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Abstract: In many countries, the preferred option for the long-term management of high- and
intermediate level radioactive waste and spent fuel is final disposal in a geological repository. In this
geological repository, the generation of gas will be unavoidable. In order to make a correct balance
between gas generation and dissipation by diffusion, knowledge of the diffusion coefficients of gases
in the host rock and the engineered barriers is essential. Currently, diffusion coefficients for the
Boom Clay, a potential Belgian host rock, are available, but the diffusion coefficients for gases in
the engineered concrete barriers are still lacking. Therefore, diffusion experiments with dissolved
gases were performed on two concrete-based barrier materials considered in the current Belgian
disposal concept, by using the double through-diffusion technique for dissolved gases, which was
developed in 2008 by SCK CEN. Diffusion measurements were performed with four gases including
helium, neon, methane and ethane. Information on the microstructure of the materials (e.g., pore
size distribution) was obtained by combining N2-adsorption, mercury intrusion porosimetry (MIP),
scanning electron microscopy (SEM) and water sorptivity measurements. A comparison was made
with data obtained from cement-based samples (intact and degraded), and the validity of existing
predictive models was investigated.

Keywords: gas diffusion; concrete; engineered barrier; microstructure; nuclear disposal

1. Introduction

The preferred option adopted by many countries for the long-term management
of high- and intermediate-level radioactive waste and/or spent fuel is its disposal in a
geological repository, in which a multi-barrier system, combining natural host rock and
engineered barriers, is adopted. In Belgium, no formal decision on a host formation
has been taken yet, but for R&D purposes, the Belgian radioactive waste management
organization ONDRAF/NIRAS considers Boom Clay as one of the potential natural barriers
for a geological disposal facility in poorly indurated plastic clays. Boom Clay has favorable
properties such as a low hydraulic conductivity [1], a high sorption capacity for many
radionuclides [2,3] and self-sealing properties [4,5]. In a plastic clay such as the Boom Clay,
the use of concrete is difficult to avoid, and cement-based materials will be an essential
part of the engineered barrier system (EBS) (Figure 1). The concept which includes the
cement-based barriers is referred to as the “supercontainer concept” [6]. The three main
cement-based components which can be distinguished in this “supercontainer concept” are:
the disposal supercontainer, the backfill and the gallery lining. The supercontainer is a very
large concrete container which will contain certain types of waste. These supercontainers
will be placed in the disposal galleries. The disposal galleries are covered with concrete
wedge blocks (named “lining”) to ensure the mechanical stability. In a last stage, the
remaining voids will be filled up with a cement-based backfill. The most important role of
cement-based backfill is to help create beneficial conditions for the integrity of the waste
package (steel corrosion) because of its high pH buffering capacity for a very long period.
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water and will be transported away by diffusion. When the rate of gas generation exceeds 
the capacity of diffusive transport, the available water will become oversaturated with gas 
and a free gas phase might form. When more and more gas is generated, the pressure in 
the free gas phase will increase and might finally affect the safety functions of the different 
barriers around the waste. Whether the disposal system will ever be subjected to such 
high gas pressures depends on the balance between gas generation and gas dissipation. 
Therefore, one should understand both the gas generation and the gas dissipation process. 
Because of the low permeability and small hydraulic gradient, transport of gases/solutes 
in the Boom Clay and engineered barriers is diffusion-driven, and the rate of diffusion of 
a gas/solute is described by its diffusion coefficient. Therefore, in order to make a correct 
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dissolved gases in Boom Clay, a versatile technique was developed [13,14] based on dou-
ble through-diffusion. This technique allows for measuring the diffusion coefficients of 
two dissolved gases simultaneously with high precision. With this method, diffusion co-
efficients have been obtained for various dissolved gases (He, Ne, H2, CH4, Xe, C2H6) in 
sands and clayey materials (Boom Clay, Eigenbilzen Sands, Callovo-Oxfordian Clay, 
Opalinus Clay, bentonite) [13–18]. 

When gas is generated in the waste and its packages, it will first be in contact with 
the engineered barrier system and only in a later stage with the host rock. The diffusivity 
of gas is an important parameter for characterizing and assessing the long-term perfor-
mance of concrete as it could affect some chemical degradation phenomena such as car-
bonation [19,20] and calcium leaching [21]. 

