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Fate of repository gases (FORGE) 
The multiple barrier concept is the cornerstone of 
all proposed schemes for underground disposal 
of radioactive wastes. The concept invokes a 
series of barriers, both engineered and natural, 
between the waste and the surface. Achieving 
this concept is the primary objective of all 
disposal programmes, from site appraisal and 
characterisation to repository design and 
construction. However, the performance of the 
repository as a whole (waste, buffer, engineering 
disturbed zone, host rock), and in particular its 
gas transport properties, are still poorly 
understood. Issues still to be adequately 
examined that relate to understanding basic 
processes include: dilational versus visco-capillary 
flow mechanisms; long-term integrity of seals, in 
particular gas flow along contacts; role of the EDZ 
as a conduit for preferential flow; laboratory to 
field up-scaling. Understanding gas generation 
and migration is thus vital in the quantitative 
assessment of repositories and is the focus of the 
research in this integrated, multi-disciplinary 
project. The FORGE project is a pan-European 
project with links to international radioactive 
waste management organisations, regulators and 
academia, specifically designed to tackle the key 
research issues associated with the generation 
and movement of repository gasses. Of particular 
importance are the long-term performance of 
bentonite buffers, plastic clays, indurated 
mudrocks and crystalline formations. Further 
experimental data are required to reduce 
uncertainty relating to the quantitative treatment 
of gas in performance assessment. FORGE will 
address these issues through a series of 
laboratory and field-scale experiments, including 
the development of new methods for up-scaling 
allowing the optimisation of concepts through 
detailed scenario analysis. The FORGE partners 
are committed to training and CPD through a 
broad portfolio of training opportunities and 
initiatives which form a significant part of the 
project.  
Further details on the FORGE project and its 
outcomes can be accessed at 
www.FORGEproject.org. 
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1 Introduction 
The European Commission FORGE (Fate Of Repository GasEs) project is a pan- European project with 
links to international radioactive waste management organisations, regulators and academia, specifically 
designed to tackle the key research issues associated with the generation and movement of repository 
gases.  

1.1 Objectives 
Gas generation from either the waste form or the engineered barriers is an unavoidable but generally 
undesired effect in most European repository concepts for radioactive waste. Gas generation and 
migration can potentially alter the hydraulic and mechanical properties of the repository (possibly the 
thermal and chemical properties as well). The purpose of this work package was to investigate gas 
migration processes and the consequences of gas migration in the EBS of the repositories. The WP has 
delivered results that can be used for: 
• Direct qualitative and quantitative confirmation of the consequences of gas migration to be used 

in long-term safety assessments  
• Scientific knowledge about the gas migration processes to be used in the development of 

conceptual models  
• Quantitative data to be used in the development and testing of numerical models for the 

simulation and prediction of gas migration and its consequences 
The work in this work package was divided into 4 areas: 
1. Bentonite URL Experiments

2. 

 Field-scale experiments with bentonite buffers and seals that can be 
used directly as a confirmation in safety assessment and also give important information on the 
effects of up-scaling and realistic boundary conditions. 
Bentonite Laboratory Experiments

3. 

 The test complemented the URL in the sense that it was 
possible to investigate the importance of different parameters and processes (materials, boundary 
conditions, etc) and provides detailed and high quality data to both conceptual and numerical 
models. 
Interface Laboratory Experiment

4. 

 Tests were specifically designed to study the importance of 
interfaces between different materials or construction parts for the gas migration processes. These 
tests supplied data to modelling, but also aided in the interpretation of other laboratory and field 
scale tests. 
Concrete Laboratory Experiments

Each research area included an element of modelling in conjunction with the actual tests. The modelling 
within WP3 was separated into two different areas:  

 Tests that was used to study the gas migration process in 
concrete structures and barriers in the repository. The aim was to study the effects of degree of 
saturation, gas pressures and alteration of the cement as well as effects of gases on the cementious 
materials themselves and to provid detailed and high quality data to both conceptual and 
numerical models. 

• Simulation of the field and laboratory tests. This included calibration/verification of existing 
models.  

• Interpretation of the results from experiments/simulations to assess the long term performance of 
the engineered barriers with respect to gas issues and will serve as input to safety/performance 
assessment.  

WP3 had direct links with all the other work packages. Some results can be directly applied in 
performance assessment (WP1). The gas generation rates discussed in WP2 served  as boundary 
conditions for the processes. Gas migration in the EBS gives the inner boundary condition to the transport 
processes in the EDZ and the geosphere (WP4 & WP5). Many processes are common for bentonite buffer 
and a clay host rock (WP4).  

1.2 Structure of this report 
The subsections of this report contain individual contributions from all partners in WP3. The 
contributions are supposed to give an overview of the activities within FORGE and to give a summary of 
the most important observations. The report starts with an overview of findings based on the expectations 
from long-term performance assessment.       



 

 

2 Overview of findings in WP3 
2.1 Summary 
The European Commission FORGE (Fate Of Repository GasEs) project is a pan- European project with 
links to international radioactive waste management organisations, regulators and academia, specifically 
designed to tackle the key research issues associated with the generation and movement of repository 
gases.  
This section contains a brief summary of the main findings from the work on the Engineered Barriers 
Systems (EBS) with the FORGE project. With respect to this, both clay and concrete based barriers have 
been studied. The purpose of WP3 was to examine how unresolved issues related to gas migration could 
detrimentally alter the hydraulic and mechanical (and potentially the thermal and chemical) properties of 
the engineered barrier systems. A detailed series of laboratory and field scale experiments was undertaken 
to provide new fundamental insights into the processes and consequences of gas migration through the 
engineered barrier and seals of repositories. The focus of this section is to describe how the findings can 
be used to represent issues around gas transport mechanisms, the role of interfaces and upscaling. 
 
Bentonite based barriers 
In an unsaturated or partially saturated bentonite there is a linear dependence between gas flow rate and 
pressure gradient, which indicates that two-phase flow is the dominating transport mechanism. This may 
also be the case for saturated sand-bentonite mixtures if the sand content is sufficiently high. 
At a degree of saturation of ~80-90% or higher the behaviour changes entirely. No flow of gas will take 
place in the bentonite unless the applied pressure is equal to or higher than the total stress. The only 
transport mechanism is the omnipresent diffusion of dissolved gas. Diffusion has not been a key issue in 
Forge, but evaluated diffusivities are well in line with what has been presented elsewhere. 
If the gas pressure reaches a higher value than that the pressure in the bentonite a mechanical interaction 
will occur. This will lead to either: 
1. Consolidation of the bentonite, and/or 
2. Formation of dilatant pathways  
Consolidation means that a gas volume will be formed within the clay that and that the clay is 
compressed. This increases the clay density closest to the gas volume and the local swelling pressure is 
increased to balance the gas pressure. There is however a limit to the extent of consolidation. 
At some critical pressure, pathways will be formed and the gas will become mobile. The pathways are 
characterized by  a strong coupling between σ, Π and Pp, localised changes in σ, Π and Pp, unstable flow, 
exhibiting spatio- temporal evolution,  localised outflows during gas breakthrough and no measurable 
desaturation in any test samples.  
It is still unclear when consolidation ends and pathway formation starts. In some tests, pathways form 
when the gas pressure reaches the sample pressure. An example of this is the full scale Lasgit test. Other 
tests show pathway formation at an overpressure at about 20-30%, while there also are tests where 
breakthrough occurs at pressures 2-3 times higher than the sample pressure. The effect is clearly 
geometry dependent, but other factors may be involved as well. 
However, it is clear that classical two-phase flow models cannot correctly represent gas migration in a 
compacted saturated bentonite.  
In Forge, substantial effort has been devoted to the study of gas migration in interfaces. A simple 
summary of the findings is: 
1. Interfaces will, not surprisingly, be the preferred pathway in an unsaturated system 
2. If given the opportunity, gas will generally move along the interface between the clay and another 

material in a saturated system as well. This does not however seem to affect the transport 
mechanisms (previous paragraph).  

3. In most cases bentonite/bentonite interfaces will seal upon saturation and will not be preferential 
pathways for gas.    

4. It is possible to design experiments where the gas is “forced” to move through the matrix 
In Forge WP experiments have been performed in a multitude of different setups, boundary conditions, 
geometries (small and full scale) and materials. Overall, the results from the tests provide a consistent 
story. This indicates that the knowledge about the processes involved could be upscaled to repository 
conditions, both in time and in space. 



