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Abstract. The initial conditions (dry density and saturation state), the stress state and its history, and the
deformation undergone during gas migration, affect the gas transport processes in granular compacted
bentonite. Additionally, the sample microstructure set on compaction has a significant influence since gas
tends to flow through preferential pathways. This experimental study intends to shed light on the gas
transport and their coupled hydro-mechanical interactions with particular emphasis in the changes of the
pore and pathway network. Controlled volume-rate gas injection followed by shut-off and dissipation stages
have been performed under oedometer conditions. The microstructure of the samples has been characterised
with three different techniques before and after the gas injection tests: Mercury Intrusion Porosimetry
(MIP), Field-Emission Scanning Electron Microscopy (FESEM) and X-ray Micro-Computed Tomography
(u-CT). The results show a coupling of the deformational behaviour during the gas flow, revealing an
expansion of the samples upon the development of gas pathways, which have been detected with the
microstructural techniques. The opening of these pressure-dependent and connected pathways plays a major
role in gas migration.

1 Introduction
2 Materials and methods

The gas transport process in granular compacted

bentonite is affected by several factors, such as the dry
density, the pore size distribution and their connectivity,
the heterogeneous distribution of porosity, the saturation
state, the stress state and its history, the deformation
undergone during gas injection and dissipation, and the
gas injection regime [1-5]. Therefore, an extensive
experimental program has been performed on granular
compacted MX-80 bentonite to study the influence of
some of these aspects on gas migration. An oedometer
cell has been selected to perform the gas migration
experiments on samples after being subjected to a
saturation process. Gas was injected using controlled
volume-rate followed by a shut-off and a dissipation
stage at constant vertical stress. The tests served to
identify the coupling between the hydraulics and the
mechanics during this process by capturing the volume
change response to gas injection. Additionally, the pore
and pathway network has been characterised at the initial
stage and after gas migration using three different
techniques: Mercury Intrusion Porosimetry (MIP) and
Field-Emission Scanning Electron Microscopy (FESEM)
and X-Ray Micro-Computed Tomography (u-CT) [6].
Results have allowed detecting preferential pathways
after gas injection/dissipation tests.
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2.1. Material

The material used in this study is granular Na-bentonite
MX-80, which presents large-size particles (around 50%
larger than 2 mm). The main properties of the bentonite
are summarised in Table 1.

Table 1. Main properties of the MX-80 granular bentonite.

Properties

Density solids / density water, p,/ p,, 2.80

Liquid limit, w; 420" to 575" %
Plastic limit, wp 53" 065" %
Montmorillonite content 89 t0 90 %
Hygroscopic water content, w, 7.2 %

Total suction, ¥ 100 MPa
Total specific surface area, S; 523* m¥g

131, " [7]

2.2 Sample preparation paths

Samples were compacted to reach an initial dry density
of 1.55 Mg/m’ at the dry side of the optimum using an
initial water content of 20%. In this way, the bentonite
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presents an aggregate-type structure with large-size
granules typical of compacted samples in the dry zone
[8] but with a water content sufficiently high to reduce
saturation time.

The stress paths followed to prepare the samples is
depicted in the compaction plane (Figure 1a). Bentonite
at a hygroscopic water content (point O in Figure la at
total suction 100 MPa) was wetted with deionised water
to reach a water content around 20%. Equalisation was
allowed during a minimum of 48 hours (point 1 in the
figure).

The wetted bentonite was statically compacted under
oedometer conditions at a constant vertical displacement
rate of 1 mm/min until reaching the dry density of 1.55
Mg/m’. Vertical stresses and displacements were
measured along the compaction (path 1 to 2 in Figure
la). The maximum vertical stress (compaction stresses)
was maintained during 30 minutes before unloading the
sample at the same rate (path 2 to A in the figure). Total
suction in the as-compacted state was measured with a
dew-point psychrometer under unstressed conditions. Its
value is listed in Table 2 together with the main
properties representative of the as-compacted state.

Table 2. Main properties at the as-compacted state.