The available setup of [14] was designed to measure diffusion coefficients in swelling 
clay materials and could not, as such, be used for cement-based systems and was therefore 
modified by Phung [22]. Over the last decade, Phung et al. [23] performed several diffu-
sion experiments with dissolved gases on cement-based materials in the framework of 
concrete durability studies. As the aim was to understand the impact of the potential deg-
radation processes (leaching and carbonation) on material properties, “simple” systems, 
consisting of only cement, water and limestone filler were used. In Ref. [23], diffusion data 
are available for samples with various water/cement (w/c) or water/powder (w/p) ratios 
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Within a repository, the generation of gases is unavoidable [8–11]. Gas can be produced
by different mechanisms: anaerobic corrosion of waste and packages, radiolysis of water
and organic compounds in the waste packages and microbial degradation of various
organic waste streams. In a first stage, the generated gas will dissolve in the pore water
and will be transported away by diffusion. When the rate of gas generation exceeds the
capacity of diffusive transport, the available water will become oversaturated with gas and
a free gas phase might form. When more and more gas is generated, the pressure in the
free gas phase will increase and might finally affect the safety functions of the different
barriers around the waste. Whether the disposal system will ever be subjected to such
high gas pressures depends on the balance between gas generation and gas dissipation.
Therefore, one should understand both the gas generation and the gas dissipation process.
Because of the low permeability and small hydraulic gradient, transport of gases/solutes
in the Boom Clay and engineered barriers is diffusion-driven, and the rate of diffusion of a
gas/solute is described by its diffusion coefficient. Therefore, in order to make a correct
balance between gas generation and gas dissipation by diffusion, knowledge of diffusion
coefficients of relevant gases is essential [12,13]. To measure the diffusion coefficients
of dissolved gases in Boom Clay, a versatile technique was developed [13,14] based on
double through-diffusion. This technique allows for measuring the diffusion coefficients
of two dissolved gases simultaneously with high precision. With this method, diffusion
coefficients have been obtained for various dissolved gases (He, Ne, H2, CH4, Xe, C2H6)
in sands and clayey materials (Boom Clay, Eigenbilzen Sands, Callovo-Oxfordian Clay,
Opalinus Clay, bentonite) [13–18].

When gas is generated in the waste and its packages, it will first be in contact with
the engineered barrier system and only in a later stage with the host rock. The diffu-
sivity of gas is an important parameter for characterizing and assessing the long-term
performance of concrete as it could affect some chemical degradation phenomena such as
carbonation [19,20] and calcium leaching [21].

The available setup of [14] was designed to measure diffusion coefficients in swelling
clay materials and could not, as such, be used for cement-based systems and was therefore
modified by Phung [22]. Over the last decade, Phung et al. [23] performed several diffusion
experiments with dissolved gases on cement-based materials in the framework of concrete
durability studies. As the aim was to understand the impact of the potential degradation
processes (leaching and carbonation) on material properties, “simple” systems, consisting
of only cement, water and limestone filler were used. In Ref. [23], diffusion data are
available for samples with various water/cement (w/c) or water/powder (w/p) ratios
and a different portion of limestone filler (LF%). As “simple systems” were studied, there
was no direct link to materials which could potentially be used in a repository.
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Thus, the gas diffusion data for concrete components of the engineered barrier system
were not yet available. Therefore, this study focuses on obtaining diffusion coefficients of
two potential engineered barrier materials (supercontainer and gallery lining) for four dif-
ferent gases with different sizes (He, Ne, CH4 and C2H6). The diffusion study is comple-
mented with the characterisation of the microstructure (e.g., pore size distribution) of the
studied materials in order to further set up models that can estimate diffusivity from the
microstructural properties of the investigated materials.

2. Materials and Methods
2.1. Materials

Two different types of cement-based materials have been used in this study: samples
from the gallery lining and samples from the supercontainer. The lining was made from
high strength concrete (28-day compressive strength of 88 MPa [24]). The samples from
the lining have been drilled from wedge blocks, which were leftovers from the installation
of the connecting gallery, stored at ESV EURIDICE (a European Underground Research
Infrastructure for DIsposal of nuclear waste in Clay Environment, located in Mol, Belgium).
The samples from the supercontainer have been cored by drilling from an existing half
scale prototype version of the supercontainers, located at ESV EURIDICE. Supercontainer
concrete is self-compacting concrete made from cement CEM I with a 28-day compressive
strength of 60 MPa. Other mechanical properties can be found in [25].

The compositions of lining and supercontainer concretes are shown in Table 1 [26].
Note that this study is exploratory, and the materials used in this study might differ from
those used in the final disposal concept. Nevertheless, they can be considered as indicative
for properties of high-performance concrete.

Table 1. Mix compositions of lining concrete: SP—Superplasticizer, LF—limestone filler.

