow pressure remained at 
0.5 MPa). For the test at confining stress of 15 MPa, the out-
flow volume slightly increased after 1000 min, and a steep 
decline in gas pressure was recorded. The outflow contin-
ued in parallel with the sample expansion and the pressure 
decay until it sharply increased, and as a result, the sample 
underwent some compression. In the second case, at higher 
confining stress, the behaviour is fairly similar. Nonetheless, 
after 4000 min approximately, the outflow volume presented 
a sharp change (not visible due to the graph scale), with 
faster gas pressure dissipation. Again, significant pressure 

Fig. 13  Time evolution of air pressure at the bottom boundary (bottom), average axial strain (centre) and outflow volume (top) for a OPA sam-
ples at two different confining stresses and the same injection rate; and b BD samples at the same confining stress and different injection rates
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decay occurred after the maximum expansion of the sam-
ple. The results of these fast injections are equivalents and 
very consistent with those for the faster injections of BC 
(100 mL/min) and BD (100 and 2 mL/min).

4.3.3  Gas Permeability

Gas permeability calculations were performed using the 
pressure decay method. Although the gas transfer is expected 
to occur through localised pathways, both the ideal gas law 
and generalised Darcy law for compressible fluid for a gas 
phase were assumed and applied to the entire sample area 
(Yoshimi and Osterberg 1963; Arnedo et al. 2013; Pineda 
et al. 2014; Gonzalez-Blanco 2017). The contribution of the 
diffusion mechanism of dissolved air through the saturated 
clayey matrix was neglected, since the materials present very 
low diffusion coefficients (Jacops et al. 2013). Numerical 
simulations of equivalent gas injection tests in Boom Clay 
indicated that the diffusive gas flux through the sample was 
between three and four orders of magnitude lower than the 
advective gas flux (Gonzalez-Blanco et al. 2016). Similar 
behaviour is expected for the shale samples, since the dif-
fusion coefficients are equivalent to those of Boom Clay 
(Jacops et al. 2016). The pressure decay method required 
the constant volume V  of the upstream reservoir (dead and 
piston volumes) at varying absolute pressures ua , as well 
as the constant downstream pressure uat at the top cap. The 
evolution of the absolute pressure decay dua∕dt was recorded 
and used to estimate the mass of gas flowing through the 
sample.

(2)ka =
kikr�ag

�a

= −
2LV�ag

A
(

ua
2
− uat

2
)

dua

dt

(3)kikr = −
2�aLV

A
(

ua
2
− uat

2
)

dua

dt
,

where ki is the intrinsic permeability; kr is the relative per-
meability to air ( kikr represents the effective permeability 
to air as a measure of the ability of this phase to flow in 
the presence of water); A and L are the cross-sectional area 
and length of the sample; �a is the air dynamic viscosity at 
standard temperature and pressure; �a is the air density at 
standard temperature and pressure; and g is the acceleration 
of gravity. kikr was used, since the degree of saturation of 
the material was not known during the dissipation stage (the 
outlet of water was not measured during the tests).

It was assumed that the air pathways were desaturated 
and that the relative permeability to air was maximum 
in these paths (relative permeability close to one, even 
though the matrix is saturated and the global degree of 
saturation is higher than 95%). This way, the expression 
allowed for approximately obtaining intrinsic permeability 
values to air flow that could be compared to those obtained 
for water and used later to study the influence of sample 
deformation on gas transport properties.

Figure 14 presents the time evolution of the effective 
permeability to gas flow for the selected tests during the 
dissipation phase assuming quasi-steady-state conditions. 
Gas effective permeability values for BC samples were 
around  10–18  m2, whilst BD and OPA samples presented 
values between two and three orders of magnitude lower, 
consistent with their lower porosity.

5  Discussion of the Results

Gas injection experiments on these three formations dis-
played common behavioural features. The gas pressurisa-
tion process acted as an unloading stage at constant verti-
cal or isotropic stress, inducing some expansion of the 
samples during local pore pressure increase (local effective 
stress increase).

