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Abstract
In the geological disposal of high-level radioactive waste in argillaceous rocks, studying the barrier integrity after gas trans-
port and the pathway closure thanks to self-sealing capacity is a crucial aspect for the safety assessment. This paper presents 
experimental research in Boom Clay (a potential host rock in Belgium) to evaluate the effectiveness of self-sealing and pos-
sible fissure reactivation during a second gas invasion event. Initial water permeability under oedometer conditions was first 
measured on samples at two bedding orientations, being higher the sample with bedding planes parallel to flow, highlighting 
marked anisotropy. Then, gas injection tests at a constant volume rate were performed. Results indicated that Boom Clay 
underwent expansion and degradation during gas injection due to the development of fissures that were quantified using 
microstructural techniques. The computed effective gas permeability was not significantly dependent on bedding orientation 
and was slightly larger than the initial intrinsic water permeability. The re-saturation of the samples led to a recovery of the 
initial water permeability for both orientations, replicating the original anisotropy. The microstructural analyses confirmed 
the gas pathways’ closure, indicating good self-sealing and the regaining of the hydraulic barrier function. However, a small 
volume of large unconnected pores was detected on undrained unloading before the microstructural study. An additional 
gas injection after the self-sealing resulted in a higher effective gas permeability and a larger increase in pore volume, sug-
gesting the reopening of fissures generated during the first injection. Finally, the experimental data were compiled within 
a multi-scale phenomenological model to relate the microstructural information to macroscopic flow transport properties 
capturing the intrinsic permeability increase on gas invasion and its recovery during self-sealing.

Highlights

•	 Gas transport on Boom Clay occurs along fissures, increasing its permeability
•	 The re-saturation process induces the recovery of the initial water permeability, demonstrating an excellent self-sealing 

capacity.
•	 A subsequent gas injection after the re-saturation suggests the reopening of previous gas paths.
•	 A multi-scale model is proposed to account for the permeability changes derived from a microstructural damage variable.
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List Of Symbols
A 	� Area of the sample
D 	� Damage variable
e 	� Void ratio
eav 	� Average void ratio
ef  	� Fissured void ratio (volume of fissures to the vol-

ume of solids)
eM 	� Macro-void ratio (volume of macro-pores to the 

volume of solids)
f  	� Macro-fissured ratio (volume of macro-pores and 

fissures to the volume of voids)
f
0
 	� Volume of the macro-pores to the volume of voids 

at the intact state
enw 	� Non-wetting void ratio (MIP)
g 	� Acceleration of gravity
ka 	� Air permeability
kw 	� Water permeability
ki 	� Intrinsic permeability
kikr 	� Effective permeability
kinitial 	� Initial value of intrinsic water permeability
k 	� Permeability measured during the last stage of the 

tests
kr 	� Relative permeability
L 	� Length of the sample
n 	� Porosity
PSD 	� Pore size density function
s 	� Total suction
Sr 	� Degree of saturation
t 	� Time
ua 	� Absolute air pressure of the upstream reservoir
uat 	� Absolute air pressure of the downstream reservoir
uw 	� Pore water pressure
V  	� Volume of the upstream reservoir
Vs 	� Volume of solids
Vm 	� Volume of micro-pores
VM 	� Volume of macro-pores
Vf  	� Volume of fissures
Vtotal 	� Volume of the sample
w 	� Water content
wL 	� Liquid limit
wP 	� Plastic limit
x 	� Entrance pore size
� 	� Parameter of van Genuchten’s equation
�i 	� Constant parameter in Eq. (5)
�a 	� Axial strain
� 	� Parameter of van Genuchten’s equation
�a 	� Air dynamic viscosity at standard pressure and 

temperature
� 	� Osmotic suction
�a 	� Air density at standard pressure and temperature

� 	� Bulk density
�d 	� Dry density
�s 	� Density of solids
�v 	� Total vertical stress
�′v 	� Effective vertical stress

1  Introduction

Sedimentary clayey formations have been studied during the 
last decades as host rocks for the geological disposal of long-
living and heat-emitting radioactive waste. The argillaceous 
rocks present desirable characteristics, making them suitable 
for isolating and confining wastes during the operational life 
of the repositories. Their low permeability allows for reduc-
ing the transport of radionuclides, and their retention capac-
ity delays the migration of contaminants (Nagra 2002; Andra 
2005; Bernier et al. 2007b; ONDRAF/NIRAS 2013; Giger 
et al. 2015). However, the clayey rocks may present natural 
fractures such as geologic faults and/or induced fractures 
caused by the excavation activities during the repository 
construction, forming what is known as the excavation dis-
turbed zone (EDZ). The presence of fractures can increase 
the hydraulic conductivity by several orders of magnitude 
while transporting radionuclides (NEA 2010). This is why 
the self-sealing or self-healing capacity of these rocks is 
a crucial issue for the safety assessment of the disposals. 
According to Bernier et al. (2007a), sealing is the reduction 
of fracture permeability by any hydro-mechanical, hydro-
chemical, or hydro-biochemical process, while healing is the 
self-repair of cracks with loss of memory of the pre-healing 
state. The term self is defined as a healing or sealing pro-
cess that happens spontaneously without human interven-
tion. The physical mechanisms driving this phenomenon 
are mainly the swelling of clay minerals, the consolidation 
and the creep. However, it is often difficult to quantify the 
contribution of each of them and depends on the properties 
of the rock (Bastiaens et al. 2007).