For 1 m3

Concrete
Cement

[kg]
Fly Ash

[kg]
Coarse Aggregates

[kg]
Fine Aggregates

[kg]
Admixture Water

[L]SP [L] LF [kg] µ-Silica [kg]

Lining concrete 335 (CEM I) 115 1252 540 4.5 - 90 135

Supercontainer 350 (CEM I) - 886 840 8 100 - 175

2.2. Methods
2.2.1. Sample Embedding and Saturation

Embedding and saturation of the samples are essential steps before transport proper-
ties measurements, and they have been described in detail in the work of Phung [22].

The core samples are embedded in resin in a custom-made permeability cell. This
cell consists of an outer steel reinforcement cylinder wrapping an inner cylindrical ring
of polycarbonate. The steel part allows for applying a high-pressure gradient, as an outer
part made of polycarbonate would only withstand low pressures. The polycarbonate inner
part enables a visual check of the contact between the resin and the sample. In order
to improve friction between the inner part and the sample, grooves were created on the
surface of the inner part. Good fitting of the inner and outer parts was obtained by their
conical shapes. The top and bottom lids were also made of steel. Circular grooves are
foreseen to emplace O-rings to ensure proper sealing. The inner surfaces of the lids had a
special design with a groove network to distribute water equally over the surface of the
sample. Cellulose membrane filters with high water flow rate were placed between the
sample sides and the lids to prevent particle transport and improve the distribution of
water. Quick couplings helped to expel air and to fill all connecting tubes before measuring
the permeability and diffusivity.

Embedding occurs by using a resin. The choice of an effective resin is crucial to avoid
leakage around the side of the sample. The resin should have low viscosity, good contact
with the polycarbonate and the cement-based material, high strength, transparency and low
heat generation during embedding. For the samples used in this study, Sika® Injection-451
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(Sika Services AG (CH), Zürich, Switzerland) was selected as the most optimal choice.
Polymerization takes, in general, 24 h.

The samples were afterwards saturated in lime water under vacuum conditions for 3 h
and at atmospheric pressure for another 20 h. Once the sample was fully saturated, both
lids were placed on the cell, the O-rings were put in place, and the assembled permeability
cell was compacted by using screws and bolts. The mounted permeability cell was then
ready for further measurements (hydraulic conductivity and diffusivity).

2.2.2. Hydraulic Conductivity Measurement

Hydraulic conductivity is generally obtained by measuring the water flow rate at a
constant pressure gradient. However, for low permeability materials, this method is not
optimal as it is too slow and not accurate enough. Therefore, in this study, we used a
constant flow method described in [22]. A pressure gradient of 5 to 10 bar was applied
by controlling the pressure at both sides of a saturated cement-based core embedded in
a permeability cell (Figure 2). When the flow reaches almost steady state, the constant
pressure mode was changed to the constant flow mode. Instead of measuring the flow
rate using existing direct techniques, the pressure was measured, which is much more
accurate than measuring flow rate. The pressure and water flow were controlled by precise
syringe pumps.
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Figure 2. Schematic overview of the setups used to measure hydraulic conductivity (left) and diffusivity of dissolved gases
(right) (adapted from [9,20]).

2.2.3. Measuring Diffusion of Dissolved Gases

The methodology of through-diffusion experiments has been described in detail
in [14]. Only the main aspects are repeated here. The basis is the double through-diffusion
technique with two water reservoirs with dissolved gases placed on opposite sides of a
saturated test core (Figure 2). The core was sealed in a permeability cell (constant volume)
and was connected via filter plates (at both sides) to two water vessels (filled each with
circa 500 mL oxygen-free demineralised water). Both water vessels were pressurized, each
with a different gas at the same total pressure (circa 500 mL gas at 1 MPa). In this way
no advective flux could occur and the sample remained fully water saturated. According
to Henry’s law, equilibrium was obtained between the free gas in the gas phase and the
dissolved gas in the water. The water at both sides was then circulated over the filters,
which were in contact with the sample, allowing the dissolved gases to diffuse from the
high concentration side, through the sample, towards the low concentration reservoir on
the opposing side. The change in gas composition in both reservoirs was measured as a
function of time by gas chromatography.

Sampling of the gas phase was performed on a regular basis (generally once per
2 weeks) until 10 data points were obtained in the regime of approximately constant outlet
flux of the diffusion process. The gas composition was analysed with a CG4 Compact GC
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(Interscience, Breda, The Netherlands), using EZChrom software. The experiment was
performed in a temperature-controlled room (21 ± 2 ◦C).

Two series of diffusion experiments were performed, subsequently using combinations
of He and CH4, and Ne and C2H6.