The stress–strain response during the injection stage is 
plotted in Fig. 15 in terms of the local vertical/isotropic 
stress minus the gas pressure at the bottom of the sample 

Fig. 14  Time evolution of the air effective permeability for the selected tests
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to assess the deformational behaviour better. As shown in 
Figs. 12 and 13, the injection phase was identified from 
point A to point B. Samples tested at slower rates only 
presented expansion during this phase, whilst for samples 
tested at faster rates, point B′ was marked as the moment 
when the outflow speeded up, concurrent with the maxi-
mum expansion. For these latter cases, the expansion was 
delayed due to the progressive increase of the pore pres-
sure. The rate at which this behaviour changed undoubt-
edly depended on the porosity of the samples; this rate 
was between 100 and 2 mL/min for BC samples, whilst 
for BD, and very likely for OPA, the rate was between 2 
and 0.04 mL/min.

The deformational response during the gas injection 
tests was consistent with the results obtained during load-
ing and unloading paths, namely that BD samples were the 
stiffer ones and BC the more compressible samples. In that 
regard, it was interesting to consider whether or not the 
mechanical response to the gas injection affected the sam-
ples. For this purpose, the mean air permeability values 
were compared with those obtained for water as a func-
tion of the average void ratio calculated accounting for the 
deformation during the injection stage (Fig. 16). For BC 
samples, intrinsic permeability to water, which depended 
on sample orientation, consistently displayed lower values 
compared to air (assuming air relative permeability equal 
to one in the preferential pathways). Higher water intrinsic 
permeability values were observed when bedding planes 
were parallel to flow. This was not the case for air intrinsic 
permeability values, which highlighted the role played by 
the deformation of the material and the opening of gas 
pathways along the injection and dissipation stages. On 
the contrary, similar values for both fluids were found on 
OPA and BD samples. These indurated rocks presented 
significant changes in intrinsic permeability with very 
small changes in porosity.

To better understand the consequences of gas injec-
tion, MIP tests were performed on freeze-dried samples 
to compare the pore size density ( PSD ) functions before 
(intact state) and after the gas tests. Figure 17 presents the 
PSD functions obtained for BC and OPA samples at their 
intact state and after the gas injection tests. The results are 
plotted on a log–log scale to highlight the changes at the 
macro-scale. Special care was taken during the unload-
ing stage (after the air tests) that was carried out under 
undrained conditions to prevent further expansion of the 
material. The micropores (below 2 μm) did not undergo 
significant changes. However, larger macroporosity was 
detected after the injection tests in both materials, which 
might have developed during the expansion produced at 
the early stage of the injection/dissipation experiments. 
The influence of the previous mechanical paths on the pore 
size distribution was disregarded. This assumption was 

Fig. 15  Local axial strain changes associated with local net stress 
changes at the bottom of the sample during air injection/dissipation 
stages for BC samples (top), BD samples (middle) and OPA samples 
(bottom)
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based on MIP tests performed in BC samples subjected 
to the same stress paths but without gas injection (Gonza-
lez-Blanco 2017). The obtained PSD functions after these 
stress paths were similar to the intact ones. By contrast, a 
new family of large pores, which was not detected in intact 
samples, was systematically observed after the gas injec-
tion tests in BC samples. These new pores at entrance sizes 
larger than 2 µm (dominant pore modes around 10 µm and 
representing around 10% of the total pore volume) were 
associated with fissure openings that acted as preferen-
tial gas pathways. In fact, further analyses in BC samples 

with other microstructural techniques (Micro-Focus-X-
ray Computed Tomography and Field-Emission Scanning 
Electron Microscopy) were performed and confirmed that 
gas injection led to the opening of preferential pathways 
that considerably modify the gas transport properties 
(Gonzalez-Blanco and Romero Submitted). Only one MIP 
test was performed after the injection tests on OPA, show-
ing the same behaviour as BC. Despite the scarcity of data 
on the indurated clays, similar trends are expected regard-
ing the increase at the macro-scale level on OPA samples 
after gas tests, implying the opening of preferential paths 
for gas transport even in these low-porosity samples.

6  Conclusions

The present work was motivated by the challenging task 
of better understanding the gas transfer process on argil-
laceous formations intended to host radioactive waste in 
deep geological disposals. Gas transport through these 
low-permeability rocks seems to be controlled not only by 
the hydraulic and mechanical properties of the intact state 
(intrinsic permeability, porosity distribution, rock strength, 
etc.) but also by the gas pressure at the generation locus and 
the hydro-mechanical paths undergone by the material dur-
ing gas injection/dissipation.