 

 

Concrete barriers  
The studies of gas migration in concrete within Forge have been limited in comparison with the studies of 
bentonite.   
The key achievement have been an improved database for gas permeability in concrete under different 
conditions as well as understanding on how carbonation, from CO2 gas, will affect the permeability of 
concrete.   

2.2 Introduction 
This report contains a summary of the responses from the participants in WP3 to a questionnaire that was 
prepared by WP1. The purpose was to cover key safety case-relevant issues. The focus of this report is to 
describe how the findings can be used to represent issues around gas transport mechanisms, the role of 
interfaces and upscaling. 

2.2.1 Gas transport mechanisms  
This section gives phenomenological descriptions of transport mechanisms, which are diffusion, 2-phase 
flow, pathway dilation, gas fracing, that are frequently used in describing the domains of behaviour of 
clay-based materials - host rock, and clay-based engineered barrier - including its form (e.g. bentonite 
blocks versus bentonite pellets). 
 
Gas diffusion 
Bentonite-based EBS 
No experiments within FORGE were designed to specifically measure diffusion of dissolved gas in 
bentonite. However, since diffusion is an active process in all experiments it has been possible to evaluate 
the diffusion coefficient for certain systems. 
 
The diffusion coefficient for air

Sample 

 has been determined from measurements of steady-state volumetric flow 
through cylindrical samples of pure montmorillonite and natural bentonite (MX-80) exposed to certain air 
pressure gradients in a 1D geometry.  

Density (post-analysis) 
(kg/m3) 

De 
(m2/s) 

Na-montmorillonite 616  1.3∙10-10 
MX-80 1075 1.25∙10-10 
Although the method primary measures volumetric flow (rather than making a more explicit analysis of 
transferred gas), it is reliable because the pressure response of the clay has been measured simultaneously. 
As the response due to pressurization with gas is very different as compared to the response due to 
pressurization with water, it can be fully assured that air is the pressurizing fluid at the time of 
measurement.  
Diffusion coefficients for dissolved hydrogen
1. Before the break through of hydrogen through bentonite, the driving process for hydrogen 

transport is diffusion. 

 were estimated under the assumptions that: 

2. Concentration of hydrogen entering bentonite in aqueous phase corresponds to the pressure 
measure according to Henry’s law. 

3. The effect of transport of hydrogen by advective flow under pressure of hydrogen is negligible in 
a comparison with diffusion transport. 

It was found that the values of diffusion coefficients depend on the density of bentonite, a higher density 
would yield diffusion coefficients. In experiments with the density of Ca, Mg bentonite (Czech bentonite 
from Rokle deposit) 1400 kg/m3 the diffusion coefficient was 3 x 10-10 m2/s and for 1600 kg/m3 7.6 x 10-

11 m2/s. For density of 1800 kg/m3, diffusion of dissolved gas was not measureable. The effect of pressure 
is however noticeable suggesting that the effect of transport of hydrogen by advective flow initiated by 
pressure of hydrogen cannot be neglected.  
In experiments with continuous increase of pressure from the reaction of iron with water, it was found 
that before the breakthrough a plateau with a relatively constant pressure was formed (Figure 1). The 
diffusion coefficients estimated from the region of this plateau was 3.7 x 10-10 m2/s. In the similar 
experiment with Na bentonite (Volclay KWK-20-80), the estimated value of diffusion coefficient was 2.9 
x 10-11 m2/s. 



 

 

 
  
 

 

Figure 1 Pressure plateau formed before the breakthrough of hydrogen through bentonite 
of density 1600 kg/m3 and related flow of hydrogen 

There is a remaining uncertainty regarding the true value of Henry’s constant in the clay environment. 
The measurements done within FORGE are too few to give a comprehensive picture of the diffusivity of 
dissolved gases. Within the density range reported, it seems like the diffusion coefficient decreases with 
density (not surprising), molecular size and sodium content in the bentonite. However, there is a 
remaining uncertainty regarding the true value of Henry’s constant in the clay environment.     
Cementitious EBS 
For the experiments with transport of CO2 in cement it should be noted that the CO2 is not an inert 
migrating phase. It is highly reactive towards the cement, and so its overall migration is controlled by 
both reaction and transport. The net effect of this will be to slow the rate of CO2 migration relative to a 
purely non-reactive diffusional case. 
However, some of our experiments did reveal the positions of migrating carbonation fronts as a function 
of time. Diffusional transport of CO2 played a role in the migration of the fronts (though so did reaction 
of the CO2 with the cement). It should be noted that he fronts do not record the position of the leading 
edge of CO2 ingress, as minor amounts of CO2 reacted with cement in advance of the fronts. Instead, the 
carbonation fronts record the position where sufficient CO2 had permeated the core to enable sufficient 
carbonation to occur to change the structure of the cement (including complete carbonation of the reactive 
cement minerals). The fronts migrated by a few mm over several weeks. 
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Free gas phase formation 
Bentonite-based EBS 
In the case where more gas is generated than what can escape with diffusion a free gas phase will form.  
Initially, the gas phase will consolidate the clay phase. Experiments by Clay Technology have 
demonstrated, not only that a gas phase does not interact mechanically with water-saturated bentonite 
when its pressure is below the pressure of the bentonite, but also that mechanical interaction inevitably 
takes place when the gas pressure exceeds the initial pressure of the clay. This is clearly illustrated in 
Figure 3, which shows the pressure response of an MX-80 bentonite sample at differently applied gas 
pressures gradients.  

 
Figure 3 Response of an MX-80 sample which is being pressurized with gas above and 
below initial swelling pressure. The pressure of the sample is independent of gas pressure 
when the gas pressure is below the initial swelling pressure ( ~0.75 MPa), while it is 
basically equal to the gas pressure at higher injection pressures. Note that water is the 
pressurizing fluid at the beginning of the displayed pressure evolution (317 – 340 h). 
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Figure 2 progressive migration of carbonation reaction fronts through 25mm diameter 

samples of Nirex reference vault backfill (NRVB) cement. 



 

 

An interesting feature of the test of Figure 3 is that although it clearly demonstrates mechanical influence 
of the gas on the clay, it does not indicate any additional transport mechanism apart from the ever-present 
gas diffusion. In contrast, in other tests gas breakthrough events have been demonstrated to occur when 
gas pressures at or above the pressure of the clay sample. 
Two-phase flow 
Considerable care has to be taken on terminology. In the question it is stated “2-phase flow” – what is 
meant here is visco-capillary flow where the properties of the clay capillaries are playing a control on gas 
displacing water.  
Based on experimental data from Ciemat data, two-phase flow seems to take place for degrees of 
saturation lower than about 93% in compacted bentonite and concrete. 
The experimental work within Forge clearly demonstrates that no two-phase flow occurs in saturated 
bentonite.  
Pathway dilation & gas-induced fracturing 
Experimental evidence from Lasigt shows that dilation is the predominant advective flow mechanism. At 
the point of gas breakthrough there is a co-incident pressure and stress response seen at the deposition 
hole wall. Qualitatively similar results have been seen in laboratory tests and in gas injection tests 1 & 2. 
For gas test 3 (see Figure 4) gas break-through has been accompanied by a secondary rise in gas pressure, 
followed by a second break-through event with a more gentle form. These results strengthen the dilatancy 
path propagation hypothesis and cannot be explained by classical visco-capillary (two-phase) flow 
concepts. 

 

 
Figure 4 Gas break-through (top) and radial stress response (below) at the deposition hole wall. 

 
There is no evidence of 2-phase flow by visco-capiliary flow. 



 

 

The laboratory studies by BGS show that under all tested conditions during the project, observations 
indicate that the primary mode of gas transport is by dilatant pathway formation.  These observations 
include: 

• Strong coupling between σ, Π and Pp (Figure 5) 
• Localised changes in σ, Π and Pp (Figure 5) 
• Unstable flow, exhibiting spatio- temporal evolution (Figure 5) 
• Localised outflows during gas breakthrough 
• No measurable sample desaturation in any test samples, indicating that gas has not 

passed through the bulk of the bentonite  
These findings are consistent with other recent studies involving argillaceous materials (Ortiz et al., 2002; 
Angeli, et al. 2010; Cuss et al., 2010; Skurtveit et al. 2011; Harrington et al., 2009), as well as earlier 
studies in bentonite (Pusch et al., 1985; Harrington and Horseman, 2003; Horseman et al., 1999). 

 
Figure 5 Output of laboratory studies by BGS, showing that under all tested conditions 

during the project, observations indicate that the primary mode of gas 
transport is by dilatant pathway formation. 