The potential self-sealing/healing of the clayey host rocks 
has been experimentally studied concerning the fractures of 
the EDZ since the EC-funded SELFRAC project (Bernier 
et al. 2007a; Bastiaens et al. 2007; Van Geet et al. 2008). 
Laboratory tests were conducted on artificially created frac-
tures subjected to different chemo–thermo–hydro-mechan-
ical paths (Van Geet et al. 2008; Zhang 2011; Zhang et al. 
2014; Honty et al. 2017; Giot et al. 2019; Voltolini and Ajo-
Franklin 2020; Di Donna et al. 2022; Zhang and Talandier 
2022), and the self-sealing/healing capacity was evaluated 
by comparing the permeability of the intact material with the 
one after the closure of the fracture and generally supported 
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with imaging techniques. Most results provided strong evi-
dence for the high self-sealing capacity of different clay-
stones rather than the complete self-healing.

Nonetheless, in the operational life of the repositories, 
the accumulation of gases, mainly due to the anaerobic cor-
rosion of the metallic parts, could result in an excessive 
pressure build-up in these low-permeability and saturated 
media (Volckaert et al. 1998), leading to the generation of 
fractures/fissures or the reactivation of existing ones acting 
as preferential pathways for the gas flow (Cevatoglu et al. 
2015; Cuss et al. 2014; Fall et al. 2014; Gerard et al. 2014; 
Gonzalez-Blanco et al. 2016, 2017, 2022; Liu et al. 2016a, 
b; Harrington et al. 2017; Senger et al. 2018; Levasseur et al. 
2021; Gonzalez-Blanco and Romero 2022). Self-sealing of 
fractures is likely to occur, since gas migration pathways 
are usually considered transient (Levasseur et al. 2021). 
However, there is still a need to prove the effectiveness of 
the self-sealing process along gas-induced pathways. This is 
one of the objectives of the Work Package GAS of the Euro-
pean Joint Programme on Radioactive Waste Management 
(EURAD 2019) within this paper is framed.

To the authors’ knowledge, there is scarce experimen-
tal data regarding this topic, but for Zhang and Talandier 
(2022), who studied the recovery of gas-induced pathways in 
previously fractured and sealed indurated clay samples, the 
Opalinus Clay (host rock considered in Switzerland) and the 
Callovo-Oxfordian Clay (host rock considered in France). 
These authors measured water permeability and compared 
it with that before gas penetration. In this paper, Boom Clay, 
a poorly indurated clay candidate in the Belgian programme, 
was experimentally studied using a similar approach. Intact 
Boom Clay samples, retrieved from the HADES under-
ground research laboratory (URL) in Mol (Belgium) but far 
from the EDZ, were subjected to gas injection and then re-
saturated to evaluate the self-sealing. Gonzalez-Blanco and 
Romero (2022) confirmed that Boom Clay undergoes expan-
sion and degradation during gas injection due to the devel-
opment of fissures quantified using microstructural tech-
niques [mercury intrusion porosimetry (MIP), field-emission 
scanning electron microscopy (FESEM) and X-ray micro-
tomography (µ-CT)]. The opening of gas pathways led to an 
increase in permeability. Therefore, the open question that 
this paper addresses is if these fissures can be sealed during 
a re-saturation stage, recovering the initial permeability. In 
addition, the possible fissure reactivation is investigated with 
a second gas injection after the sealing process. The per-
meability measurements of water and gas are accompanied 
by the evaluation of the microstructural features after each 
process. Finally, a model is proposed within a multi-scale 
perspective, integrating both macro-phenomenological pro-
cesses of water and gas transport and microstructural infor-
mation. The model can describe the change in permeability 
from the initial water permeability to the increase during the 

gas invasion and its recovery upon re-saturation in terms of 
a microstructural damage variable.

2 � Soil Properties and Experimental Methods

2.1 � Boom Clay Samples

The Boom Clay formation is a marine sediment of the Ceno-
zoic, specifically of the Rupelian age (Northwest European 
Tertiary Basin, 36–30 My). Its mineralogical composition 
is homogeneous in the vertical profile being 20–30% kao-
linite, 20–30% illite, 10–20% smectite, and 25% quartz and 
feldspar (Bernier et al. 2007b; Delage et al. 2007; Sultan 
et al. 2010). At the Mol-Dessel nuclear site (Belgium), the 
Boom Clay lies 160–270 m below ground level in almost 
horizontal layers (it dips 1–2% towards the NE), present-
ing depositional bedding planes in the horizontal direction, 
which lead to anisotropic features (Lima 2011; Salehnia 
et al. 2015; Gonzalez-Blanco et al. 2017). The samples 
used in this study were collected at a depth of 223 m in the 
horizontal plane of the Belgian underground research facil-
ity (URF), the HADES, and belong to Core 8 (Core Ref.: 
CG66-67W_Core8_Sectiona). At that depth, the total verti-
cal stress and water pressure are around �v = 4.6 MPa and 
uw = 2.2 MPa, respectively.

The basic properties of the intact material (“as-received”) 
were determined in the laboratory and are shown in Table 1 
compared to samples used in previous studies (Gonzalez-
Blanco et al. 2016, 2022; Gonzalez-Blanco and Romero 
2022). The samples of Core 8 presented a lower initial 
degree of saturation and higher total suction, possibly due 
to some desiccation during the storage, but still below the 
air-entry value determined from the water retention curve 
(air-entry value of around 4.6 MPa). Figure 1 presents the 
water retention capacity measured using a chilled mirror dew 
point psychrometer by stepwise drying from the initial total 
suction and a void ratio of 0.59, considering the shrinkage 
of the sample using data reported in Lima (2011).

2.2 � Experimental Equipment and Protocol

The applied methodology aims at replicating the proce-
dures followed in previous experimental campaigns in 
which the gas transport process and its consequences in 
terms of microstructure changes were studied, but this 
time, some additional steps have been included to evaluate 
the self-sealing capacity of the Boom Clay and the conse-
quences of a subsequent gas injection after re-saturation. 
Therefore, the same high-pressure oedometer cell was 
used (Gonzalez-Blanco and Romero 2022). The samples 
of 50 mm in diameter and 20 mm in height were installed 
between the top and bottom caps to allow the injection and 
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recovery of water and gas. An external LVDT measured 
the vertical displacements. The vertical stress was applied 
using a pressure/volume controller (PVC). Water and gas 
flow at the bottom of the sample (upstream boundary) were 
imposed by two independent PVCs. The recovery line, 
connected to the top of the sample (downstream bound-
ary), consisted of another PVC to collect water or gas and 
apply the outflow pressure.