Properties

Dry density, p, 1.55 Mg/m®
Water content, w 20%

Total suction, ¥ 21.1 MPa
Vertical compaction stress, o, 4.91t05.1 MPa
Void ratio, e 0.806
Porosity, @ 0.446

Degree of saturation, S, 69.5 %

2.3 Experimental set-up

A high-pressure oedometer cell was selected to perform
the gas injection tests. The samples, 20 mm thick and 50
mm in diameter, were placed between the top and
bottom caps made of concentric stainless steel rings with
gaps, which operate as coarse porous stones allowing the
injection and recovery of water and gas. A vertical
hydraulic piston with a maximum capacity of 10 MPa
was used to apply the vertical stress. Vertical
displacements were measured with an external linear
variable differential transformer (LVDT) with a
resolution better than 2 um (axial strain resolution below
0.01%). Three pressure and volume controllers (PVC)
were used to apply fluid pressures on the sample: one for
air (injection at upstream point — bottom of the sample —
), and two for water (injection at upstream point and
recovery at the downstream point). The pressure/volume
controllers display a pressure resolution of 1 kPa and
volumetric resolution of 1 mm?®. A scheme of the set-up
of the oedometer cell is presented in Figure 2.
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Fig. 1. a) Sample preparatidffﬁldﬁssféefé'_agﬂpéaéiry density of
1.55 Mg/m?; b) Stress paths followed under oedometer
conditions.
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Fig. 2. Scheme of the oedometer set-up: 1) sample; 2)
concentric stainless steel rings with gaps; 3) axial loading
piston; 4) pressure/volume controller (PVC) for vertical stress;
5) PVC for air; 6) and 7) PVCs for water; and 8) LVDT.
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2.4 Test protocols

Figure 1b shows the stress paths followed under
oedometer conditions. Initially, samples were loaded up
to the compaction stress (around 5 MPa, see Table 2) at
constant water content (AB in Figure 1b) assuming that
the total suction maintained approximately constant
during this process [9]. Path BC corresponds to the
saturation path at constant vertical compaction stress in
which samples are placed in contact with deionised
water. As observed in the figure, the soaking process
induced the dragging of the LC yield locus [10].
Accordingly, some collapse (compressive plastic
volumetric strain) occurred during the soaking stage.

In the next stage, water permeability was determined
using controlled-gradient at a bottom water pressure of
0.2 MPa and a top pressure of 0.05 MPa.

Before the gas injection, water pressure of 0.50 MPa
was set (water pressure applied on both bottom and top
caps after the water permeability stage). Afterwards,
water pressure in the upstream vessel was quickly
reduced to atmospheric conditions to allow for its fast
replacement by air. Air pressure at the upstream point
was rapidly increased from atmospheric conditions to a
value of 0.50 MPa. Immediately after, air injection was
raised from the initial air pressure of 0.50 MPa to the
maximum pressure at a constant air volumetric flow rate
(r=2 mL/min). This maximum air pressure was limited to
4 MPa to avoid exceeding the minor principal stress.
This lateral stress should be close to the vertical stress
for approximately the normally consolidated conditions
prevailing at the beginning of the injection: K yc=1-sing”
=(.9 (for an estimated drained friction angle for MX-80
of ¢’= 8°). A minimum of 1 MPa can be accepted as the
difference between maximum air pressure and vertical
stress to avoid preferential air flows between the sample
and oedometer ring [11]. The pressure at the downstream
vessel was kept at 0.50 MPa during the whole process.

3 Test results and interpretations

3.1. Hydro-mechanical results

Axial deformations on pre-yield loading to the
compaction stresses at constant water content are
presented in Figure 3a for different samples. The
deformational response along this stage allows
determining the elastic compressibility on loading
defined as x=-Ae¢/A(Ino,). A value of 0.02 can be
estimated at the maximum compressibility zone close to
5 MPa.

Figure 3b shows the axial strain evolution during the
soaking stage (BC in Figure 1b) at constant compaction
stress. As observed in the figure, the samples underwent
some collapse on wetting, due to the dragging of the LC
curve. The measured strains are comparable with the
value that can be estimated by the change in the
saturated (vertical) yield stress from GV*(O)1=4.5 MPa [1]
to cv*(O)f:S.l MPa as:
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in which A(0)=0.15 and «(0)=0.05 [12], represent the
saturated virgin and elastic compressibility parameters.