Clay Technology has tested the gas breakthrough behavior by lowering the the total pressure of the 
bentonite system by flushing a strong NaCl solution on the outlet side while a constant gas pressure, 
below the initial pressure of the bentonite, was maintained on the inlet side. The bentonite pressure 
immediately started to fall after the flushing, and when it became comparable in size to the injection gas 
pressure a gas breakthrough event occurred (Figure 6). This behavior was demonstrated in the same 
sample for different gas injection pressures, giving a clear-cut evidence of the osmotic nature of the 
system. 



 

 

 
Figure 6 Response of an MX-80 sample which is being flushed by a 3 M NaCl solution at 

the top filter (at ca 218.75 h). The bottom filter is pressurized with air at 0.25 MPa. 
A breakthrough event occurs when the sample pressure becomes similar to the gas 
injection pressure. 

 

2.2.2 Gas reactivity 
Cementitious EBS 
In WP3 gas reactivity has only been studied for systems with cement and CO2.  
CO2-cement chemical reaction caused two types of localised temporary shrinkage cracks to develop, and 
in particular in the unconfined samples. One set of shrinkage cracks were oriented parallel to the flow 
direction (i.e. at 90° to the reaction fronts) and the other set were perpendicular to it (associated with the 
most recent, as well as older, reaction fronts). Secondary precipitation eventually sealed these potential 
flow features. 

 
Figure 7 Partially carbonated cement sample showing zones having different degrees of 

carbonation together with associated reaction fronts (Rochelle et al. FORGE 
report D3.19). 



 

 

2.3 Role of interfaces 

2.3.1 Interfaces within the EBS 
In general it seems like gas will select a path in the interface between a clay and a metal barrier if there is 
a possibility. This is confirmed in a number of experiments in Forge. However it still seems like the 
properties of the clay alone will determine the gas transport process. One example a test by Clay 
Technology that specifically addresses the issue of the interface pathway 
The nature of the formed breakthrough pathways was studied in test cells of a type schematically pictured 
in Figure 8. Gas was injected in a small central filter in the bottom of the cell, while filters for outflow 
were located both at the top of the cell as well as at the bottom circumference (“guard filter”). In this way 
it can be concluded that any gas ending up on the top side must have propagated through the clay. 
However, in all cases where this has been studied (with the exception of some very thin samples) the gas 
was detected in the “guard filter” although the dimensions were such that this path was typically twice as 
long as the shortest path through the clay. 

 
Figure 8: Schematics of the test cell used for detecting preferential path for gas between 

clay body and cell wall. 
 

Consequently, these results strongly indicates that the cell/clay interface compose a preferential path for 
the gas in a breakthrough event.  
Tests at IfG with bentonite-bentonite interfaces showed that, at dry conditions gas flow along interfaces is 
at least 4 orders higher than through the matrix. 
Increase of confinement resp. normal stress on the contact zone significantly lowers the gas flow also in 
the dry buffer material, but the effect is more pronounced for interfaces  → crack sealing. 
Flooding of the EBS results in saturation of the interface (or contact zone), however our results document 
that regarding the contacts block/block (i.e. inside the bentonite plug composed of single bentonite 
blocks) the water consumption during swelling depends 
    a) obviously not on the injection geometry 
    b) and only weakly on the axial load 
For flooding of the bentonite block seal it can be concluded that between the blocks no preferred flow 
along the interface exists, i.e. matrix swelling dominates. In addition during the tests, 1 year of test time 
was not sufficient to reach full saturation. 

2.3.2 Treatment of interfaces in experiments 
It is well known that interfaces in experiments may act as preferential paths. All experiments in Forge has 
been designed with that fact in mind. As an example from Ciemat, two different approaches are used 
depending on the tested material: If the material develops swelling pressure (as saturated bentonite), the 
material itself acting against a rigid cell forms the seal. This would be confirmed by the fact that the 
breakthrough pressures measured so far are higher than the expected swelling pressure. If the material 
does not develop enough swelling pressure (concrete, low-saturated bentonite, low-expansive clays), the 
samples are wrapped with elastic materials (rubber or neoprene) and confining pressures higher than the 
gas injection pressure were applied. Both approaches are used for homogeneous samples and interface 
tests. For tests within a rigid cell, the non-swelling material is glued with epoxy to the inner surface of the 
cell. 
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2.4 Upscaling 

2.4.1 Spatial upscaling 
Lab tests allow us to understand processes on a small scale, under carefully controlled conditions and 
suitably defined boundary conditions.  Such understanding underpins experimental work at the URL scale 
(for example using laboratory testing to inform interpretation of observations at Lasgit, where similar 
behaviour is observed on both scales).  Findings from lab and URL scale can then be used to inform the 
selection of the correct model and aid in its calibration/validation.  This may be an iterative process, but 
provides a full and accurate understanding of the likely processes involved.  Assuming the bentonite is 
homogeneous then laboratory observations must be directly scalable to field conditions, for regions of 
bentonite that are at similar levels of maturity. 

2.4.2 Upscaling of experimental results and understanding 
One approach could be: 
1.) Develop a full understanding of each individual component on a range of scales 
2.) Identify the dominant components/processes involved under expected conditions 
3.) Identify linkages between the dominant components/processes involved under expected 

conditions 
4.) A forecast of the expected system behaviour can then be made 
5.) Further tests may be required to reduce the remaining uncertainties 
 

2.4.3 Time upscaling 
Tests are run as slowly as possible, so as to solicit the underlying physics.  The behaviour observed in 
many of the WP3 tests, and in the literature, indicates a distinct threshold for gas entry (related to the sum 
of Π and Pp).  The evidence clearly suggests that this threshold is independent of rate and should scale 
well to longer time-scales.  However, the potential for other effects to become significant at longer 
timescales may also need to be considered (for example, the coupled impacts of glacial loading and 
residual pore-pressures). 
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3 Large Scale Gas Injection Test (Lasgit) Summary  
3.1 Rationale 
In the Swedish KBS-3 disposal concept (SKB TR-09-22), copper/steel canisters containing spent nuclear 
fuel will be placed in large diameter disposal boreholes drilled into the floor of the repository tunnels. The 
space around each canister will be filled with pre-compacted bentonite blocks which, over time, will draw 
in the surrounding groundwater and swell, closing any construction gaps. Once hydrated, the bentonite 
will act as a low permeability diffusional barrier, severely limiting the migration of any radionuclides 
released from a canister after closure of the repository. While the waste canisters are expected to have a 
very substantial lifespan within the repository environment, it is important for purposes of performance 
assessment to consider the impact of groundwater penetration of one of the canisters. Under certain 
repository conditions, corrosion of the steel inner will lead to the formation of hydrogen gas. Radioactive 
decay of the waste and the radiolysis of water will produce additional gas within the container void. 
Depending on the rate of gas production and the rate of diffusion of gas molecules in the pores of the 
bentonite, it is possible a pressurised gas phase will accumulate in the void space of the canister 
(Horseman 1996; Horseman et al., 1997; 1999). Gas will then enter the bentonite when the gas pressure 
exceeds some critical entry pressure specific to this material. Since water penetration into the canister is a 
prerequisite for the generation of hydrogen gas in the buffer, the timing of gas movement in the clay 
might coincide with that of radionuclide release into the buffer porewater. The possibility of an 
interaction between gas and radionuclide migration therefore emerges as an important issue in 
performance assessment. 
While significant improvements in our understanding of the mechanisms governing gas migration in 
buffer bentonite have taken place, laboratory experiments (Horseman et al., 2004) have highlighted a 
number of significant uncertainties, notably the sensitivity of the gas migration process to experimental 
boundary conditions and possible scale-dependency of the measured responses.  These issues were best 
addressed by undertaking a large scale gas injection test or "Lasgit" (Sellin & Harrington, 2005). 
Lasgit is a full-scale demonstration experiment operated by Svensk Kärnbränslehantering AB (SKB) at 
the Äspö Hard Rock Laboratory (HRL) at a depth of 420m (see Figure 9). The installation phase of Lasgit 
was undertaken from 2003 to early 2005 and consisted of the design, construction and emplacement of 
the infrastructure necessary to perform the experiment (Cuss et al., 2010). Artificial hydration of the 
buffer was initiated on the 1st February 2005 following the closure of the deposition hole. Therefore 
Lasgit had been in continuous operation for 1,460 days (4 years) prior to the start of the FORGE project. 