In addition, MIP (Romero and Simms 2008) and µ-CT 
(Cnudde and Boone 2013; Paul et al. 2019) were used as 
integrated microstructural techniques to observe the evolu-
tion of the Boom Clay pore network. These techniques were 
performed on freeze-dried samples without stress constraints 
at the initial state and after the tests.

The test protocol followed the one described in detail 
in Gonzalez-Blanco and Romero (2022), but as previ-
ously indicated, some additional stages were included to 

evaluate the self-sealing capacity. The main stages were 
the following:

	 (i)	 Pre-conditioning stage. Initially, an undrained load-
ing stage at constant water content was set to reduce 
the suction induced due to the sampling retrieval at 
the HADES depth and to reproduce the in situ stress 
state of the clay. Total vertical stress was increased 
up to σv = 3 MPa at a 15 kPa/min rate. Then, the sam-
ples were put in contact with synthetic Boom Clay 
water (De Craen et al. 2004) (from now on referred to 
as water) at atmospheric pressure to minimise expan-
sion on suction reduction (Sultan et al. 2010; Lima 
2011; Bésuelle et al. 2014). Afterwards, upstream 
and downstream water pressures were increased to 
0.6 and 0.5 MPa, respectively, and the water perme-
ability was determined at steady-state under a pres-
sure difference of 0.1 MPa. Subsequently, upstream 
water pressure was reduced to 0.5 MPa, followed by 
a time of pore pressure equalisation.

	 (ii)	 Loading stage. The samples were loaded within the 
elastic regime from σv = 3 MPa up to 6 MPa under 
drained conditions at a constant rate of 0.5 kPa/min 
while keeping a back-pressure of 0.5 MPa and ensur-
ing not generating pore water pressure excess. To 
check the rate, the loading was stopped at specific 
intervals, recording the deformation with time, which 
was negligible.

	 (iii)	 Water permeability. At constant total vertical stress 
of 6 MPa, water permeability was measured again 
by applying a pressure difference of 0.1 MPa by 
increasing the upstream pressure to 0.6 MPa (down-
stream pressure was constant during the process). 
Afterwards, upstream water pressure was reduced to 

Table 1   Main geotechnical 
properties and initial state of 
Boom Clay (BC) samples

Main properties/initial state This study Previous studies (Gonzalez-Blanco et al. 
2016, 2022; Gonzalez-Blanco and Romero 
2022)

Density of solids, �s (Mg/m3) 2.67 2.67
Liquid limit, wL (%) 67 56
Plastic limit, wP (%) 29 29
Bulk density, � (Mg/m3) 2.05 2.02–2.06
Dry density, �d (Mg/m3) 1.67–1.68 1.63–1.69
Water content, w (%) 19.0–20.2 22.6–24.0
Void ratio, e 0.58–0.59 0.58–0.63
Porosity, n 0.37 0.37–0.39
Degree of saturation, Sr 0.93–0.96 1.0
Total suction, s (MPa) 3.2 2.45
Osmotic suction, π (MPa) 0.5 0.5

Fig. 1   Drying branch of the water retention curve fitted with van 
Genuchten’s equation
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0.5 MPa followed by a time of pore pressure equali-
sation.

	 (iv)	 Gas injection/dissipation. Initially, the water at the 
bottom line was rapidly replaced by gas at 0.5 MPa 
of initial pressure at the upstream boundary. Imme-
diately after, gas injection started at a constant con-
trolled volume rate of 100 mL/min until the gas 
pressure reached 4 MPa when the injection piston 
stopped (shut-off). Then, gas pressure was let to 
decay at constant gas volume. During this stage, the 
downstream line was full of a known volume of water 
at constant pressure (0.5 MPa).

	 (v)	 Re-saturation stage. After the gas dissipation, a re-
saturation stage was performed. First, the sample was 
put in contact with water under atmospheric condi-
tions at both upstream and downstream boundaries. 
When equilibrium was reached, water pressures were 
increased to 0.6 and 0.5 to measure the water per-
meability. Afterwards, upstream water pressure was 
reduced to 0.5 MPa followed by a time of pore pres-
sure equalisation.

	 (vi)	 Unloading stage. Finally, the samples were unloaded 
under undrained conditions to preserve the micro-
structure thanks to the development of matric suction 
in the sample.

	(vii)	 Microstructural study. MIP and µ-CT tests were per-
formed on post-mortem samples.

This protocol was employed in two samples trimmed with 
the bedding planes parallel (S1_P) and normal (S2_N) to 
the flow direction. A third sample S3_N was subjected to a 
second gas injection to evaluate the possible fissure reactiva-
tion after self-sealing. The same procedure explained in (iv) 
was used for the second injection. Afterwards, stages (vi) 
and (vii) were carried out.

3 � Experimental Results

3.1 � Compressibility Behaviour

Figure 2 shows the continuous loading results at a controlled 
stress rate in terms of axial strain (positive in compression) 
and total vertical stress for samples tested with bedding 
planes normal (green lines, square symbols) and parallel 
(blue lines, round symbols) to the loading axis during stage 
(i). The figure also shows a compilation of results from pre-
vious research (Gonzalez-Blanco and Romero 2022). This 
compressibility is due to matric suction and stress changes. 
Samples tested with bedding planes parallel to the axis of 
revolution presented higher stiffness. This behaviour was 
attributed to the anisotropy in the elastic regime besides a 
possible closure of the discontinuities and/or bedding planes. 

Samples of Core 8 used in this study presented a higher stiff-
ness than the ones used in previous campaigns, possibly due 
to the slight loss of water content during storage (Table 1).