To this aim, laboratory-scale experiments were launched, 
which provided useful data for understanding theoretical 
frameworks and validating predictive tools. Tests under 
oedometer and isotropic conditions followed robust proto-
cols, given the priority to restoring in situ conditions for 
the materials together with their full saturation. The hydro-
mechanical response was studied during the initial stages. 
Relatively fast controlled volume-rate gas injection tests (air 
pulse tests) were performed to study gas flow mechanisms 
associated with the opening of stress-dependent disconti-
nuities, rather than on slower displacement flow (displace-
ment of the wetting fluid by the invading non-wetting fluid) 
and gas diffusion mechanisms through the matrix. The tests 
were designed specifically on samples with oriented bed-
ding planes, at different gas injection rates and stress states 
to investigate their effects on the coupled hydro-mechanical 
mechanisms dominating gas transfer. Volume changes were 
allowed in the experimental set-ups, and the deformation 
response was analysed during gas injection, gas pressure 
increase and dissipation.

The gas injection rate strongly influenced the stress–strain 
response during gas injection and dissipation. At slower 
rates, expansions occurred during the injection stage, since 
pore pressure was nearly equilibrated, whereas, at faster 
rates, this response was delayed in time. The rate at which 
these different behavioural features occur depends on the 
porosity of the rock. For BC samples, an injection rate of 

Fig. 16  Water and air intrinsic permeability values as a function of 
the void ratio for BC samples (top) and BD and OPA samples (bot-
tom)
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2 mL/min can be considered slow. However, for the low-
porosity BD, the 2 mL/min rate gives results comparable 
to the faster rate of 100 mL/min. The effect of the bedding 
plane orientation was also studied in BC samples and played 
a fundamental role in the volume change behaviour during 
gas migration. Samples with bedding planes orthogonal to 
flow were less constrained and consistently displayed more 
significant expansions than samples with bedding planes 
parallel to flow. For the tests performed on OPA samples, a 
minor impact of the confining pressure was found.

Estimation of the effective permeability to air flow of the 
materials during the dissipation stages was found, in general, 
to be higher than the measured for water flow, which indi-
cated a possible opening of preferential pathways for the gas 
flow that controls the permeability.

To detect the opening of fissures or discontinuities due 
to gas transfer, pore size distributions were obtained from 
mercury intrusion porosimetry tests before and after the 
gas injection experiments. The results showed an increase 
in the pores/fissures larger than 2 μm, which is evidence 
of preferential pathways formed during gas injection and 
pressurisation.

The compiled information in this paper, concerning three 
different argillaceous formations as potential hosts of nuclear 
waste disposals, gives some clues to their common features, 
particularly regarding the gas transfer process, and would 
endorse the joining of forces between different national agen-
cies through European Joint Programmes such as the recently 
launched HORIZON 2020 project EURAD WP-GAS.

Acknowledgements The authors are grateful to the Belgian and 
Swiss agencies for radioactive waste management (Belgian Agency 
for Radioactive Waste and Enriched Fissile Materials—ONDRAF/
NIRAS—and Nationale Genossenschaft für die Lagerung radioak-
tiver Abfälle—NAGRA) for their financial support through separate 
collaboration agreements (ONDRAF/NIRAS order XSI/AV/2012-
1952, 2012-2016; NAGRA order 11695; NAGRA order 13132). Fur-
thermore, the acknowledgements are extended to the European Joint 

Programme on Radioactive Waste Management (EURAD WP-GAS) 
within the Horizon 2020-Euratom programme under grant agreement 
No 847593 (2019–2024).

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This work is funded by the European 
Joint Programme on Radioactive Waste Management (EURAD WP-
GAS) within the Horizon 2020-Euratom programme under grant agree-
ment No 847593 (2019–2024). Past research contracts with NAGRA 
(National Cooperative for the Disposal of Radioactive Waste, Switzer-
land) and ONDRAF/NIRAS (Belgian Agency for Radioactive Waste 
and Enriched Fissile Materials) also provided funding.