3.2 Objectives 
The aim of Lasgit was to perform a series of gas injection tests in a full-scale KBS-3 deposition hole. The 
objective of the experimental programme was to provide quantitative data to improve process 
understanding and test/validate modelling approaches which might be used in performance assessment. 
Specific objectives were:  
(1) perform and interpret a large-scale gas injection test based on the KBS-3 repository design concept,  

(2) examine issues relating to up-scaling and its effect on gas movement and buffer performance,  

(3) provide additional information on the process of gas migration, and  

(4) provide high-quality test data to test/validate modelling approaches.  

Data from Lasgit was used by a number of numerical modelling groups for a core bench-marking 
exercise.  

3.3 Experimental set-up 
The Lasgit experiment was commissioned in deposition hole No. DA3147G01 - the first emplacement 
borehole to be drilled at the Äspö HRL. The deposition hole has a length of 8.5 m and a diameter of 
approximately 1.75 m. A full-scale KBS-3 canister was modified for the Lasgit experiment with thirteen 
circular filters of varying dimensions located on its surface in three separate arrays (see Figure 10), to 
provide point sources for gas injection feigning potential canister defects. These filters could also be used 
to inject water during the hydration stages to help locally saturate the buffer around each test filter. As 
seen in previous studies such as Febex, high water saturations (~95%) are difficult to achieve.  Therefore 
filter mats were placed in strategic positions both within the buffer and on the rockwall to aid hydration. 
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The canister was surrounded by specially manufactured pre-compacted bentonite blocks, all of which had 
initial water saturations in excess of 95% (Cuss et al., 2010). As the bentonite became saturated it swelled 
to fill any construction gaps and formed a seal around the cannister. 
The deposition hole, buffer and canister were equipped with instrumentation to measure the total stress, 
pore-water pressure and relative humidity in 32, 26 and 7 positions respectively (see Figure 10 for the 
location of pore-water sensors). Additional instrumentation continually monitored variations in 
temperature, relative displacement of the lid & canister, and the restraining forces on the rock anchors. 
The emplacement hole had been capped by a conical concrete plug retained by a reinforced SS2172 
carbon steel lid capable of withstanding over 5000 kN force. The experiment was monitored and 
controlled from a temperature controlled “Gas Laboratory" that allowed remote control and monitoring of 
the test to be undertaken by project staff remotely. 
The boundary conditions of the experiment were those dictated by the pressures and stresses building up 
naturally within the buffer during re-hydration. The canister lid had been pre-stressed to 1300 kN as to 
impose a force comparable with that which would be generated by back-fill within a URL. The 
experiment was conducted at ambient temperatures. 

 
Figure 9 - A panoramic view of the Lasgit test site located 420m below ground at the Äspö 

Hard Rock Laboratory in Sweden. The photo shows the position of the 
deposition hole, gas laboratory, pressure relief holes (containing a series of 
packered intervals in order to monitor porewater pressure in the 
surrounding fracture network) and some of the instrumentation attached to 
the steel lid. 
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Figure 10 - Schematic of the layout of the Lasgit experiment showing the locations of 

sensors. 
Lasgit is a highly instrumented experiment. Directly measured parameters included: 5 temperature 
sensors; pressure in 12 canister filters; pressure in 3 filter mats; stress on the canister in 3 locations (1 
axial and 2 radial stress); displacement of the canister lid and canister in 7 different directions; axial stress 
on 3 of the rock anchors; pore pressure in 9 intervals within 2 local pressure relief holes (as well as 
pressure in the packers); pressure, volume and flowrate in the 4 ISCO syringe pumps; stress and 
temperature within the bentonite at 9 locations; pore pressure (and temperature) within the bentonite at 6 
locations; pore pressure and temperature at the rock wall at 20 locations; stress (and temperature) at the 
rock wall at 20 locations; and relative humidity within the bentonite at 7 locations. From these parameters 
it is possible to calculate: hydration flow rate; water flow rate (into the system) during hydraulic testing; 
gas flow rate (into the system and into the clay) during gas testing; and total volume of water/gas pumped 
into the system. All parameters were recorded every 15 minutes through the history of the experiment 
during FORGE, except for relative humidity which was logged separately. 
Lasgit has a lifetime greatly in excess of that of the FORGE project. It was started on 1st February 2005 
and was therefore four years (1460 days) in operation by the start of FORGE. At the completion of 
FORGE (31st December, 2012) Lasgit will have been in continuous operation for 2,890 days (7.9 years). 
Below is a summary of activities undertaken during the complete history: 

• Artificial hydration of filter mats Day 0 – end of FORGE (Day 2890; 7.9 years) 
• Artificial hydration phase 1  Day 0 – 843 
• Gas test 1 in filter FL903 Day 813 – 1110 

o Hydraulic test    Day 843 – 917 
o Gas injection test    Day 917 – 1010 
o Hydraulic test    Day 1010 – 1110 

• Artificial hydration phase 2  Day 1110 – 1430 
• Gas test 2 in filter FL903 Day 1430 – 2064 

o Hydraulic test    Day 1473 - 1577 
o Gas Injection test    Day 1577 - 1964 
o Hydraulic test   Day 1964 - 2019 
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• Gas test 3 in filter FU912 Day 2019 -2072 
o Hydraulic test   Day 2072 Abandoned 

• Gas test 3 in filter FU910 Day 2072 - 2725 
o Hydraulic test   Day 2085 – 2141 
o Leak off test   Day 2141 – 2257 
o Gas injection test   Day 2257 – 2673 
o Hydraulic test   Day 2673 – 2726 

• Gas test 4 in filter FL903 Day 2726 – February 2014 planned 
o Hydraulic test   Day 2726 – 2781 
o Leak off test   Day 2781 – end 2012 

 

3.4 Results 
The deposition hole was closed on the 1st February 2005 signifying the start of the first hydration phase. 
Artificial hydration began a few months later on the 18th May 2005 after 106 days of testing and was 
suspended at Day 843 to allow the first set of preliminary measurements to be made. By the time the 
hydration phase had been suspended, pressures within the deposition hole and bentonite had increased 
substantially, with the average axial stress (monitored at separate locations throughout the clay) around 
5.1 MPa, the average radial stress (measured at the rock wall) close to 4.15 MPa, the average total stress 
acting on the canister around 4.5 MPa, the average porewater pressure (measured at the rock wall) 
approximately 1.75 MPa and the average porewater pressure in the bentonite around 0.32 MPa.  
While data from the psychrometer and porewater pressure sensors showed sections of the clay remained 
in suction/hydraulic disequilibrium, it was decided to examine the evolution of gas transport behaviour 
within the buffer during the hydration phase by performing a number of preliminary gas tests. The filter 
selected for this task was FL903 located in the lower array as data indicated this section of the clay was 
more mature than the overlying material. To minimise the possible impact of gas injection on the 
continued hydration of the clay, relatively small volumes of gas were used during each gas test. 

3.4.1 Gas injection test 1 (Day 813 – 1110) [pre-FORGE] 
Gas (helium) testing began on Day 917 with the introduction of an initial gas volume of around 1.26 × 10-

3 m3 into the test system. This was slowly compressed by pumping water into an external reservoir which 
gradually raised the gas pressure in FL903, Figure 11a. Inspection of the graph indicates that during the 
first gas pressurisation event (Days 917 to 930), the measured pressure began to depart from the predicted 
pressure derived from the ideal gas law. This occurred at around Day 924. As gas pressure continued to 
increase the departure in predicted versus measured gas pressure continued and was of sufficient 
magnitude to be indicative of gas penetration of the buffer. Analysis of the data suggests that gas flow 
into the buffer occurred at a pressure of about 0.65 MPa. This is much lower than the anticipated gas 
entry pressure for a saturated intact bentonite (Harrington & Horseman, 2003). Assuming the incomplete 
hydration state of the buffer and the heterogeneous nature of the stress field within the clay, it seems 
probable that the gas was exploiting these differences. However, when gas pressurisation was stopped at 
Day 930 and the pressure held constant, flow into the clay dramatically reduced by around 98.5%, 
indicating that propagation of the main gas pathway(s) practically cease when the pressure is held 
constant. The small continuous flux observed following this event may stem from the movement of gas 
along small-scale features which are only present because the bentonite is not fully mature. If correct, 
these fluxes should reduce in magnitude during later tests as the buffer equilibrates. Given the sudden 
reduction in flow, it suggests that gas was not flowing within the original porosity of the clay and that the 
initial network of gas pathways failed to locate an adequate sink capable of accommodating the small in-
flow of gas. 
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Figure 11 - Plots [A] and [B] show the entire injection history for Gas test 1. STP flow rates 

into the injection system and the clay as well as measured and predicted gas 
pressures are plotted against elapsed time. Flow into the clay is calculated 
using a combination of weighted moving average and time moving average 
(mean). For plot [A] the departure between measured and predicted gas 
pressure is symptomatic of gas penetration of the buffer. In plot [B] the peak 
pressure response is symptomatic of the development of ‘major’ gas 
pathways within the buffer and is qualitatively similar in response to small-
scale experiments reported by Horseman et al. (1997, 1999, 2004). 