2.2.4. Estimation of Diffusion Coefficients from Diffusion Experiment Results

Two transport parameters can be obtained from diffusion experiments: the apparent
diffusion coefficient Dapp (m2/s) and the capacity factor ηR, which is the product of the
accessible porosity η (dimensionless) and the retardation factor R (dimensionless). The
capacity factor is the ratio of the tracer concentration Cb in the bulk sample and the
corresponding concentration C in the pore fluid (solution): ηR = Cb/C.

From these two basic parameters, one can calculate the effective diffusion coefficient
Deff (m2/s) as:

De f f = ηR Dapp (1)

and, assuming the accessible porosity equals the total porosity ηtot, the pore diffusion
coefficient Dp (m2/s) is defined as:

Dp = R Dapp (2)

For unretarded species, the retardation factor is generally put equal to one (R = 1),
leading to Dapp = Dp and a capacity factor equal to the total porosity ηtot.

These diffusion equations are fitted to the results of the diffusion experiments by opti-
mizing equations in COMSOL Multiphysics software with the appropriate boundary and
initial conditions. The gas diffusion model in COMSOL [13,14] takes into account changing
boundary conditions such as the pressure reduction in both vessels due to sampling.

A through-diffusion experiment typically allows fitting two parameters, which are
the apparent diffusion coefficient Dapp and the capacity factor ηR. For gases, an alternative
fit strategy is possible: when assuming no retardation or interaction and thus R = 1, only
Dapp is estimated and ηR is a constant equal to the total porosity (which is either measured
or estimated). In many gas through-diffusion experiments where the (quasi) stationary
state is reached very fast, a nearly total correlation is observed between the capacity factor,
the apparent diffusion coefficient and the initial concentration. Because of this correlation,
only the effective diffusion coefficient can be determined, and a one-parameter estimate is
the only option. All gas diffusion coefficients, reported in this paper, are obtained from a
one-parameter estimate.

2.2.5. Measuring Water Sorptivity

Sorptivity is a measure of the capacity of the medium to absorb or desorb liquid by
capillarity [27] calculated as follows:

I =
W
A

= S
√

t + I0 (3)

where I = cumulative water absorption on tested surface (mm3/mm2); W = volume of
water absorption (mm3); A= tested surface (mm2); t = time variable (min); S = sorption
coefficient (mm/min1/2); and I0 = initial water absorption (mm3/mm2).

A water sorptivity test is a unidirectional water absorption test, in which one side of a
dried test specimen is in contact with water. All other sides are made impermeable to water
(e.g., by coating or using tape). After making contact between sample and water, the mass
change over time is registered. At the end of the experiment, the cumulative mass increase
of the tested specimen at each measured time interval is divided by the area of the exposed
side and plotted against the square root of time. Typically, a small positive intercept is
observed on the y-axis, which is attributed to the initial filling of pores on the exposed
surface. The sorption coefficient S is directly derived from the slope of I vs.

√
t curve. The

used procedure is modified from ASTM C1585-20, and modification includes the drying
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of the samples until stable mass is reached. Furthermore, a continuous measurement of
mass change over time is possible, which improves the accuracy of mass measurement by
avoiding taking the samples out to measure the mass regularly (as in ASTM C1585-20).

2.2.6. Measurement of Water-Accessible Porosity

The volume of water-accessible pore space of the samples was calculated from the
oven dry mass (mo) after drying at 110 ◦C for 24 h, the water-saturated mass after immersion
for 48 h and boiling for 5 h (msat) and the immersed apparent mass after suspending the
sample on a wire in water (mapp). The following equation was used:

Water porosity (%) =
msat −mo

msat −mapp
× 100 (4)

2.2.7. Mercury Intrusion Porosimetry (MIP)

Prior to the MIP analysis, the samples were crushed with a hammer and chisel and
freeze dried. Mercury injection porosimetry was performed at KU Leuven, Belgium, using
an AutoPore IV 9500 mercury porosimeter. Mercury was injected up to a pressure of
200 MPa, and the pressure versus the injected volume of mercury was recorded.

Mercury is a non-wetting fluid and will not spontaneously flow into the pores by
capillary action. It will only enter a pore when the resisting force is overcome. For a pore
with a certain diameter, a certain pressure has to be exerted to overcome this resisting
force. This relation between pressure and pore diameter is described by the Washburn
equation [28]. By registering the pressure versus the intruded volume, and by applying the
Washburn equation, the pore size distribution can be calculated.