Data availability Experimental data are not provided in files. Relevant 
information is reported in figures and tables. Materials used in this 
research were provided by the national agencies ONDRAF/NIRAS 
and NAGRA on request.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Fig. 17  PSD functions from MIP on intact samples and after gas injection tests for BC and OPA samples

http://creativecommons.org/licenses/by/4.0/


 L. Gonzalez-Blanco et al.

1 3

References

Aertsens M, Wemaere I, Wouters L (2004) Spatial variability of 
transport parameters in the Boom Clay. Appl Clay Sci 26:37–45. 
https:// doi. org/ 10. 1016/j. clay. 2003. 09. 015

Alonso EE, Gens A, Josa A (1990) A constitutive model for partially 
saturated soils. Géotechnique 40:405–430

Alonso EE, Alcoverro J (2002) Swelling and degradation of argilla-
ceous rocks. In: Juca JFT, de Campos TMP, Marinho FAM (eds) 
Proceedings of the 3rd international conference on unsaturated 
soils. Swets & Zeitlinger, Lisee, pp 951–972

Arnedo D, Alonso EE, Olivella S (2013) Gas flow in anisotropic clay-
stone: modelling triaxial experiments. Int J Numer Anal Methods 
Geomech 37:2239–2256. https:// doi. org/ 10. 1002/ nag

Bastiaens W, Bernier F, Li XL (2007) SELFRAC: experiments and 
conclusions on fracturing, self-healing and self-sealing processes 
in clays. Phys Chem Earth 32:600–615. https:// doi. org/ 10. 1016/j. 
pce. 2006. 04. 026

Bear J (2018) Modelling phenomena of flow and transport in porous 
media. In: Theory and applications of transport in porous media, 
vol 31. Springer International Publishing, Switzerland

Belanteur N, Tacherifet S, Pakzad M (1997) Etude des comportements 
mécanique, thermo-mécanique et hydro-mécanique des argiles 
gonflantes et non gonflantes fortement compactées. Rev Fr Géo-
technique 78:31–50

Bernier F, Bastiaens W, Li XL (2007) Twenty-five years’ geotechni-
cal observation and testing in the Tertiary Boom Clay formation. 
Géotechnique 57(2):229–237. https:// doi. org/ 10. 1680/ geot. 2007. 
57.2. 229

Bésuelle P, Viggiani G, Desrues J et al (2014) A laboratory experi-
mental study of the hydromechanical behavior of boom clay. 
Rock Mech Rock Eng 47:143–155. https:// doi. org/ 10. 1007/ 
s00603- 013- 0421-8

Cardoso R, Romero E, Lima A, Ferrari A (2007) A comparative study 
of soil suction measurement using two different high-range psy-
chrometers. Exp Unsaturated Soil Mech 112:79–93. https:// doi. 
org/ 10. 1007/3- 540- 69873-6_8

De Craen M, Wang L, Van Geet M, Moors H (2004) Geochemistry 
of Boom Clay pore water at the Mol site. Sci Rep SCK·CEN-
BLG-990 181

Cui YJ, Nguyen XP, Tang AM, Li XL (2013) An insight into the 
unloading/reloading loops on the compression curve of natural 
stiff clays. Appl Clay Sci 83–84:343–348. https:// doi. org/ 10. 
1016/j. clay. 2013. 08. 003

Cuss R, Harrington J, Giot R, Auvray C (2014) Clays in natural and 
engineered barriers for radioactive waste confinement: an intro-
duction. Geol Soc Lond Spec Publ 400:507–519

Cuss RJ, Harrington JF, Noy DJ et al (2015) An experimental study of 
the flow of gas along synthetic faults of varying orientation to the 
stress field: implications for performance assessment of radioac-
tive waste disposal. J Geophys Res Solid Earth 120:3932–3945. 
https:// doi. org/ 10. 1002/ 2014J B0113 33

Damians IP, Olivella S, Gens A (2020) Modelling gas flow in clay 
materials incorporating material heterogeneity and embedded 
fractures. Int J Rock Mech Min Sci 136:104524. https:// doi. org/ 
10. 1016/j. ijrmms. 2020. 104524

Dao LQ (2015) Etude du comportement anisotrope de l’argile de 
Boom. PhD Thesis, Université Paris-Est, Paris, France

Davy CA, Skoczylas F, Lebon P, Dubois T (2009) Gas migration 
properties through a bentonite/argillite interface. Appl Clay Sci 
42:639–648. https:// doi. org/ 10. 1016/j. clay. 2008. 05. 005

Dehandschutter B, Vandycke S, Sintubin M et al (2004) Microfabric 
of fractured Boom Clay at depth: a case study of brittle-ductile 
transitional clay behaviour. Appl Clay Sci 26:389–401. https:// doi. 
org/ 10. 1016/j. clay. 2003. 12. 013