When gas pressurisation was reinstated on Day 952, the departure between measured and predicted gas 
pressure continues almost immediately (Figure 11b), indicating that the previous network of gas pathways 
continued to extend as soon as the pressure began to increase. Gas flow into the clay gradually increased 
with time until Day 970, at which point there was a marked increase in flow. This occurred when the gas 
pressure was marginally greater (approximately 0.2 MPa) than the local total stress measured on the rock 
wall, but was marginally smaller (around 0.25 MPa) than the radial stress measured some distance away 
on the canister surface at PC903. Axial stress measured at PB902 was also marginally higher than the gas 
pressure, by around 0.3 MPa. Gas pressure continued to increase reaching a peak pressure of 5.66 MPa at 
Day 972.3. This was followed by a small spontaneous negative transient leading to a quasi-steady state at 
a gas pressure of around 5.5 MPa. Examination of the post peak gas flux exhibits dynamic behaviour 
(over and undershooting flux into the system) suggestive of unstable gas flow. These observations are 
qualitatively similar to results reported by Horseman et al. (1999) and Harrington & Horseman (2003) 
performed on laboratory scale tests. 
The injection pump was stopped (i.e. a shut-in test) at Day 974 and the gas pressure allowed to decay 
providing an estimate for the apparent capillary threshold pressure which is tentatively estimated to be 
around 4.9 MPa. This pressure is significantly higher than that required to initiate gas entry but is very 
similar to the average radial stress measured on the canister which was also close to the axial stress 
measured locally within the clay at PB902. This suggests a strong correlation between gas transport and 
total stress and supports the observations reported by Harrington & Horseman (2003) based on laboratory 
scale tests. Analysis of the pressure decay curve shows conspicuous breaks in slope indicative of the 
sealing and temporary formation of highly unstable gas pathways. 
Following peak gas pressure a well pronounced increase in radial stress occurred around the entire base of 
the deposition hole, with the highest increase noted in the vertical plane below the point of injection. This 
strongly suggests gas preferentially moved downwards, probably along the interface between the canister 
and buffer. It is notable that the radial stress immediately adjacent to FL903 actually decreased during this 
time. Analysis of the porewater pressure sensors located within the buffer shows no obvious sensitivity to 
the injection of gas. In contrast, axial stress sensors located beneath and above the canister appear to 
register the passage of gas. A small inflection in the rate of increase in axial stress at the base of the 
canister occurred shortly after the peak in gas pressure. Such a reduction in stress can only be caused by 
the removal of load, suggesting some form of displacement had occurred as a result of gas injection.  
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3.4.2 Gas injection test 2 (Day 1430 – 2064) 
Following one year of artificial hydration of all filters and filter mats a repeat test was conducted in filter 
FL903. One question arising from Gas test 1 was whether the gas “escaped” the deposition hole. In order 
to address this in Gas test 2, neon was selected as the test permeant, to facilitate tracking of the gas 
through the host rock by future gas sampling of the packered intervals in each of the pressure relief holes 
(neon is absent from the natural pore waters of Äspö). 
Gas testing began on Day 1606 in filter FL903 from a starting pressure of 1.3 MPa. This was higher than 
the starting pressure in Gas test 1 as pore pressure at this location had increased with continuing artificial 
hydration. Gas test 2 was planned to give more detail than Gas test 1, with four pressure ramps (instead of 
2) and prolonged gas injection following gas breakthrough. 
The first pressure ramp raised gas pressure from 1.3 to 2.55 MPa over a 9 day period, at which point the 
gas pressure was held constant for a further 15 days while flux into the clay was monitored with time 
(Figure 12a). Analysis of the data indicated a small flux into the clay began at the onset of pumping, 
suggesting that the gas entry pressure was close to the start value of 1.3 MPa. This is significantly higher 
than for Gas test 1 (0.65 MPa) and is further evidence for the maturation of the clay. Once the injection 
pump was switched to constant pressure mode and the pressure in the filter held constant at 2.55 MPa, gas 
flow into the clay dramatically reduced and continued to decline over the next 15 days, resulting in a 
small background flux of around 2.5 × 10-10 m3.s-1. This was around 95% lower than that observed prior 
to the change in pump mode. The similarity in response to that from the earlier gas test suggests that the 
same processes governing the precursor movement of gas remain in operation.  

 
Figure 12 - Plots [A] and [B] show the entire injection history for Gas test 2. STP flow rates 

into the injection system and the clay as well as measured and predicted gas 
pressures are plotted against elapsed time. Inspection of plot [A] shows the 
reduction in flux into the clay during each constant pressure step. Plot [B] 
shows the ‘major’ gas entry event signified by the rapid increase in flux into 
the clay. This is followed by a well-defined negative flux transient which first 
under- and then over-shoots the injection flow rate into the system. This is 
symptomatic of unstable gas pathways. 

A second ramp raised pressure to 3.8 MPa over 9 days, followed by a period of constant pressure for 28.6 
days. A third ramp raised pressure to a final target of 5.05 MPa over 16 days and pressure was held 
constant for a total of 52 days (from Day 1690 to 1742). As with previous observations, the switch from 
pressure ramp to constant pressure resulted in a reduction of flux in excess of 95%. It can be noted that 
the flux observed during the successive constant pressure steps reduced. The lack of correlation between 
the rate of gas flow into the clay and the gas pressure gradient driving the flux cannot be reconciled with 
classic concepts of two-phase flow (Aziz & Settari, 1979; de Marsily, 1986). In summary, a flux of 2.5 × 
10-10, 7.2 × 10-11, and 1 × 10-12 was seen at constant pressure stages of 2.55, 3.8 and 5.05 MPa 
respectively. The large reduction in gas flow (ranging from 95-98.5%) when pressure was held constant 
suggests an apparent reduction in gas permeability of the buffer. While this does not conform to classic 
concepts of two-phase flow it can be explained by a pathway propagation model. According to Griffith 
crack theory, a crack will only propagate when the decrease in strain energy just balances the increase in 
surface energy. In essence, this can be viewed as the slow time-dependent expansion of gas pathway(s), 
conceptually little different to that of inflating one or more tiny balloons within the bentonite, where the 
walls of the latter represent the pathway surfaces within the clay. As gas pressure increases the 
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cracks/balloons slowly expand/propagate resulting in a larger network of gas-filled pathways. If gas 
pressure is held constant, the capacity for further expansion of the cracks/balloons is limited, by both the 
balance in strain and surface energies and by the availability of inherent weaknesses within the buffer 
system. The observed reduction in gas inflow rates for the higher constant pressure steps strongly support 
this line of reasoning and suggest that the availability or interconnectivity of such weaknesses within the 
clay (from small-scale transient features related to hydraulic/stress disequilibrium) is limited locally 
around the point of the injection zone. Given the reduction in gas flow rates at higher pressures, it seems 
clear from the data that only a limited quantity of gas can be injected into the clay through this 
mechanism, suggesting that as the buffer hydrates, the capacity for this type of flow will reduce. 
During the third constant pressure stage the gas within the injection system was refilled in order to 
facilitate prolonged injection post gas breakthrough. The final gas injection stage was initiated on Day 
1742 with a relatively slow injection rate, Figure 12b. At Day 1766.55 gas flow into the buffer 
spontaneously increased, exhibiting a well-defined peak before decreasing to a steady-state value of 
around 8 × 10-9 m3.s-1. Gas pressure continued to increase reaching a maximum value of 5.87 MPa at Day 
1767.3, 0.21 MPa higher than for the Gas test 1. Peak pressure was followed by a spontaneous negative 
pressure transient which approaches an asymptote of around 5.55 MPa. Figure 12b shows the response of 
the buffer to the ingress of gas during this phase of testing is very similar in form to that observed in the 
small-scale laboratory experiments reported by Harrington & Horseman (1999, 2003). Post peak, both 
flux and pressure data initially “under-shoot” then “over-shoot” the ultimate asymptote value 
symptomatic of unstable gas pathways (Harrington & Horseman, 1999).  
At peak gas pressure total stress and porewater pressure sensors indicate gas flow is both localised and a 
highly complex dynamic process with pathways opening and closing probably in response to localised 
changes in gas pressure (Figure 13). Analysis of the data indicates conspicuous kicks in value at and after 
peak gas pressure, providing strong evidence for the time-dependent evolution of a tortuous network of 
unstable gas pathways. While this data indicates that gas pathways initially propagate downwards and 
then across and upwards through the clay or clay/rock wall interface, later ‘breakthrough’ events from 
different sensor locations indicate that the gas pathway network continues to evolve, even though the 
system is at quasi steady-state.  
The pressure recorded in filter FL901 increased 6.5 days after gas peak pressure was recorded in injection 
filter FL903, as seen in Figure 14. A second increase in pressure occurred in FL901 10 days later. Filter 
FL901 was 180° around the canister, with filters FL902 and FL904 90° around the canister. It can be seen 
that gas propagated to the opposite side of the canister without intercepting either of the filters 
(FL902/904) between FL903 and FL901. This suggests that the gas pathway was a highly localise, 
tortuous pathway and that the entire canister/buffer interface was not conductive. It could also suggest 
that the gas propagated through the buffer and not along the interface. 
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Figure 13 - Data from deposition hole instrumentation before and after major gas entry at 