Once total stress of 3 MPa was reached, the samples were 
put in contact with SBCW at atmospheric pressure at the top 
and bottom sides to ensure null matric suction. All samples 
underwent some swelling during this process. The expansion 
was lower in samples with bedding planes parallel to the 
axis, which were constrained to expand by oedometer condi-
tions. The swelling was caused by some remaining matric 
suction. A small matric suction of 0.15 MPa was measured 
in an additional test and computed in a hydro-mechanical 
simulation (Gonzalez-Blanco et al. 2016). Figure 3 presents 
the swelling deformation of the samples during the flooding 
until its stabilisation with time (negative values correspond 
to expansion) together with previous results (Gonzalez-
Blanco and Romero 2022).

At null matric suction of the samples, a continuous 
loading was carried out in all the oedometer tests at a slow 
stress rate of 0.5 kPa/min to ensure drained conditions. 
This rate allowed water to be expelled during the process. 
Consequently, there is no excess pore water pressure, and 
the deformation can be plotted in terms of effective ver-
tical stress computed as the total stress minus the pore 
water pressure. Figure 4 shows the compressibility curves 
for samples with bedding planes normal and parallel to 
the axis together with previous results (Gonzalez-Blanco 
and Romero 2022). Despite being natural samples, good 
consistency was achieved during this hydro-mechanical 
loading. Small anisotropy behaviour during this stage was 

Fig. 2   Axial strain against total stress during fast loading at constant 
water content of samples at both orientations
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identified, since samples with bedding planes normal to 
the axis still presented slightly higher compressibility.

3.2 � Water Permeability Before Gas Injection

Figure 5 shows the water permeability as a function of the 
average void ratio for each sample. The results, in good 
concordance with the previous (lighter marks in the fig-
ure) (Gonzalez-Blanco and Romero 2022), highlighted the 
clear dependence of the water permeability on the poros-
ity. Furthermore, as expected, higher water permeability 
was observed with flow parallel to bedding planes, indicat-
ing a marked anisotropic feature.

3.3 � Gas Injection and Dissipation

The gas injection was performed at a relatively large injec-
tion rate of 100 mL/min and with air, aiming to compare 
the macro-phenomenological behaviour and microstruc-
tural changes of the tested samples with the ones reported 
in Gonzalez-Blanco and Romero (2022). The injection 
pressure was increased until a maximum of 4 MPa (shut-
off), and then, the injection system was stopped, while the 
total vertical stress was kept constant during the whole 
process (6 MPa). Gas passage through the samples was 
detected by a decrease in the inlet pressure and an increase 
in the outflow volume in the downstream PVC. This pro-
tocol differs from the typically called ‘breakthrough tests’ 
(Volckaert et al. 1995; Harrington and Horseman 1999; 
Rodwell 2000; Hildenbrand et al. 2004; Harrington et al. 
2012; Wiseall et al. 2015; Liu et al. 2016a, b), in which 
gas pressure is constantly increased until some outflow 
volume is recorded indicating the breakthrough pressure. 
Moreover, gas flow through the ring–sample interface was 
discarded, since the maximum gas pressure was limited 
and consistently lower than the lateral stress measured 
in complementary tests (Gonzalez-Blanco and Romero 
2022).

Figures 6 and 7 show the time evolution of the air inflow 
pressure at the upstream boundary, the outflow volume (at 
a constant downstream water pressure of 0.5 MPa), as well 
as the axial strain along gas injection and dissipation. The 
figures also present the previous tests (Gonzalez-Blanco and 
Romero 2022) of samples at both orientations. The gas pres-
sure at the upstream boundary increased from 0.5 to 4 MPa 
in all cases (‘A’ to ‘B’ in the figures), followed by the shut-
off (point ‘B’) and dissipation at constant inflow volume.

Fig. 3   Swelling strains during soaking at constant total stress of sam-
ples at both orientations

Fig. 4   Compressibility curves after saturation under continuous load-
ing at drained conditions for samples at both orientations

Fig. 5   Water permeability results as a function of the void ratio
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A common behaviour was found in all the tests: while 
gas pressure increased, effective stress decreased, and sam-
ples underwent some expansion until the outflow took place; 
at such time, upstream pressure decreased, which implied 
an increase in effective stress and thus, samples displayed 
compression. Gas migration is, therefore, a highly coupled 
process.

These results reflected the trends already observed in the 
previous tests. Samples with bedding orientated normal to 
flow systematically showed larger expansion. This behav-
iour followed the anisotropic deformation detected on load-
ing and soaking, since the samples with the bedding planes 
parallel to the flow are more constrained to expand due to 
the oedometer restriction. At that fast injection rate, it is 
observed a delay in response to the gas pressure front propa-
gation, because samples underwent most of the expansion 
after the shut-off. The first outflow was detected during the 
dissipation stage, and the outflow volume rapidly increased, 
indicating the breakthrough time. The results are generally 
consistent with the previous ones, even though the tested 
samples belonged to different boreholes.

The outflow volume collected during gas dissipation 
was analysed to discern between the gas and the water 
volumes through two different procedures, since the initial 

amount of pressurised water in the outflow line (tubes and 
PVC’s piston) was known. The volume of gas was initially 
estimated by pressurising the fluids in the closed outflow 
line using the perfect gas law. Afterwards, the volume of 
water was calculated by emptying the outflow line and 
comparing the initial and final volumes. These procedures 
can be affected by the dead volumes of the outflow line, 
although a rigorous calibration was performed. For all the 
tests, the volume of displaced water represented a marginal 
part of the total outflow, only around 1%. It implies that 
the global degree of saturation after the injection stage 
was still close to 1.