The saturation was let until deformation stabilisation
for periods between 2 and 5 months. The void ratio after
soaking was around 0.80 for all the samples.
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Fig. 3. a) Axial deformation on elastic loading up to the
compaction stress at constant water content; b) Collapse during
the soaking stage BC at constant compaction stress.

3.2. Gas injection results

Figure 4 shows the results of one selected test in terms of
the time evolution of the air injection pressure at the
upstream boundary (injection point) and the outflow
pressure and volume at the downstream boundary
(recovery point), jointly with the average axial strain,
calculated based on recorded axial displacements on the
top of the sample. The air pressure at the upstream
boundary increased in time from 0.5 to 4 MPa (A to B in
the figure), followed by shut-off (point B) and
dissipation at closed air injection line (B to C). The
initial injection piston volume including the dead volume
of the injection lines was 534 mL (at 0.50 MPa). It was
re-filled at 250.25 min — when the air injection pressure
reached approximately 2.64 MPa — with 300 mL of
additional volume (measured at atmospheric conditions).
The re-filled volume was rapidly increased to 2.64 MPa
and then allowed increasing to 4 MPa at the same
volumetric rate of 2 mL/min. The maximum air injection
pressure was limited to 4 MPa, which was considered
higher than the expected air-entry value of the
compacted bentonite (around 1 MPa according to results
presented in section 3.3).



E3S Web of Conferences 195, 04008 (2020)
E-UNSAT 2020

https://doi.org/10.1051/e3sconf/202019504008

-0.15
-0.1
-0.05

0.05
0.1 H : H
10000 11 s 11 A - -

Axial strain (%)
o

8000 —|

6000 —|

4000 —

2000 —

Outflow volume (mm?3)

6 T T I \:HHH‘ i \HHH‘ E I

Vertical stress

Injection pressure

(6]

IS
\

Pressures at
the boundaries (MPa)
N w
\ \

0 T

-

EOuthow :
- o - OE-O.-WW?

10° 10 10° 10° 10*
Time (min)

Fig. 4. Time evolution of pressures at the boundaries, outflow
volume and axial deformation (=2 mL/min).

Some outflow was detected at around 100 min when
the air pressure was close to 1 MPa. After shut-off (point
B in the figure), the outflow volume continued
increasing while the sample underwent expansion
(negative axial strain). At around 2100 min, the outflow
rate speeded up, and the sample started to compress
(point B’ in the figure) due to the constitutive stress
increase at air pressure dissipation.

3.3. Microstructural analyses

The microstructure of the samples was analysed at
different states with three techniques: Mercury Intrusion
Porosimetry (MIP) and Field-Emission Scanning
Electron Microscopy (FESEM) and X-Ray Micro-
Computed Tomography (p-CT). The tests were
performed on unstressed and freeze-dried samples.
Although the freeze-drying process was not needed to p-
CT, it allowed comparing the results between them. It is
considered that the unloading stage after the oedometer
tests, which was undrained, did not modify the structure
of the samples.

Figure 5 shows the pore size distribution functions
(PSD) obtained with MIP in terms of the intruded
volume of mercury referred to the volume of solids (non-
wetting void ratio e,,) for different entrance pore sizes x
[13] of the bentonite in the as-compacted state, after
saturation at constant vertical stress and after the air
injection test. As observed, the pore network evolved
during the different stages. The as-compacted sample
presents the expected bimodal distribution of dry-side

compaction. During the saturation process, the
micropores inside the aggregates, with dominant pore
mode at entrance size around 20 nm, did not
significantly modify. This fact has also been observed by
[14]. On the other hand, the pores at entrance sizes
between 100 nm and 2 pm presented at the as-compacted
state were clearly reduced. Moreover, some pores larger
than 20 pm were still present, probably associated with
some pore volume between large saturated granules.
Even though the saturation period was large, it is
possible that the microstructure could evolve for longer
periods as indicated in [14] where the authors noticed
changes with time until 90 days. The air-entry value,
cited in section 3.2, was estimated from the dominant
pore mode according to the Young-Laplace equation on
the saturated bentonite, given a value around 1 MPa.