Day 1766.55; [A] shows a well-defined response from porewater pressure 
sensor UR905. The absence of a kick in neighbouring sensors suggests 
localised pathway flow; [B] shows a clear link between changes in radial 
stress and peak gas pressure. The strength of these responses is related to the 
geometry and spatial distribution of pathways within the buffer; [C] shows 
the output for a number of axial stress sensors. The output from sensor 
PB902 shows a series of breakthrough events where total stress 
spontaneously increases/decreases with time. This provides strong evidence 
for a highly complex gas pathway network which evolves temporally and 
geospatially. Event (1) is the start of the major gas flow event, (2) is the peak 
in gas pressure, and (3) is the peak seen in PB902. 

 
Figure 14 - Data showing prolonged gas injection in FL903. Left) as gas injection continued 

it resulted in an increase in pressure at FL901; pressure in sensor UB902 
sometime later. This shows that gas propagated to these locations. Right) 
Pressure and flow during prolonged gas injection. 

Gas reached pressure sensor UB902, which is located towards the bottom of the deposition hole within 
bentonite block C1. In Gas test 1 it had been proposed that the gas moved down the canister/buffer 
interface and then between bentonite blocks R1 and R2 exploiting weaknesses associated with interfaces. 
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The propagation of gas to UB902, in part, demonstrates that gas has propagated through the bentonite 
buffer as it is improbable that gas could have reached the outer wall of the deposition hole and then 
propagated to UB902. 
One objective of Gas test 2 was to continue gas injection after peak pressure had been achieved for a 
prolonged period. As shown in Figure 14, the final gas injection step was started on Day 1745, gas 
breakthrough occurred on Day 1767, and gas injection was stopped on Day 1910. Therefore the fourth 
gas injection stage was 165 days long, with gas injected for 142 days following gas breakthrough. In 
general, the familiar “over-“ and “under-shooting” of flow into the clay about the flow into the system 
(Figure 14) was observed. Following initial gas breakthrough flow into the clay was similar to flow into 
the system with minor fluctuations after about 17 days and during this period gas pressure slowly 
decayed. At approximately Day 1813.4 flow into the clay increased and the injection pressure decayed by 
300 kPa; at this time no corresponding change in stress can be identified. At a pressure of about 5.2 MPa 
gas pressure began to recover and peaked for a second time at Day 1833 as the flow into the clay can be 
seen to increase. Between Day 1839 and Day 1852.5 pressure remained constant and flow into the clay 
matched the flow into the system (i.e. all gas entering the system was entering the clay). At this time it 
appears that the system has reached quasi-static equilibrium. However, on Day 1853 pressure can be seen 
to start reducing as flow into the clay increased. The drop in pressure over the following 10 days saw a 
reduction in injection pressure of nearly 1 MPa. On Day 1868 the injection pump required re-filling, 
which is a standard procedure. Following this, gas pressure started to increase once pumping had been re-
initiated. As this behaviour was instantaneous, it has been deduced that one of the air-actuated valves on 
the control board had partially been opened and that the pump had therefore been slowly leaking between 
Day 1860 and 1868. This was not immediately remediated as the behaviour was similar to that seen at 
Day 1813. 
As pressure had “leaked” from the pumping system it was decided to continue injection of the remaining 
volume of neon and to observe behaviour once gas breakthrough had been re-established. Over a period 
of nearly 30 days gas pressure recovered and peaked at Day 1897.9 at 5,616 kPa. A distinct peak is 
observed with pressure decaying for the remaining 10 days of the period; however, no peak in flow into 
the clay is observed. This suggests that 5.6 MPa was sufficient to re-establish existing pathways that 
continued to propagate. From approximately Day 1860 onwards the pressure in filter FL901 can be seen 
to decay, suggesting that the drop in gas pressure at this time was sufficient to “isolate” this sink and that 

the increase in gas pressure did not re-establish flow to this location. 
Gas sampling in the pressure relief holes after the completion of the gas-
injection phase clearly showed a trace of neon of 117 ppm in interval PRH1-2. 
All other PRH intervals showed undetectable (<50ppm) amounts of neon both 
before and after Gas test 2. 
Figure 15 shows a summary of the gas migration direction inferred from Gas 
test 1 and 2. As can be seen, in Gas test 1 the gas propagated along the outside 
of the canister downwards. It is probable that gas exited the deposition hole 
along the interface between blocks R1 and R2. In Gas test 2 it is clear that the 
same gas pathway was not exploited. Gas propagated 180° around the canister to 
filter FL901 and from here gas propagated downwards towards the bottom of the 
deposition hole. 

3.4.3 Gas injection test 3 (Day 2257 – 2614) 
In 2012 gas testing switched from the previously tested filter (FL903) to an 
upper array filter. Filter FU910 was selected; this filter is smaller in diameter (25 
mm, compared to 50 mm for FL903). This meant that Gas test 3 would 
investigate neon movement under different stress conditions higher in the 
deposition hole and for a different hydration state, dictated by the size of the 
injection filter and total duration of artificial hydration. 
Gas testing began on Day 2257 in filter FU910 from a starting pressure of 1 
MPa, with four pressure ramps similar to Gas test 2 planned with the final stage 
conducted for a prolonged period of time. The first pressure ramp raised gas 
pressure to 2.25 MPa over a 17 day period, at which point the gas pressure was 

held constant for a further 31 days while flux into the clay was monitored with time (Figure 16a). 
Analysis of the data indicated a small flux into the clay began at the onset of pumping, suggesting that the 
gas entry pressure was close to the start value of 1.0 MPa. Once the injection pump was switched to 
constant pressure mode and the pressure in the filter held constant at 2.25 MPa, gas flow into the clay 

Figure 15 Gas 
migration direction 
for the three gas 
injection tests. 
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dramatically reduced and remained low, resulting in a small background flux of around 2 × 10-11 m3.s-1; 
this equates to a reduction in flow in excess of 99%.  
A second ramp raised pressure to 3.5 MPa over 17 days, followed by a period of constant pressure for 36 
days. A third ramp raised pressure to a final target of 4.75 MPa over 16 days and pressure was held 
constant for a total of 100 days (from Day 2377 to 2477). As with previous observations, the switch from 
pressure ramp to constant pressure resulted in a reduction of flux in excess of 98%. Contrary to Gas test 2, 
the flux observed during the successive constant pressure steps increased. In summary, a flux of 2.1 × 10-