The expansion during gas pressurisation and the very 
slight desaturation observed during the gas injection/dis-
sipation stage indicated that the primary transport mecha-
nism is the gas flow through pressure-dilatant preferential 
pathways. Diffusion of dissolved gas through the pore 
water was disregarded, since the process was fast, and the 
diffusion coefficients reported for Boom Clay, both meas-
ured (Jacops et al. 2013, 2015) and numerically computed 
(Gonzalez-Blanco et al. 2016), are low. The preferential 
gas path development was confirmed by the analysis of the 
microstructure evolution (Gonzalez-Blanco and Romero 
2022).

Fig. 6   Time evolution of the recorded data during gas injection/dis-
sipation stage for samples with bedding planes parallel to flow: air 
injection pressure (bottom); axial strain computed from the vertical 
displacement (middle); outflow volume (top). Zoomed area in the 
upper graph from 1 to 500 min to observe the initial outflow volume

Fig. 7   Time evolution of the recorded data during gas injection/dis-
sipation stage for samples with bedding planes normal to flow: air 
injection pressure (bottom); axial strain computed from the vertical 
displacement (middle); outflow volume (top). Zoomed area in the 
upper graph from 1 to 500 min to observe the initial outflow volume
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3.4 � Re‑saturation and Water Permeability

After the gas injection and dissipation stage, the samples 
were put in contact with water under atmospheric pressure 
until reaching steady-state conditions. During this stage, 
the deformation was very small (less than 0.05%), confirm-
ing that no significant desaturation occurred during the gas 
transport.

After stabilisation, water permeability was measured 
again by applying a hydraulic gradient at constant verti-
cal stress (downstream and upstream water pressures were 
increased up to 0.6 MPa and 0.5 MPa, respectively). Fig-
ure 5 shows the results of this stage in comparison with the 
results obtained before the gas injection. For each sample, 
the water permeability values did not present significant 
changes, which might entail an excellent self-sealing of the 
fissures that formed during gas injection due to the re-satu-
ration process. As the re-saturation was done under constant 
vertical stress, the driving mechanism of self-sealing is the 
swelling of clay minerals, although some creep could also 
contribute to the closure of the fissures. From these results, 
it can be concluded that Boom Clay's self-sealing capacity 
is significant in recovering the hydraulic barrier function.

3.5 � Second Gas Injection

To study the possible fissure reactivation after self-sealing, 
a second gas injection stage was conducted on sample S3_N 
once it was re-saturated. The recorded data are shown in 
Fig. 7. Despite the similar behaviour, it can be noticed that 
for this second injection stage, the pressure dissipation was 
faster and the expansion larger. Moreover, although the time 
at which the first outflow occurred was equivalent, in the 
second, the outflow rate was more rapid, meaning that the 
gas flow entailed less restriction along the sample, suggest-
ing the reopening of some preferential paths formed during 
the first injection, even if sealed during the re-saturation, 
still not completely healed. The microstructural analyses will 
support this hypothesis.

3.6 � Gas Permeability

The gas permeability was computed under steady-state 
conditions during the dissipation stage, although gas flow 
was predicted to occur along localised pathways, for deter-
mining a global gas permeability (ka) , the entire area of the 
sample was taken into account. The pressure decay method 
(Arnedo et al. 2013; Pineda et al. 2014) and the general-
ised Darcy’s law for compressible fluids were adopted. The 
recorded evolution of the absolute pressure decay (dua∕dt) 
from 4.1 MPa to around 2.1 MPa allowed estimating the 

mass of gas assuming perfect gas law at constant volume of 
the upstream reservoir (V) and constant downstream pressure 
at the top cap (uat):

where ki is the intrinsic permeability, kr the relative perme-
ability to air ( kikr represents the effective permeability to air, 
independent of fluid properties, 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 the air 
dynamic viscosity at standard temperature and pressure, �a 
the air density at standard temperature and pressure, and g 
the acceleration of gravity. kikr was used, since the degree 
of saturation of the material was not precisely known during 
the steady-state dissipation stage.

Effective air permeability is compared with intrinsic 
water permeability (measured in fully saturated conditions 
before and after the injection stage) in Fig. 8 as a function 
of the void ratio for the two bedding orientations. Three 
facts can be clearly discerned by observing the figure: (1) 
the air permeability is repeatedly higher than water per-
meability no matter the bedding orientation; (2) there is a 
clear anisotropy effect in the case of the water permeability 
(Fig. 5) that is not reproduced when gas flow is established; 

(1)ka =
kikr�ag

�a

= −

2LV�ag

A
(

ua
2
− uat

2

)

dua

dt

(2)kikr = −

2�aLV

A
(

ua
2
− uat

2

)

dua

dt

Fig. 8   Permeability to water and air against void ratio
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and (3) the subsequent gas injection slightly increased the 
gas permeability. The two first points are consistent with 
those reported in Gonzalez-Blanco and Romero (2022). 
Therefore, gas flows through the fissures generated on gas 
injection, increasing the permeability for both orienta-
tions, as confirmed by the microstructure analyses in the 
next section.

3.7 � Microstructural Analyses

The microstructure of the samples was studied using MIP 
and μ-CT and the results are compared with those reported 
in Gonzalez-Blanco and Romero (2022) for the initial state 
and after the gas injection tests. Representative sub-samples 
were carefully trimmed from oedometer specimens after the 
tests under unstressed conditions. Two different shapes were 
considered: a cubical shape of 1000 mm3 for MIP and a 
cylindrical shape of 10 mm in height and 10 mm in diam-
eter for μ-CT tests to avoid corner artefacts. In both cases, 
samples were subjected to a freeze-drying process, which is 
necessary for MIP, to allow comparison of the results.