Della Vecchia G, Jommi C, Lima A, Romero E (2011) Some remarks 
on the hydro-mechanical constitutive modelling of natural and 
compacted Boom clay. In: 5th Int Conf Unsaturated Soils, Barce-
lona, Spain, pp 803–809

Ferrari A, Laloui L (2013) Advances in the testing of the hydro-
mechanical behaviour of shales. In: Laloui L, Ferrari A (eds) 
Multiphysical testing of soils and shales. Springer, pp 57–68

Ferrari A, Favero V, Laloui L (2014) Experimental analysis of the 
retention behavior of shales. Int J Rock Mech Min Sci 72:61–70. 
https:// doi. org/ 10. 1016/j. ijrmms. 2014. 08. 011

Ferrari A, Favero V, Manca D, Laloui L (2012) Geotechnical charac-
terization of core samples from the geothermal well Schlattingen 
SLA-1 by LMS/EPFL. NAGRA Tech Rep NAB 12-50 79

François B, Laloui L, Laurent C (2009) Thermo-hydro-mechanical 
simulation of ATLAS in situ large scale test in Boom Clay. Com-
put Geotech 36:626–640. https:// doi. org/ 10. 1016/j. compg eo. 2008. 
09. 004

Gerard P, Harrington J, Charlier R, Collin F (2014) Modelling of local-
ised gas preferential pathways in claystone. Int J Rock Mech Min 
Sci 67:104–114. https:// doi. org/ 10. 1016/j. ijrmms. 2014. 01. 009

Giger S, Marschall P (2014) Geomechanical properties, rock models 
and in-situ stress conditions fo Opalinus Clay in Northern Swit-
zerland. NAGRA Tech Rep NAB 14-01 108

Gimmi T, Fernandez AM (2017) Physical characterisation of pores and 
pore water of samples from the Schlattingen borehole. NAGRA 
Tech Rep NAB 16–71

Gonzalez-Blanco L, Romero E, Jommi C et al (2016) Gas migration in 
a Cenozoic clay: experimental results and numerical modelling. 
Geomech Energy Environ 6:81–100. https:// doi. org/ 10. 1016/j. 
gete. 2016. 04. 002

Gonzalez-Blanco L, Romero E, Jommi C et al (2017) Exploring fis-
sure opening and their connectivity in a Cenozoic clay during 
gas injection. In: Ferrari A, Laloui L (eds) Advances in labora-
tory testing and modelling of soils and shales (ATMSS), Springer 
Series in Geomechanics and Geoengineering. Springer, pp 288–
295. https:// doi. org/ 10. 1007/ 978-3- 319- 52773-4_ 33

Gonzalez-Blanco L (2017) Gas migration in deep argillaceous forma-
tions: Boom Clay and indurated clays. PhD Thesis, Universitat 
Politècnica de Catalunya, Barcelona

Harrington JF, Horseman ST (1999) Gas transport properties of clays 
and mudrocks. Geol Soc Lond Spec Publ 158:107–124. https:// 
doi. org/ 10. 1144/ GSL. SP. 1999. 158. 01. 09

Harrington JF, de la Vaissière R, Noy DJ et al (2012a) Gas flow in 
Callovo-Oxfordian claystone (COx): results from laboratory and 
field-scale measurements. Mineral Mag 76:3303–3318. https:// 
doi. org/ 10. 1180/ minmag. 2012. 076.8. 43

Harrington JF, Milodowski AE, Graham CC et al (2012b) Evidence 
for gas-induced pathways in clay using a nanoparticle injection 
technique. Mineral Mag 76:3327–3336. https:// doi. org/ 10. 1180/ 
minmag. 2012. 076.8. 45

Harrington JF, Cuss RJ, Talandier J (2017a) Gas transport proper-
ties through intact and fractured Callovo-Oxfordian mudstones. 
Geol Soc Lond Spec Publ 454:131–154. https:// doi. org/ 10. 1144/ 
SP454.7

Harrington JF, Graham CC, Cuss RJ, Norris S (2017b) Gas network 
development in a precompacted bentonite experiment: Evidence 
of generation and evolution. Appl Clay Sci 147:80–89. https:// doi. 
org/ 10. 1016/j. clay. 2017. 07. 005

Harrington JF, Cuss RJ, Noy DJ et al (2015) Stress coupling in Callovo-
Oxfordian claystone during gas and water flow. In: 6th interna-
tional conference clays in natural and engineered barriers for radi-
oactive waste confinement, Brussels, March 23–26, pp 162–163