11, 1.1 × 10-10, and 1.7 × 10-10 was seen at constant pressure stages of 2.25, 3.5 and 4.75 MPa respectively. 
The large reduction in gas flow (ranging from 98.6 to 99.9%) when pressure was held constant suggests 
an apparent reduction in gas permeability of the buffer. As previously stated, while this does not conform 
to classic concepts of two-phase flow it can be explained by a pathway propagation model.  
The final gas injection stage was initiated on Day 2477.25 with a relatively slow injection rate, Figure 
16b. At Day 2490.36 gas flow into the buffer spontaneously increased, exhibiting a well-defined peak of 
5,190 kPa and a pressure drop. Figure 17b shows the pressure response in more detail, which as can be 
seen, was dissimilar to that seen in Gas tests 1 and 2. Initially gas pressure reduced by approximately 50 
kPa to 5,147 kPa and then over the following 12 days recovered to a secondary peak of 5,300 kPa at Day 
2502.3. The secondary peak had not been seen previously and had a magnitude over 100 kPa greater than 
the initial gas breakthrough. Pressure slowly progressed to a steady state of approximately 5,240 kPa and 
around 1 × 10-8 m3.s-1 by Day 2524. By this time, flux and pressure data initially “under-shoot” then 
“over-shoot” the ultimate asymptote value symptomatic of unstable gas pathways (Harrington & 
Horseman, 1999). 
On Day 2533 the logging computer failed, this resulted in the gas laboratory being isolated from the 
Lasgit experiment. The computer was re-instated on Day 2542, but in the intervening 9 days the gas 
pressure had reduced approximately 100 kPa to 2,435 kPa. 
At the time of initial gas breakthrough, radial stress sensor PR915 showed a 50 kPa increase, with smaller 
increases being noted in PR917 (20 kPa), and PR916/918 (10 kPa), as seen in Figure 17c. Radial stress 
sensors PR915 and PR916 are closest spatially to injection filter FU910 and are both positioned 45° 
around the deposition hole on Section 9. Little to no stress change is seen on Section 7 of the deposition 
hole suggesting that initially gas did not propagate downwards. Changes in porewater pressure are noted 
in some UR sensors.  
Radial stress continued to rise in all four sensors located on Section 9 and peaked at the same time as the 
secondary gas peak. At this time, PR919 increased by 50 kPa, whilst PR920 and PR922 reduced by 15 
kPa. This suggests that gas began to move upwards in the deposition hole. As seen in Figure 17a, a series 
of pressure increases were noted in filter FU912 starting from Day 2495.28; 7 pressure increase events are 
highlighted. None of these pressure increases correspond with a significant change in radial stress. On 
Day 2508.25 pressure increased in filter FU911; this event does correspond with a stress and porewater 
pressure change in several sensors. 
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a).  

b).  

c).  

Figure 16 – Plot [A] shows the entire injection history for Gas test 3. STP flow rates into 
the injection system and the clay as well as measured gas pressures are 
plotted against elapsed time. Inspection of plot [B] shows the reduction in 
flux into the clay during each constant pressure step. Plot [C] shows the 
‘major’ gas entry event signified by the rapid increase in flux into the clay. 
This is followed by a secondary gas peak and an eventual transient which 
first under- and then over-shoots the injection flow rate into the system. This 
is symptomatic of unstable gas pathways. 

Gas injection re-started on Day 2541 and pressure soon recovered. The classic under- and over-shooting 
of pressure and flow was seen for the remainder of the stage (Figure 16c). Figure 18 shows the pressure 
response of several sensors within Lasgit. As previously described, following gas breakthrough on Day 
2490.36, pressure increased in filter FU909 starting on Day 2495.28. Over a period of approximately 5 
weeks the pressure in FU909 increased to become similar in magnitude to injection filter FU910. Filter 
FU911 was next to change, with an increase of 0.75 MPa on Day 2508.25; no further pressure increase 
occurred for the following 7 weeks, until a second increase of approximately 0.5 MPa occurred, followed 
by a significant rise of 4.5 MPa on Day 2568.43. Over a 13 day period pressure in filter FU911 decayed 
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by approximately 1.5 MPa, until on Day 2580.59 filter pressure increased to approximate that of the 
injection pressure. 

a b

c d  

Figure 17 – Response of radial stress and porewater pressure on the deposition hole wall at 
the time of gas breakthrough. Plots [A] and [B] show pressure response of 
injection filter (FU910) and all other canister filters. As can be seen, the form 
of the pressure response at breakthrough is dissimilar to that seen during 
Gas tests 1 and 2 (compare with Figure 11 and Figure 12). Plot [C] shows 
that several of the radial stress sensors show a change at both/either the time 
of initial breakthrough and secondary gas peak (Note: Radial stresses have 
been adjusted for display purposes and are not absolute). Plot [D] shows 
power pressure sensor at the time of gas propagation. 

 
Figure 18 – Response of selected sensors during prolonged gas injection. In order of first 

change, gas reached sensors FU909, FU911, PC903 and FL904. The evolution 
of pressure shows that several gas pathways must have formed and that these 
continued to evolve spatially and temporally. 

The third sensor to react was stress on the canister (PC903). Initially 2 pressure drops occurred on Day 
2516.33 and 2517.95, followed by a stress rise on Day 2518.6. From this time onwards the response of 
PC903 mirrors FU910 and therefore it is deduced that gas propagated to this location on the canister face. 
The final sensor to change was filter FL904 at Day 2577.16. The lower array of filters was being used to 
artificially hydrate the system and the injection pump started to “back-off” as pressure in FL904 
increased. The lower array of filters was isolated from the hydration circuit on Day 2579.14 and 
immediately the pressure in FL904 started to rise, eventually reaching 4.8 MPa. Once the lower array was 
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isolated, filters FL902 and FL903 started to decay, whereas filter FL901 remained almost constant for the 
remainder of the injection test. 
It has been shown that it took considerable time for gas to reach a number of sinks and to fully pressurise 
these locations. As shown in Figure 19 the behaviour of “pressurised” sensors mirrored the injection 
pressure and this suggests that the system was behaving as if it was one large volume of gas. Also shown 
in Figure 19 a leak-off test was conducted at the end of the gas injection starting from Day 2614.44. The 
three “pressurised” sensors can be seen to reduce a similar way to the gas injection filter (FU910). 
However, once PC903 reaches a certain value there is no more decay; therefore the sensor is once again 
recording local stress at this locality. 

 
Figure 19 – Response of selected sensors in detail during prolonged gas injection and for 

the leak-off test. The Once sensors were “pressurised” they mirror the 
pressure in the injection filter, suggesting that the system was behaving as a 
single volume of gas. 

3.4.4 Stress and gas peak pressure 
Figure 20a shows the local stress conditions to filter FL903 during the two gas injection tests. Average 
stress is shown for radial stress [PR] and pore water pressure [UR] from the same level as the injection 
filter. Radial stress on the canister [PC] is also shown for section 6 of the deposition hole. As can be seen, 
both gas breakthrough pressures are higher than the radial stresses observed. However, a close 
comparison was seen with gas breakthrough and PR910. As shown in Figure 20b for Gas test 3, the initial 
gas peak occurred once injection pressure was similar to the stress recorded nearby on the surface of the 
canister (PC903). This magnitude was much greater than the average radial stress at the Section 9 level.  
All three gas tests have shown a link between local stress and gas break-through pressure, which is 
confirmed in Figure 20c where the dotted line represents the condition when applied gas pressure is equal 
to local stress. As seen, the gas breakthrough pressures plot close to this condition. Comparing Lasgit data 
with laboratory data from tests Mx80-10, Mx80-13 and Mx80-14 (Figure 20d) clearly shows that gas 
movement is strongly controlled by the local stress state. However, predicting the magnitude of the break-
through pressure appears difficult given the anisotropy seen in stress within Lasgit and the proximity of 
stress sensors to the injection filters. 
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Figure 20 – Gas breakthrough and local stress. Plot [A] shows the results from Gas test 1 
and 2, where both tests had gas breakthrough at a pressure greater than the 
average radial stress on the corresponding level. However, a close 
relationship is seen between gas breakthrough and radial stress on the 
deposition hole wall at PR910. Plot [B] shows breakthrough in Gas test 3 
occurred at a pressure close to PC903. Plot [C] shows the close relationship 
between local stress and gas breakthrough pressure; which is further 
strengthened when Lasgit data is compared with laboratory data [D].  