The pore size density curves ( PSDs ) obtained with MIP 
for the intact state showed a monomodal distribution with 
a dominant size of 70 nm and low volume at the macro-
scale. In contrast, samples after the gas injection tests per-
formed in previous research campaigns (Gonzalez-Blanco 
et al. 2017; Gonzalez-Blanco and Romero 2022) consist-
ently showed a new family of large pores. These new pore 
sizes larger than 2 µm were associated with the expansion 
undergone by Boom Clay samples during the gas injection 
and early shut-off stages and the dilation of gas pathways. 
These PSDs are now compared with the PSDs obtained after 
the re-saturation (S1_P and S2_N) and after the second gas 
injection stage (S3_N). Figure 9 shows that the PSDs curves 
in a log–log plane to emphasise the larger pore sizes. After 
re-saturation, lower volumes at the macro-scale than those 
for samples after gas injection are observed for both bedding 
orientations, nonetheless, these volumes are still slightly 
higher than the one corresponding to the intact sample, 
suggesting that there is no complete healing of the mate-
rial during re-saturation and some pores or fissures did not 
completely close. On the other hand, the PSD of the sample 
after the second gas injection reveals the highest volume at 
the macro-scale. The analysis of the μ-CT images allows a 
better understanding of these results.

μ-CTs were performed on cylindrical samples using 720 
projections on 360° with a voxel size of 20 μm. In samples 
S1_P and S2_N, one scanner was performed by trimming 
the sub-samples, so that the bedding planes were in the cross 
section of the cylinder, while for sample S3_N, two sub-
samples were trimmed at different orientations to visualise 
the fissures that might develop due to gas passage in between 
the bedding planes. A sketch is shown for each sub-sampling 

orientation in Figs. 10 and 11. Besides, the figures present 
the cross-sectional images at the mid-plane and the 3D vol-
ume reconstructed using ImageJ software (Schneider et al. 
2012).

As can be observed in Fig. 10, large-aperture fissures 
(larger than 40 μm, which is double the scanner resolution) 
were not identified by the μ-CT in either orientation after 
the re-saturation process, although they were systematically 
detected after the gas injection tests of the previous research 
(Gonzalez-Blanco and Romero 2022). This fact suggests an 
excellent self-sealing of the fissures formed during the gas 
injection. However, it was detected the presence of some 
large pores in both orientations that were not observed 
previously. They are associated with some gas entrapped 
in macro-pores that were not completely closed during the 
re-saturation and were magnified on undrained unloading. 
These pores are encircled in the cross-sectional images 
(Fig. 10b) and isolated in Fig. 10d after a segmentation 
process. Nonetheless, at the current resolution, they did not 
present connectivity, which is consistent with the recovery 
of the initial water permeability after the re-saturation. On 
the contrary, large-aperture fissures acting as gas pathways 
were detected on the sample after the second injection stage 
(Fig. 10 at the bottom), together with some large pores prob-
ably caused by some gas entrapment during the first injec-
tion. In that arrangement, the fissures coincided with the 
direction of the bedding planes, as reported by Gonzalez-
Blanco and Romero (2022). However, to establish a flow 
normal to the bedding, it is required the development of 
some low-aperture fissures bridging the bedding planes, 
which cannot be identified in the images in Fig. 10. To try 

Fig. 9   Pore size density curves from MIP on the intact sample, sam-
ples after gas injection tests, samples after re-saturation and sample 
after second gas injection
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to detect them, sample S3_N was also trimmed with the 
beddings orthogonal to the axis of revolution, as indicated in 
Fig. 11d. With the sub-sample in this position and improv-
ing the scanner resolution to 10 µm, it is possible to discern 
some of these low-aperture fissures, which are unconnected 
due to their closure during the gas dissipation (compression 
of the sample in the last stage). Nonetheless, only a few fis-
sures with apertures between 20 and 40 µm were detected 
oblique to the bedding planes (Fig.  11). Therefore, the 
majority of these fissures connecting bedding planes should 
have apertures between 2 and 20 µm, which are detected in 
the PSD curves determined by MIP.

To have a broad view that facilitates the comprehen-
sion of microstructural evolution due to the different pro-
cesses, Fig. 12 compares the μ-CT images for samples 

with bedding planes parallel and normal to the flow at the 
initial state, after gas injection and after re-saturation. It 
also includes the image of the sample with the bedding 
planes normal to the flow after a second injection. For the 
intact state, a very small volume of pores can be identified 
and bedding planes are not visible at the current resolu-
tion. After the gas injection, samples at both orientations 
present fissures in the direction of the bedding planes. 
The analysis of the fissure network (Gonzalez-Blanco and 
Romero 2022) showed that on the sample with bedding 
planes parallel to flow, the fissures are closer and have 
lower mean aperture than in the opposite orientation. This 
is because the radial deformation was restricted by the 
oedometer conditions. However, the fissure density was 
remarkably similar for both orientations, which points out 

Fig. 10   a Sub-sampling scheme; b cross section at the mid-height; c 3D volume reconstruction of μ-CT images; and d porosity segmentation of 
the samples S1_P after re-saturation (top) and S2_N after re-saturation (middle) and S3_N after second gas injection (bottom)
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that there are not significant orientation effects during gas 
transport, which is consistent with the results regarding 
effective gas permeability that did not present anisotropy. 
After the re-saturation, the fissures self-sealed on both ori-
entations, but as previously mentioned, some large pores 
remained after this process. Again, the volume detected is 
quantitatively similar for both orientations.

In the case of the sample subjected to a second injec-
tion, the mean aperture of the fissures is slightly higher 
than after the first gas injection, again consistent with the 
higher gas permeability. This is a consequence of some 
memory of the fissure network developed during the 
gas injection, which entailed mechanical damage to the 
material. In addition, the pores with entrapped gas could 
form due to an ununiformed closure of the pathways dur-
ing the re-saturation. Nonetheless, it is worth noticing 
that the microstructural analyses were performed after 
an undrained loading, and consequently, these air-filled 
macro-pores could be enlarged during this path, as the 

volume of entrapped gas under stress conditions was not 
so significant.