Hildenbrand A, Schlömer S, Krooss BM, Littke R (2004) Gas break-
through experiments on pelitic rocks: comparative study with  N2, 
 CO2 and  CH4. Geofluids 4:61–80

https://doi.org/10.1016/j.clay.2003.09.015
https://doi.org/10.1002/nag
https://doi.org/10.1016/j.pce.2006.04.026
https://doi.org/10.1016/j.pce.2006.04.026
https://doi.org/10.1680/geot.2007.57.2.229
https://doi.org/10.1680/geot.2007.57.2.229
https://doi.org/10.1007/s00603-013-0421-8
https://doi.org/10.1007/s00603-013-0421-8
https://doi.org/10.1007/3-540-69873-6_8
https://doi.org/10.1007/3-540-69873-6_8
https://doi.org/10.1016/j.clay.2013.08.003
https://doi.org/10.1016/j.clay.2013.08.003
https://doi.org/10.1002/2014JB011333
https://doi.org/10.1016/j.ijrmms.2020.104524
https://doi.org/10.1016/j.ijrmms.2020.104524
https://doi.org/10.1016/j.clay.2008.05.005
https://doi.org/10.1016/j.clay.2003.12.013
https://doi.org/10.1016/j.clay.2003.12.013
https://doi.org/10.1016/j.ijrmms.2014.08.011
https://doi.org/10.1016/j.compgeo.2008.09.004
https://doi.org/10.1016/j.compgeo.2008.09.004
https://doi.org/10.1016/j.ijrmms.2014.01.009
https://doi.org/10.1016/j.gete.2016.04.002
https://doi.org/10.1016/j.gete.2016.04.002
https://doi.org/10.1007/978-3-319-52773-4_33
https://doi.org/10.1144/GSL.SP.1999.158.01.09
https://doi.org/10.1144/GSL.SP.1999.158.01.09
https://doi.org/10.1180/minmag.2012.076.8.43
https://doi.org/10.1180/minmag.2012.076.8.43
https://doi.org/10.1180/minmag.2012.076.8.45
https://doi.org/10.1180/minmag.2012.076.8.45
https://doi.org/10.1144/SP454.7
https://doi.org/10.1144/SP454.7
https://doi.org/10.1016/j.clay.2017.07.005
https://doi.org/10.1016/j.clay.2017.07.005


Hydro‑mechanical Response to Gas Transfer of Deep Argillaceous Host Rocks for Radioactive…

1 3

Horseman ST, Harrington JF, Noy DJ (2007) Swelling and osmotic 
flow in a potential host rock. Phys Chem Earth Parts A/B/C 32(1–
7):408–420. https:// doi. org/ 10. 1016/j. pce. 2006. 05. 003

Jacops E, Volckaert G, Maes N et al (2013) Determination of gas diffu-
sion coefficients in saturated porous media: He and CH4 diffusion 
in Boom Clay. Appl Clay Sci 83–84:217–223. https:// doi. org/ 10. 
1016/j. clay. 2013. 08. 047

Jacops E, Maes N, Bruggeman C, Grade A (2016) Measuring diffusion 
coefficients of dissolved He and Ar in three potential clay host 
formations: Boom Clay, Callovo-Oxfordian Clay and Opalinus 
Clay. In: Norris S, Bruno J, Van Geet M, Verhoef E (eds) Radioac-
tive waste confinement: clays in natural and engineered barriers. 
Geol Soc London, Spec Publ, vol 443(1), p 349. https:// doi. org/ 
10. 1144/ SP443.1

Keller LM, Schuetz P, Enri R et al (2013) Characterization of multi-
scale microstructural features in Opalinus Clay. Microporous 
Mesoporous Mater 170:83–94. https:// doi. org/ 10. 1016/j. micro 
meso. 2012. 11. 029

Lanyon GW, Marschall P, Trick T et al (2014) Self-sealing experiments 
and gas injection tests in a backfilled microtunnel of the Mont 
Terri URL. Geol Soc Lond Spec Publ 400:93–106. https:// doi. 
org/ 10. 1144/ SP400.8

Le AD, Nguyen TS (2014) Hydromechanical response of a bedded 
argillaceous rock formation to excavation and water injection. Can 
Geotech J 52:1–17. https:// doi. org/ 10. 1139/ cgj- 2013- 0324