Post-mortem samples after saturation and after air
injection presented the same pore mode at the micro-
scale (around 20 nm), whereas the detected porosity
between 100 nm and 3 pm practically disappeared. In
contrast, pores at entrance sizes larger than 20 pm were
more developed after the injection, which could reveal
the opening of preferential pathways between large
saturated granules.
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Fig. 5. PSD functions of samples in ‘as-compacted’ state, after
saturation and after air injection.

The opening of preferential paths suggested by MIP
results was also observed with FESEM and p-CT
techniques performed after a fast water undrained path.

As observed in the electron microscope images in
Figure 6, after the air injection test, the sample presented
some fissures, which were not noticeable after
saturation.

u-CT with a voxel resolution of 20 um were
performed in three samples at different states: as-
compacted, saturated and after gas injection, and the
images were analysed with the software Imagel [15].
Again, fissures after gas migration were clearly visible
(Figure 7). The opening of these preferential pathways
for air passage might have an important influence on the
intrinsic permeability of the compacted bentonite [16].
For that reason, the volume of fissures/pathways was
quantified following the methodology presented in [17]
(multiscale Hessian fracture filtering). The quantitative
analysis of the fissures (x >20 pm) obtained after the
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filtering process of the p-CT images resulted in a
fissured volume of 172 mm3, which represents the 11%
of the total volume.

After saturation

Fig. 6. FESEM images of samples after saturation (top) and
after air injection (bottom).

Additionally, data from MIP were analysed by using
a fissured void ratio (efures, defined as the area below
the pore size density function after the air test at pore
sizes larger than 20 um [18] and serve to quantify the
volume of fissures respect to the volume of solids
induced by air migration. This fissured void ratio was
normalised with respect to the total void ratio e = 0.80
(efissurea’e). It is, therefore, possible to establish a
comparison between the results from these two
techniques. The comparison of the fissured void ratio
obtained with both techniques (Table 3) shows an
encouraging agreement.

Table 3. Fissured void ratio quantified with MIP and p-CT.

Technique €fissured €fissurca/€
MIP 0.23 0.28
p-CT 0.20 0.26

The normalised fissured void ratio was also useful to
provide information on the expected value of the final
degree of saturation of the bentonite after the air
injection test. Assuming that all fissures were
desaturated, and in the clay matrix the pores were still
saturated, then the degree of saturation was defined as S,

= I-efsures/e. Final S, between 0.72 0.74 could be
estimated from MIP and p-CT results when all fissures
larger 20 pm were desaturated.

Compacted state

Fig. 7. u-CT images of bentonite samples at the as-compacted
(top) saturation state (middle) and after air migration (bottom).

4 Concluding remarks

Experimental work is relevant for understanding the
process of gas flow through saturated bentonite
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regarding the safety assessment of the geological
disposal for radioactive waste. The test presented
corresponded to a series of gas pulse tests (relatively fast
air injection tests) designed to investigate the
mechanisms of gas flow. The main focus was given to
the coupled hydro-mechanical response by measuring
sample deformations during the air injection and
dissipation stages.

The air injection tests were performed in an
oedometer cell on previously saturated samples. Large
amounts of fluid volume (mainly air) were measured at
the downstream reservoir coupled with expansive
deformation, which indicated the break-through point
was exceeded.

MIP tests allowed detecting a new family of large
pores with entrance sizes larger than 20 um after the air
injection tests, which suggested the development of
preferential paths during the air injection experiments.
FESEM and p-CT images in post-mortem samples
confirmed the opening of fissures or pathways due to gas
passage.

Image analyses through multiscale Hessian fracture
filtering allowed the quantification of the volume of
fissures after the air tests. To obtain comparable results
with MIP technique, only fissures larger than 20 um (p-
CT voxel resolution) were considered. The volume of
fissures respect to the volume of solids (fissured void
ratio) was 0.19 and 0.20 for MIP and pCT, respectively.
This information was used to estimate the final value of
the degree of saturation after the air injection assuming
that all the fissures larger than 20 pm were desaturated.

In a step forward, a connectivity filtering analysis of
the p-CT images will help to assess better the pathways
followed by the gas passage.
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