4 � Discussion of the Results Within 
a Multi‑scale Insight

The changes in permeability are clearly linked to the evo-
lution of the microstructure in Boom Clay. In the previ-
ous research (Gonzalez-Blanco and Romero 2022), the 
intrinsic permeability and air-entry value were related to 
the microstructure by an approach based on the fissured 
volume. The volume was associated with the progressive 
degradation undergone by the material during fissure gen-
eration and growth. To this aim, a fissured void ratio ef
—volume of fissures to the volume of solids—was defined 
as the area below the PSD curves obtained by MIP after 
the gas tests for pore sizes larger than 2 μm. The volume 
of fissures to the volume of voids—fissure fraction ef∕e
—was also determined. Then, a damage variable D was 

Fig. 11   μ-CT data of sample S3_N after second gas injection with 
improved resolution. a Cross section at the mid-height; b 3D volume 
reconstruction of μ-CT images; c longitudinal section at the middle; d 

sub-sampling scheme; e porosity segmentation and f zoom showing a 
low-aperture fissure bridging large-aperture fissures
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introduced based on this fissured fraction (ratio of the fis-
sured fraction to the maximum fissured fraction), which 
affected the macroscopic gas transport properties, air-entry 
value and intrinsic permeability.

For these new results, a similar approach is used. None-
theless, the fissured fraction has been redefined to include 
the large pores detected after the re-saturation (Fig. 10). 
Consequently, the total void ratio is defined as the sum of the 
volume of the micro-pores ( Vm ), the volume of the macro-
pores ( VM ) and the volume of fissures ( Vf  ) to the volume of 
solids ( Vs):

To account for these volumes, a macro-fissured ratio is 
defined as

where ef  is the fissured void ratio ( Vf∕Vs) and eM is the 
macro void ratio ( VM∕Vs) . Here, the total void ratio e repre-
sents the final state when the MIP is performed and eM and 
ef  are computed. The total void ratio is incorporated in the 
fraction, because its variation during the injection and re-
saturation stages is relatively small.

(3)e =
Vm + VM + Vf

Vs

(4)f =
ef + eM

e

The volumes to define f  are calculated first from μ-CT 
images after the filtering process. Figure 10 shows a 3D 
view of the macro-pores for the two samples after the re-
saturation tests (S1_P and S2_N). For sample S3_N, which 
was subjected to a second injection after re-saturation, the 
filtering includes both the fissures generated during the sec-
ond gas injection and some pores that might be related to 
the first injection and not sealed during the re-saturation. 
The obtained values for each of the samples are gathered 
in Table 2.

Values of ef  and eM from MIP data were determined by 
calculating the area below the PSD curves after the tests for 

Fig. 12   Cross-sectional µ-CT images of Boom Clay samples. Top: 
sample with bedding planes normal to flow a at the intact state (Gon-
zalez-Blanco and Romero 2022); b after gas injection (Gonzalez-
Blanco and Romero 2022); c after re-saturation; d after second gas 

injection. Bottom: sample with bedding planes parallel to flow: e 
at the intact state (Gonzalez-Blanco and Romero 2022); f after gas 
injection (Gonzalez-Blanco and Romero 2022); g after re-saturation

Table 2   Total volume of the sample, macro-pore volume and volume 
of the large-aperture fissures (μ-CT data)

Volumes After re-saturation After second 
gas injection

S1_P S2_N S3_N

Vtotal(mm3) 1238 962 290
VM(mm3) 8.77 11.73 6.25
Vf (mm3) 0 0
Percentage over the total 

volume (%)
0.7 1.2 2.2
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pore sizes x larger than 2 μm (Fig. 13). To compare them 
with μ-CT data, sizes larger than 40 μm are also considered. 
Table 3 presents the results showing a good consistency 
between the two techniques.

In the approach presented by Gonzalez-Blanco and 
Romero (2022), the water permeability of the intact (undam-
aged) state was considered unique regardless of the bedding 
orientation. An average value based on the different water 
permeability measurements under full saturation for each 
orientation was assumed (mean value of 2.4 × 10–19 m2 for 
flow normal to bedding and 4.4 × 10–19 m2 for flow parallel 
to bedding). Here, the self-sealing capacity due to the re-
saturation has been accounted for by comparing the water 
permeability before and after the gas injection. Therefore, 
the water permeability cannot be considered an average 
value for the analyses, since its value obviously depends on 
the total void ratio and the orientation of the bedding planes. 
This fact becomes evident by observing the permeability to 
water and gas at the different stages of the tests, as indicated 
in Fig. 8. To consider the initial value of the water perme-
ability, a permeability ratio is defined as k∕k

initial
 , being k 

the permeability measured during the last stage of the tests 
(whether during gas or water flow) and normalised with 
the initial permeability to water before any injection. This 
approach is similar to the damage model reported in Fall 
et al. (2014), in which the permeability ratio is exponentially 
related to porosity.

The permeability ratio was then calculated for all tested 
samples [including the previous results of gas injection tests 
(Gonzalez-Blanco and Romero 2022)] to correlate it with the 
damage variable f  . For its computation, MIP information 
was used, since it provides data of a wider range of pore 
sizes than µ-CT. The water permeability measured before the 
gas injection stage was taken as the value of k

initial
 . In this 

manner, a linear relationship can be established between the 
permeability ratio and the macro-fissured ratio:

where f
0
 represents the volume of the macro-pores at the 

intact state, which is independent of the bedding orientation 
and can be obtained with MIP data. Considering pore sizes 
larger than 2 µm for the calculation, f

0
= 0.02 . Conversely, 

the value of �i is a constant parameter that depends on the 
orientation of the bedding concerning the flow and is fitted 
with the experimental data.