Le TT (2008) Comportement thermo-hydro-mécanique de l ’ argile de 
Boom. PhD Thesis, Ecole Nationale des Ponts et Chaussées, Paris

Li X, Bernier F, Vietor T, Lebon P (2007) TIMODAZ: thermal impact 
on the damaged zone around a radioactive waste disposal in clay 
host rocks. Deliverable 2. Eur Comm FI6W-CT-036449 Deliv 
 No 2 106

Lima A (2011) Thermo-hydro-mechanical behaviour of two deep 
belgian clay formations: Boom and Ypresian clays. PhD Thesis, 
Universitat Politècnica de Catalunya, Barcelona

Liu JF, Song Y, Skoczylas F, Liu J (2016) Gas migration through 
water-saturated bentonite–sand mixtures, COx argillite, and their 
interfaces. Can Geotech J 53:60–71. https:// doi. org/ 10. 1139/ 
cgj- 2014- 0412

Mäder U (2011) Recipe and preparation of a simplified artificial pore 
water for Opalinus Clay and Brown Dogger. Nagra Report AN 
11-159.

Marschall P, Gimmi T, Horseman S et al (2005) Characterisation of gas 
transport properties of the Opalinus Clay. Sci Technol 60:121–139

NEA (2001) Annual Report. Nucl Energy Agency 40
NEA (2010) Annual Report. Nucl Energy Agency 53
Nguyen XP (2013) Étude du comportement chimico-hydromécanique 

des argiles raides dans le contexte du stockage de déchets radio-
actifs. PhD Thesis, Université Paris-Est, Paris, France

Nguyen V, Pineda J, Romero E, Sheng D (2020) Effects on air per-
meability of the initial fabric in compacted clay. Géotechnique. 
https:// doi. org/ 10. 1680/ jgeot. 18.P. 186

Olivella S, Alonso EE (2008) Gas flow through clay barriers. Géo-
technique 58:157–176. https:// doi. org/ 10. 1680/ geot. 2008. 58.3. 157

ONDRAF/NIRAS (2011) Waste Plan for long-term management of 
conditioned high-level and/or long-lived radioactive waste and 
overview of related issues. Rep NIROND 2011-02 E 255

Pineda J, Alonso EE, Romero E (2014) Environmental degradation 
of claystones. Géotechnique 64:64–82. https:// doi. org/ 10. 1680/ 
geot. 13.P. 056

Rodwell WR (ed) (2000) Research into gas generation and migration in 
radioactive waste repository systems (PROGRESS Project)

Romero E, Gómez R (2013) Water and air permeability test on deep 
core samples from Schlattingen SLA-1 borehole. NAGRA Tech 
Rep NAB 13–51:62

Romero E, Simms PH (2008) Microstructure investigation in unsatu-
rated soils: a review with special attention to contribution of Mer-
cury Intrusion Porosimetry and Environmental Scanning Electron 
Microscopy. Geotech Geol Eng 26:705–727. https:// doi. org/ 10. 
1007/ s10706- 008- 9204-5

Romero E, Senger R, Marschall P, Gómez R (2013) Air tests on low-
permeability claystone formations. Experimental results and simu-
lations. Springer Ser Geomech Geoeng 3:69–83. https:// doi. org/ 
10. 1007/ 978-3- 642- 32492-5_6

Romero E, Vaunat J (2000) Retention curves of deformable clays. In: 
Tarantino A, Mancuso (eds) International workshop on unsatu-
rated soils: experimental evidence and theoretical approaches, 
Trento. Balkema, Rotterdam, pp 91–106

Romero E (1999) Characterisation and thermo-hydro-mechanical 
behaviour of unsaturated boom clay: an experimental study. PhD 
Thesis, Universitat Politècnica de Catalunya, Barcelona

Senger R, Romero E, Ferrari A, Marschall P (2014) Characterization 
of gas flow through low-permeability claystone: laboratory experi-
ments and two-phase flow analyses. Geol Soc Lond Spec Publ. 
https:// doi. org/ 10. 1144/ SP400. 15

Shaw RP (2013) Gas Generation and Migration. Int Symp Work 5th to 
7th Febr 2013 Luxemb Proc FORGE Rep 269