2.2.8. N2 adsorption Measurements: Specific Surface Area and Pore Size Distribution

The specific surface area was measured by nitrogen adsorption at 77 K in a Gemini
Surface Area Analyser (Micromeritics), using the Brunauer–Emmett–Teller theory [29].
Prior to the measurement, a sample mass of around 3 g was degassed at 110 ◦C. Next, the
pressure of N2 was gradually increased, and the amount of adsorbed gas was measured as
a function of the relative pressure, which allows for plotting the adsorption isotherm.

Pore size distributions have been determined, using both the Barrett, Joyner and
Halenda (BJH) [30] and the Dubinnin–Astakov [31] theories, which allows a reliable deter-
mination of the pore size distribution from 1.5 nm up to 250 nm.

2.2.9. Analysis of the Microstructure and Porosity by SEM Imaging

Cubic samples of 1 cm3 were sawed and subsequently embedded in an Epofix resin.
The embedded samples were then polished with the Struers Tegramin-30 device in a step-
by-step process in which the grit of the polishing plate was reduced to 1 µm. Diamond
paste was used for lubricating the samples during polishing. The polished samples were
imaged with a Phenom Tabletop scanning electron microscope at a magnification of 500×
and a voltage of 15 kV.

2.2.10. Obtaining a Pore Size Distribution from the Combination of MIP, N2-Adsorption
and SEM Imaging

The SEM images were segmented in the Fiji software suite based on their grey level
histogram to distinguish the pores from the rest of the material. The area of the individual
pores was determined and processed to obtain a pore size distribution for each image. Due
to the limited resolution of SEM, the calculated pore size distributions are only a part of the
true pore size distribution of the sample. Therefore, the smaller pore size information can
be obtained from MIP and N2-adsoprtion techniques. The gel pores (nm size) are difficultly
measured by MIP for normal applied pressure range. N2-adsorption is able to provide pore
structure information in a smaller range compared to MIP technique. Therefore, we applied
a method to combine these 3 techniques proposed in [32] in order to obtain a comprehensive
picture on pore structures of how the concretes affect the diffusion properties.
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3. Results and Discussion
3.1. Microstuctures and Water Sorptivity of Lining and Supercontainer Concretes

The microstructural properties of lining and supercontainer concretes measured by N2-
adsoption are shown in Table 2. One can clearly observe a much denser microstructure for
the lining concrete sample with a lower cumulative pore volume of 8.12 mm3/g, compared
to 20.68 mm3/g of the supercontainer. The specific surface area (SSA) obtained by the
Brunauer–Emmett–Teller (BET) and t-plot methods are also threefold for the supercontainer
compared to the ones of lining concrete. The amount of micropores (<2 nm [33]) is very
limited for both concretes. However, it is interesting to observe that the micropore volume
of the lining concrete is larger than the supercontainer concrete, showing a higher micropore
SSA, despite a lower total pore volume.

Table 2. Microstructural properties of supercontainer and lining concretes characterized by N2-adsoprtion.

Sample SSABET (m2/g) SSAt-plot (m2/g) SSAµpore (m2/g) Cumulative Pore
Volume (mm3/g)

Cumulative Micropore
Volume (mm3/g)

Lining concrete 1.9 1.5 0.4 8.1 0.2
Supercontainer 4.7 4.4 0.2 20.7 0.1

Figure 3 (top) shows the cumulative pore volume and pore size distribution obtained
from adsorption branch using BJH method of lining and supercontainer concretes obtained
by N2-adsoption measurements. The critical pore diameter of supercontainer concrete
can be observed of about 20 nm, while no peak for the critical pore size of lining concrete
is found.
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Figure 3 (bottom) also shows the cumulative porosity and pore size distribution
measured by MIP. It again shows a more porous structure for supercontainer concrete with
higher cumulative porosity (17% compared to 9.7% for lining concrete). The MIP pore size
distribution shows that most of the pores of both the lining and supercontainer concretes
distribute in the range 30 to 90 nm. A small pore fraction at around 10 µm is also observed,
which could be attributed to the air voids or micro cracks presented in concretes.