The proposed model (Fig. 14) can accurately repre-
sent: (1) the fissures developed during the gas injection, 
which induce an increase in effective permeability; (2) 
their closure during re-saturation, which implies the 
recovery of the initial permeability, including the uncon-
nected macro-pores of occluded gas; and (3) the increase 

(5)
k

k
initial

=

[

�i
(

f − f
0

)

+ 1
]

Fig. 13   Schematic used for calculating the macro void ratio and fis-
sured void ratio using PSD curves from MIP

Table 3   Values of macro void ratio plus fissured void ratio and 
macro-fissured ratio using MIP and μ-CT data

Sample Technique ef + eM f

S1_P
Bedding//flow ( e=0.559)

MIP ( x >2 μm) 0.015 0.028
MIP ( x > 40 μm) 0.011 0.019
μ-CT ( x > 40 μm) 0.011 0.020

S2_N
Bedding ⊥ flow ( e=0.540)

MIP ( x > 2 μm) 0.020 0.037
MIP ( x > 40 μm) 0.017 0.031
μ-CT ( x > 40 μm) 0.019 0.035

S3_N
Bedding ⊥ flow ( e=0.582)

MIP ( x > 2 μm) 0.087 0.149
MIP ( x > 40 μm) 0.032 0.056
μ-CT ( x > 40 μm) 0.034 0.059
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in macro-fissure ratio when a successive injection is per-
formed, reflecting both the development of fissures and 
macro-pores which leads to the highest gas permeability. 
However, it is necessary to fit the slope parameter for each 
orientation, since samples with bedding planes normal to 
the flow present a more significant increase in the perme-
ability ratio for the same damage during the gas injection. 
A value of �P = 20 is obtained for samples with bedding 
planes parallel to flow, whereas �N = 84 for the opposite 
orientation. This is a consequence of the importance of 
the Boom Clay anisotropy and the effect of oedometer 
conditions. The initial permeability is higher in samples 
with bedding planes parallel to flow due to the favourable 
orientation of these initially closed discontinuities. For 
the gas flow, the opening of the bedding, together with 
the development of some bridging planes, is required. 
During this process, samples with the bedding normal to 
flow are less restricted to open because of the oedometer 
conditions, and in fact, present a higher expansion dur-
ing the gas pressurisation and dissipation. Although gas 
permeability values are equivalent for both orientations, 
the increase in permeability compared to the initial one 
is larger for the samples with bedding planes normal to 
the flow and is accounted for in the model throughout a 
larger � parameter. After re-saturation and closure of the 
fissures, initial permeability is practically recovered for 

both orientations, resuming the initial anisotropy. Fig-
ure 15 compiles schematically the key parameters taking 
place in each of the processes. Despite the simplicity of 
the model, complex macroscopic hydro-mechanical behav-
iour, such as gas transport on initially saturated Boom Clay 
and its self-sealing capacity, can be described through the 
evolution of its microstructure.

5 � Concluding Remarks

The ability to self-seal of the argillaceous rocks is a prop-
erty that favours the hydraulic barrier function of radioactive 
waste disposal systems. This paper has presented experimen-
tal results dealing with the self-sealing capacity of Boom 
Clay, a potential host rock in Belgium, after gas transport. 
The effectiveness of the self-sealing was evaluated by com-
paring water permeability before and after the gas invasion. 
In addition, a test was performed to study the possible fissure 
reactivation during gas transport after self-sealing.

First, initial water permeability under oedometer condi-
tions was determined for two sample bedding orientations, 
parallel and normal to the flow, showing a marked aniso-
tropic behaviour. Samples with bedding planes orientated 
favourable to the flow (parallel) presented a higher initial 
water permeability. Then, the samples were subjected to 
a gas injection and dissipation stage at constant vertical 
stress. As a consequence of gas invasion, pressure-induced 
fissures developed. The fissure network was characterised 
using complementary microstructural techniques (MIP and 
µ-CT) in previous research work (Gonzalez-Blanco and 
Romero 2022). A family of new fissures larger than 2 µm 
were detected with MIP regardless of the bedding orienta-
tion. Images from µ-CT allowed identifying the large-aper-
ture fissures in the direction of the bedding planes. As a 
result of the fissure development, effective gas permeability 
was larger than the initial one in all the tested samples and 
presented an isotropic response.

The re-saturation of the samples at constant vertical stress 
led to the recovery of the initial permeability for both orien-
tations, replicating the original anisotropy, which was con-
sidered evidence of the good self-sealing capacity of Boom 
Clay. However, the complete self-healing was not conspicu-
ous, since the microstructural analyses showed higher vol-
umes at the macro-scale than in the initial state, possibly due 
to some gas entrapment or occlusion in large pores, which 
were not completely closed during the re-saturation. How-
ever, they did not present connectivity, in agreement with 
restoring the initial permeability.

In a further step, a second gas injection was performed 
in a sample with bedding planes normal to the flow after the 
re-saturation. The effective gas permeability measured in 
this case was the highest one in concordance with the largest 

Fig. 14   Proposed linear model relating the macro-fissured ratio with 
the permeability ratio for both bedding orientations (P: samples with 
bedding planes parallel to flow; N: samples with bedding planes nor-
mal to flow)
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volume of pores at the macro-scale detected by MIP. µ-CT 
image analyses showed the opening of large-aperture fis-
sures in the direction of the bedding planes and, improving 
the resolution, low-aperture fissures bridging the bedding 
planes were also identified. Moreover, some large pores were 
detected in the images, likely related to some gas entrapment 
during the first injection and enlarged on undrained unload-
ing. These facts suggested that the second episode of gas 
invasion could reopen the fissures and permit the gas flow 
easily. However, more research is needed to confirm it (i.e., 
second injection at different bedding orientations).

At the end of the paper, a model was proposed to account 
for the permeability changes in terms of a microstructural 
damage variable. A macro-fissured void ratio was defined 
using MIP data to consider the pore network evolution of the 
Boom Clay from the initial condition to the state after each 
of the different transport processes. Despite its simplicity, 
the model can represent complex hydro-mechanical behav-
iour—gas injection and self-sealing—within a multi-scale 
perspective.
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