Vandenberghe N, De Craen M, Wouters L (2014) The Boom Clay 
Geology. From sedimentation to present-day occurrence. A 
review. Mem Geol Surv Belg 60:76

Vietor T, Müller H, Frieg B, Klee G (2012) Stress measurements 
in the geothermal well Schlattingen, Northern Switzerland. In: 
Veröffentlichung des Instituts für Geomechanik der Technischen 
Universität Bergakademie Freiberg, Heft 2012-1,Geomechanik-
Kolloquium, Freiberg, 16 November 2012. pp 105–112

Volckaert G, Ortiz L, De Canniere P et al (1995) MEGAS Modelling 
and experiments on gas migration in repository host rocks. Eur 
Comm Final Rep Phase 1 EUR 16235 464. ISSN 1018-5593

Volckaert G, Bernier F, Sillen X et al (2005) Similarities and differ-
ences in the behaviour of plastic and indurated clays. In: Proc 
Euradwaste’04 Radioact waste Manag community policy Res 
Initiat EUR-21027, pp 281–291

Webb PA, Orr C (1997) Analytical methods in fine particle technology. 
Micromeritics Instrum Corp, Norcross, GA, USA 301

Wersin P, Mazurek M, Waber HN et al (2013) Rock and porewater 
characterisation on drillcores from the Schlattingen borehole. 
NAGRA Tech Rep NAB 12-54 343

Wiseall AC, Cuss RJ, Graham CC, Harrington JF (2015) The visualiza-
tion of flow paths in experimental studies of clay-rich materials. 
Mineral Mag 79:1335–1342. https:// doi. org/ 10. 1180/ minmag. 
2015. 079. 06. 09

Xu W (2013) Investigation of Gas Migration in saturated Argillaceous 
Rock. PhD Thesis, Technischen Universität Dresden, Germany

Yang J, Fall M (2021) Coupled hydro-mechanical modelling of dila-
tancy controlled gas flow and gas induced fracturing in saturated 
claystone. Int J Rock Mech Min Sci 138:104584. https:// doi. org/ 
10. 1016/j. ijrmms. 2020. 104584

Yoshimi Y, Osterberg JO (1963) Compression of partially saturated 
cohesive soils. ASCE J Soil Mech Found Div 89:1–24

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.pce.2006.05.003
https://doi.org/10.1016/j.clay.2013.08.047
https://doi.org/10.1016/j.clay.2013.08.047
https://doi.org/10.1144/SP443.1
https://doi.org/10.1144/SP443.1
https://doi.org/10.1016/j.micromeso.2012.11.029
https://doi.org/10.1016/j.micromeso.2012.11.029
https://doi.org/10.1144/SP400.8
https://doi.org/10.1144/SP400.8
https://doi.org/10.1139/cgj-2013-0324
https://doi.org/10.1139/cgj-2014-0412
https://doi.org/10.1139/cgj-2014-0412
https://doi.org/10.1680/jgeot.18.P.186
https://doi.org/10.1680/geot.2008.58.3.157
https://doi.org/10.1680/geot.13.P.056
https://doi.org/10.1680/geot.13.P.056
https://doi.org/10.1007/s10706-008-9204-5
https://doi.org/10.1007/s10706-008-9204-5
https://doi.org/10.1007/978-3-642-32492-5_6
https://doi.org/10.1007/978-3-642-32492-5_6
https://doi.org/10.1144/SP400.15
https://doi.org/10.1180/minmag.2015.079.06.09
https://doi.org/10.1180/minmag.2015.079.06.09
https://doi.org/10.1016/j.ijrmms.2020.104584
https://doi.org/10.1016/j.ijrmms.2020.104584

	Hydro-mechanical Response to Gas Transfer of Deep Argillaceous Host Rocks for Radioactive Waste Disposal
	Abstract
	1 Introduction
	2 Materials
	2.1 Mineralogical Origin and In Situ Stress State
	2.2 Geotechnical Properties
	2.3 Microstructural Analyses
	2.4 Water Retention Properties

	3 Experimental Set-Ups and Protocols
	4 Results
	4.1 Hydro-mechanical Behaviour on Loading and Unloading
	4.2 Water Permeability
	4.3 Gas Injection Tests
	4.3.1 Experimental Methods
	4.3.2 Time Evolution of Gas Injection and Dissipation
	4.3.3 Gas Permeability


	5 Discussion of the Results
	6 Conclusions
	Acknowledgements 
	References