In order to obtain more information at the micro scale, the SEM images were seg-
mented and analyzed, as shown in Figure 4, with a SEM image of supercontainer concrete.
The original SEM image was segmented to obtain a binary image containing pore and solid
phases. The segmented image was then subjected to pore size measuring and counting in
order to calculate the cumulative porosity and pore size distribution. Note that in order
to obtain a representative manner, a set of around 10 SEM images was analyzed and the
average microstructural properties were then calculated. As seen in Figure 4, most of the
pores distribute around 10 µm, which is consistent with MIP measurement. However, the
pore fraction in this case is much higher than the one determined by MIP.
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(a) original SEM image, (b) binary segmented image (black = pore), (c) SEM cumulative porosity and pore size distribution
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Applying a combination of MIP, N2-adsorption and SEM measurements allows us to
obtain a full range of pore size distribution from 2 nm to 50 µm, as shown in Figure 5. In
this study, the pores with size in range 10 nm to 1 µm were characterized by MIP, while
the smaller and larger pores were obtained by N2-adsorption and SEM, respectively. Note
that the measurements were done on the specimens without coarse aggregates. Therefore,
a normalization step is needed to estimate the pore size distribution of the samples with
coarse aggregates by taking into account its volume fraction in the concretes. Figure 5
shows both pore size distribution for mortar (without coarse aggregate) and concrete levels.
It can be seen that the coarse aggregates significantly contribute to the pore size distribution
and the cumulative porosity. The cumulative porosity is almost double for both lining and
supercontainer concretes if the coarse aggregate phase is not taken into account.
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The cumulative porosity determined by combination of MIP, N2-adsorption and
SEM of lining and supercontainer (including aggregates) is 13% and 18%, respectively
(Table 3). The measured water porosity also shows a higher value for supercontainer
concrete. Though the water porosity is slightly lower than the cumulative porosity obtained
by the combination of MIP, N2-adsorption and SEM for both lining and supercontainer
concretes, it can still be considered that the accessible porosity estimated by these two
methods are in line with each other as a slight difference could be within the uncertainty of
measurements and combined (MIP, N2-adsorption and SEM) approach.

Table 3. Summary of measured properties.

Lining Supercontainer

Water porosity (%) 11 14
Cumulative porosity (%) 13 18

When looking in more detail at the pore size distribution, both materials have a similar
distribution for pores between 0.1 to a few micrometers. However, the pore fraction in this
range is quite limited (about 1%). The lining concrete has a slightly coarser pore size in a
range larger than a few micrometers compared to the supercontainer concrete, although the
cumulative porosity in this range is quite similar, about 10%. For smaller pores (<0.1 µm),
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the two curves start deviating: for the lining, only 2.5% of its cumulative porosity can be
found in pores <0.1 µm, while this is 7.5% for the supercontainer. The larger porosity of
the supercontainer can be almost fully attributed to a larger number of pores <0.1 µm.

3.2. Diffusion Coefficients

The reported average diffusion coefficients in the lining and the supercontainer are
for He, 2.5 and 9.6 × 10−11 m2/s, respectively, and for Ne, 0.72 and 1.8 × 10−11 m2/s,
respectively (Table 4). The ratio of the average diffusion coefficient in the supercontainer vs.
lining samples is 3.8 for He and 2.5 for Ne, which shows that diffusion in the supercontainer
samples is considerably faster than in the lining samples. Furthermore, the slight difference
in the diffusion ratios of He and Ne measured on the supercontainer and lining samples
illustrates that gas diffusion is not only dependent on the microstructure of the materials
but also dependent the characteristics of the gas itself (e.g., molecular size).

Table 4. Overview of measured hydraulic conductivity and diffusivity of He and Ne on lining and supercontainer samples.

Samples Cumulative Porosity (%) K (m/s) He Deff Ne Deff

Lining 1
13

1.6 × 10−14 2.4 ± 0.1 × 10−11 6.6 ± 0.4 × 10−12

Lining 2 1.3 × 10−14 2.5 ± 0.2 × 10−11 7.7 ± 0.6 × 10−12

Supercontainer 1
18

8.0 × 10−13 failed failed
Supercontainer 2 6.8 × 10−13 12 ± 0.3 × 10−11 1.9 ± 0.1 × 10−11

Supercontainer 3 2.8 × 10−13 7.1 ± 0.4 × 10−11 1.6 ± 0.1 × 10−11

Note that for CH4, no trace was measured in the He vessel after 150 days, which
indicates that the diffusion coefficient of CH4 is very low, or that the pore network is so
narrow that CH4 cannot find a connected path. Typically, Deff is in these cases estimated to
be lower than 1 × 10−12 m2/s. This value was obtained by performing a fit for a sample
in which the concentration CH4 is still below 100 ppm (detection limit of the GC) after
150 days. In this case, as an example, Deff would be <1.3 × 10−12 m2/s. The results for
ethane are similar: no ethane could be measured, even after 180 days and with a low
detection limit of only 20 ppm.

Similar observations have been made in other materials. In cement-based “simple
systems”, Phung et al. [34] were not able to obtain diffusion coefficients for Xe. In Opalinus
Clay [18], it was not possible to obtain diffusion coefficients for CH4, Xe and C2H6 and
recently, no diffusion of Ar and C2H6 could be observed in a sample of the Souvré formation
(thinly bedded laminated dark grey to black silicites (“phtanites”), or silicified shales
and limestone, located in the Campine Basis) [35] (unpublished data). According to
Jacops et al. [18], this behavior can be explained when considering a percolation transition:
when the size of the diffusing molecule rises, fewer pores are available for the transport
(diffusion) of that molecule. In a first stage, this will lead to longer travel paths (“tortuosity”)
since only pores with a pore size larger than the size of the diffusing molecule are available.
When still increasing the molecular size, there is no longer a connected path (of pores
available for transport) between the larger pores, and hence, the diffusion coefficient
becomes nearly zero. Whether a system is prone to percolation transition problems or
not is related to its porosity and pore size distribution. Typically, percolation transition
problems have been observed up to now in samples with a porosity of circa 10% and
less. Moreover, the smaller the pore size, the more likely problems will occur, but it is the
smallest connecting pore in the diffusion path which dominates the process: when very
narrow pores (few nm) connect several bigger pores (µm range), the average pore size is
in the µm range, but a percolation transition problem can still occur. As there are many
unknowns in this process, it is a subject of further investigation, in which porosity, pore
size distribution and pore connectivity will be studied.
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3.3. Correlation between Diffusion and Microstructures

The pore size distribution can also explain the difference in diffusivity for the lining
and supercontainer samples: the increase of the number of pores in the region <0.1 µm for
the supercontainer concrete leads to a diffusivity that is three to four times higher for Ne
and He, respectively. This indicates that the pores <0.1 µm play an important role in the
diffusion process.

Phung et al. [23] reported a correlation between the accessible porosity and the ratio
De f f
D0

(D0 is the diffusion coefficient of a gas in free water) for different intact and altered
cement-based samples and different diffusing gases. This relationship can be described
with following exponential function with x = porosity:

De f f

D0
= 0.0003 e10.76x (5)

Applying Equation (5) to the supercontainer and lining materials shows two data
points (purple dots) which differ by less than one order of magnitude from the measured
values (red squares and green triangles) (Figure 6). At first sight, the exponential relation
which was drafted for cement pastes can be used for concrete samples also. However,
the difference in pore size distribution might significantly affect the diffusion behavior
in concrete-based materials. The samples described in [23] show that the majority of the
pores are smaller than 0.1 µm, while the samples in this work have >50% of the cumulative
porosity located in pores >0.1 µm. This significant number of larger pores leads to an
increased diffusivity. In order to account for the variability of samples and gases, a more
comprehensive predictive model which takes into account the molecular size of diffusing
species and the pore characteristics of concrete (i.e., porosity, constrictivity, tortuosity) was
already developed and tested by [23]. This model is expressed as a set of three equations,
Equation (6) to (8):

De f f = D0
ηδ

τ2 (6)

δ = k1e
−k2(

dm
dp

)
(7)

τ2 = −1.5tan h{8(η− 0.25)}+ 2.5 (8)

where τ(-) and δ(-) are the tortuosity and constrictivity, respectively, which are usually
considered as intrinsic properties of materials. k1 and k2 (-) are the fitting parameters, and
dm (nm) and dp (nm) are the molecular diameter and the pore diameter of the concrete,
respectively.

Figure 7 shows a comparison of the predicted diffusivity from the model and the
measured ones (squares) from this study. The values of k1 and k2 for different porosities
were calculated using exponential relationship fitted with data presented in [23], which are
16.7 and 11.6 for k1 and k2, respectively, for lining concrete, and 18.5 and 11.0 for k1 and
k2, respectively, for supercontainer concrete. It can be seen that the predicted results (full
line) are in quite good agreement with the measured ones (squares). Moreover, 86 percent
of the measured diffusivity values fall within factor 2 bounds (differ within a factor of
2—indicated with dashed lines) compared to the predicted diffusivity, which is much
improved compared to the exponential relationship shown in Figure 6.

3.4. Permeability and Water Sorptivity

It is expected that the diffusivity, water permeability and water sorptivity are well
correlated, as they are also the transport properties of the concrete materials. The average
water permeability and water sorptivity are summarized in Table 5. The permeabilities
of the supercontainer and lining concretes are in the order of 10−13 and 10−14 m/s, re-
spectively, which is in the range of permeability for low permeable concrete. The ratio
between the transport properties of supercontainer and lining concrete is also calculated.
As expected, such a ratio is always larger than 1 for all transport properties, implying a



Sustainability 2021, 13, 10007 12 of 15

consistency in transport properties due to the coarser microstructure of supercontainer
compared to lining concrete. It is interesting to note that the microstructure of concrete
significantly affects the water permeability, which results in a factor of 41.9 between the
permeability of supercontainer and lining concretes. On the other hand, with a factor of
1.6, the influence of microstructure on water sorptivity is not significant. This is explained
by the fact that the sorptivity is controlled by the capillary suction, which is mainly dom-
inated by the pores with size larger than a few tens of nanometers. In this range, the
microstructure is not much different between lining and supercontainer concretes as shown
in Figure 5. For diffusion, the smaller pores also contribute to the transport of diffusing
species. Therefore, with a significant higher pore volume for pores with size smaller than
a few tens of nanometers, the ratio between the diffusivity of supercontainer and lining
concrete is much higher than the one for water sorptivity (i.e., 2.5 and 3.8 for Ne and He
diffusivity, respectively).

Sustainability 2021, 13, x FOR PEER REVIEW 13 of 16 
 

 
Figure 6. Comparison of relative diffusivity obtained from this work and literatures. 

 
Figure 7. Comparison of measured diffusivity of this study (purple squares) and the predictive dif-
fusivity using a model accounted for microstructural properties for concrete and the molecular di-
ameters for diffusing species proposed by Phung et al. [23]. The full line indicates the model results 
while the dashed lines indicate the factor 2 bounds. 

  

y = 0.003e10.76x

0

1

10

100

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D e
ff/

D 0
, x

10
-3

Accessible porosity

Phung et al. [23]

This work - He

This work - Ne

Calculated according to Phung et al.  [23]

0

1

10

100

0 1 10 100

M
ea

su
re

d 
D ef

f, ×
10

-1
1

m
2 /

s

Predicted Deff, x10-11 m2/s

Figure 6. Comparison of relative diffusivity obtained from this work and literatures.

Sustainability 2021, 13, x FOR PEER REVIEW 13 of 16 
 

 
Figure 6. Comparison of relative diffusivity obtained from this work and literatures. 

 
Figure 7. Comparison of measured diffusivity of this study (purple squares) and the predictive dif-
fusivity using a model accounted for microstructural properties for concrete and the molecular di-
ameters for diffusing species proposed by Phung et al. [23]. The full line indicates the model results 
while the dashed lines indicate the factor 2 bounds. 

  

y = 0.003e10.76x

0

1

10

100

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D e
ff/

D 0
, x

10
-3

Accessible porosity

Phung et al. [23]

This work - He

This work - Ne

Calculated according to Phung et al.  [23]

0

1

10

100

0 1 10 100

M
ea

su
re

d 
D ef

f, ×
10

-1
1

m
2 /

s

Predicted Deff, x10-11 m2/s

Figure 7. Comparison of measured diffusivity of this study (purple squares) and the predictive
diffusivity using a model accounted for microstructural properties for concrete and the molecular
diameters for diffusing species proposed by Phung et al. [23]. The full line indicates the model results
while the dashed lines indicate the factor 2 bounds.



Sustainability 2021, 13, 10007 13 of 15

Table 5. Water permeability, sorptivity and diffusivity of lining and supercontainer concretes.

Lining Supercontainer Ratio Supercontainer/Lining

Average water permeability (m/s) 1.4 × 10−14 59 × 10−14 41.9

Average water sorptivity (m/s−1/2) 0.034 0.056 1.6
Average He diffusivity (m/s2) 2.5 × 10−11 9.6 × 10−11 3.8
Average Ne diffusivity (m/s2) 0.72 × 10−11 1.8 × 10−11 2.5

4. Conclusions

A series of experiments investigating the transport properties for two concrete engi-
neered barrier materials (supercontainer and gallery lining) has been performed, providing
water permeability values and diffusion coefficients for He and Ne. In addition, some
microstructural properties have been measured, including the specific surface area, poros-
ity, water sorptivity and pore size distribution. All transport properties are larger in the
supercontainer samples than in the lining samples. The pore size distribution, combining
data from N2-adsorption, MIP and SEM measurements, shows a cumulative porosity,
which is 13% for the lining and 18% for the supercontainer. The increased porosity for
the supercontainer is mainly attributed to a larger number of pores in the range <0.1 µm.
Two models which can be used to predict the diffusivity are investigated. The first model
has been derived previously for cement-based materials and is an exponential model which
uses porosity as input parameter. The difference between the measured and predicted data
is less than one order of magnitude. In order to also account for difference in the pore
network, a second model, accounting for the molecular size of the diffusing species and the
pore characteristics (tortuosity, constrictivity, porosity) was used. The results showed that
86% of the measurements of the work fall within the factor 2-bound of the model, which
indicates the good prediction capabilities of this model.
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