3.4.5 Hydration of the bentonite buffer over a seven year period 
Whilst the primary aim of Lasgit is to perform gas injection tests to determine the fate of gas in the KBS-
3v setup, it also offers insight into the long-term maturation of the buffer. In this section we summarise a 
number of features seen related to buffer hydration. 
Throughout the complete history of Lasgit (Day 1 – 2,800+) a number of canister filters and all filter mats 
have acted as sites of artificial hydration of the buffer. Artificial hydration began on the 18th May 2005 
after 106 days of testing. Up until the first gas injection test (Day 843), the pressures in all of the canister 
filters and hydration mats were used to hydrate the clay. Initial attempts to raise porewater pressure in the 
artificial hydration arrays occasionally resulted in the formation of preferential pathways, even at 
relatively modest excess water pressures, resulting in localized increases in porewater pressure and total 
stress. These pressure dependent features were not focused in one location within the bentonite but 
occurred at multiple sites at different times in the test history. These pathways were relatively short lived, 
closing when water pressure was reduced. Packers were installed into the pressure relief holes on Day 414 
and sections in them closed over the period to Day 519. These operations caused clear effects throughout 
the deposition hole, however there was no repeat of the formation of piping through discrete channels so, 
on Day 656, pressures to the artificial hydration filters on the canister were increased to 2,350 kPa. From 
this time onwards, the injection system (filters and filter mats) was used to aid artificial hydration of the 
system. However, during gas testing stages (Gas test 1, Day 843 to 1110; Gas test 2, Day 1385 to 2019; 
and Gas test 3, Day 2019 to 2890+) some of the injection filters were isolated or used as sites of gas 



 17 

injection (e.g. filter FL903). However, the Lasgit system has undergone over 7 years of continuous 
natural and artificial hydration. 

 
Figure 21 – The evolution of pressure and stress within Lasgit over the complete life-time 

of the experiment. 
Porewater pressure monitored at the rock wall [UR] greatly increased in response to the commissioning of 
the packers (see Figure 21). Since this time, porewater pressure has slowly decayed due to the draw-down 
of the Äspö tunnel and range between 880 – 2,850 kPa. The long-term reduction of porewater pressure 
pre-dates Lasgit and is likely to be due to the construction of the Äspö HRL. Certain locations on the 
deposition wall have seen episodes of increased porewater pressure as fractures in the deposition hole 
wall have undergone episodic flow. Monitored porewater pressures within the bentonite [UB] have 
increased during the test in a complex manner, but remain relatively low at 300 – 520 kPa. 
Radial stresses at the deposition wall [PR] have significantly increased during the experiment and now 
range between 2,300 kPa and 6,500 kPa. Axial stress on the canister [PC901] continues to increase, 
whereas radial stress [PC902/903] has generally reached a plateau. Stress measured on the canister ranges 
between 5,400 and 6,500 kPa. 
Stress within the bentonite, axial stress on the rockwall, and stress on the canister have almost levelled at 
between 5 to 6 MPa. The current rate of change of stress is approximately 0.35 kPa.day-1 (~130 kPa.a-1), 
which indicates that within the lifetime of the Lasgit experiment stress will only rise a further 1 MPa at 
most. As stresses within the system continue to rise, pore pressure is slowly reducing at a rate of 
approximately 0.1 kPa.day-1 (~40 kPa.a-1) possibly due to tunnel draw-down, although this may have 
stabilised and started to increase. Pore pressure within the bentonite continues to remain low. 
Throughout the history of Lasgit there have been a number of events that have given ‘snapshots’ of the 
hydraulic properties of the buffer. These include two-stage constant head tests conducted before and after 
each of the three gas-injection tests (see Figure 22a for repeat testing of filter FL903) and the shut-in 
(pressure decay response) of various filters; be this a scheduled activity related to gas testing or twice due 
to the unscheduled shut in of the system when the compressor and logging computer failed. The change in 
permeability and storage calculated for each of these events (Figure 22b/c) show that the buffer continues 
to ‘mature’ and is yet to reach hydraulic equilibrium. Although permeability appears to have stabilised 
around 6.0 × 10-21 m2, this value is greater than the laboratory derived permeability (4.7 × 10-21 m2). This 
might be explained by the low density zone created next to the canister as the buffer swelled to close the 1 
cm engineering gap. Greatest progress in hydration of the clay has been made near to the large filter mats 
above the canister, whilst the least progress has occurred just below the canister. Suction has decreased 
throughout the experiment confirming on-going hydration of the clay. 
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Figure 22 – The evolution of permeability within Lasgit over the complete life-time of the 
experiment. Several two-stage constant head tests (a) have been conducted. 
From these permeability and specific storage can be estimated (b/c). 

Clear seasonal variations (with periods of one year) have been observed in many of the instrument 
outputs recorded within Lasgit (see Figure 21) when data are viewed over the entire 2,800+ day (7.9 year) 
history. The clearest variation is seen in the HRL temperature. However, porewater pressure within the 
bentonite [UB], porewater pressure at the wall rock [UR], radial stress [PR] and the radial & axial stresses 
on the canister [PC] also show seasonal variability. Much of the seasonal variation shows amplitude 
attenuation and phase shift (time lag) with depth down the deposition hole. Some stresses within the 
deposition hole have increased due to buffer swelling, porewater pressures have decreased due to 
drawdown of the tunnel and seasonal variation has been observed due to the ventilation of the tunnel. 
This has resulted in a complex dynamic boundary condition that continues to slowly evolve. 
It is clear that the pressure/stress regime within Lasgit continues to evolve as the buffer system matures. 
Whilst modelling of the saturation states estimates that the system is fully saturated, it is clear that 
hydraulic disequilibrium still persists. Stresses within the system are continuing to increase at a slow rate, 
but it would appear that the high stresses seen within the laboratory are unlikely to be attained within 
Lasgit. This may result from the swelling of the buffer to fill the engineering voids, this may result in a 
lower swelling pressure being generated. The anisotropic stress field generated within Lasgit also appears 
to persist. This suggests that if this feature is created by differential swelling, homogenisation of water 
content within the buffer is difficult to achieve. However, as Lasgit runs for longer periods the 
experiments continues to become more representative of the buffer system at the time of a potential 
canister breach. 

3.5 Major conclusions 
• Full-scale testing has shown qualitatively similar behaviour to laboratory results: 
• well defined pressure peak; spontaneous negative transient; evidence of dynamic behaviour and 

unstable gas pathways; asymptote close to stress; 
• Gas test 3 showed slightly different behaviour at breakthrough with two peak pressures. 
• High gas pressures seen in the laboratory have not been seen in Lasgit as stress state is much 

lower due to non-complete hydration of the buffer. 
• Hydration of the clay is progressing well but sections of bentonite remain in suction and in 

hydraulic disequilibrium. 
• The coupling between gas, stress and pore-water pressure for flow before and after major gas 

entry suggest mechanisms of pathway propagation and dilatancy predominate. 
• Lasgit has shown that the interface between barriers is a key part of the system. 
• Gas appears to have exited the deposition hole in Gas test 2, but failed to find a way out during 

Gas test 3; where gas continued to migrate along the canister/buffer interface. 
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4 Hydration versus gas percolation in bentonite. In-situ 
experiment PGZ2. Experimental borehole results 

4.1 Foreword 
This report is the first ANDRA’s contribution to the Work Package 3 (deliverable 3.18: Report on 
experimental borehole results: PGZ2 experiment at Bure in the Andra’s URL). 

4.2 Acknowledgements 
Claude Gatabin from CEA/LECBA and his team should be gratefully acknowledged for preparing the 
bentonite plug and the seats. He also helped me for the interpretation of total pressure sensors. The team 
of Solexperts provided the multi-packers systems, performed the installation. The teams of AF Consult 
(JM. Lavanchy) and Intera (R. Senger) performed some calculation to evaluate the swelling of the plug. 
COFOR team had drilled the boreholes and Brisset-Veyrier make the topographic measurements. Egis 
team supervised the installation. 
A large number of individuals have contributed to the project. In addition to the collection of data, many 
individuals have freely given their advice, and provided the local. Jean Talandier has helped to review 
draft chapters of this report.  

4.3 Summary 
This report describes the results on the in situ experiment PGZ2. PGZ2 is focus on the study of gas 
propagation in seals and interfaces.  

4.4 Introduction 
The PGZ experiments are part of an experimental and demonstration test programme at the Meuse/Haute-
Marne Underground Research Laboratory.  
One of the objectives of this experimental and demonstration test programme is to study the response of 
claystones to disturbances caused by a repository. In the PGZ experiments, the subject is the disturbances 
caused by gases generated by the radiolysis or anoxic corrosion of some of the waste packages and, where 
applicable, by the corrosion of the repository's steel components, e.g. high-level waste cells. This will 
particularly include gas transfer in undisturbed and disturbed claystones, as well as transfer through the 
sealing plugs and at interfaces. 
This is the second report on the PGZ experiments produced by ANDRA since the first pieces of 
equipment were installed in the GED drift. It follows the report entitled "Installation and initial results" 
(D3.2), which presents the aims of the PGZ2 experiments. 
This report presents all of the measurements taken for test PGZ2 up to the beginning of December 2012, 
and provides a detailed analysis of the test's main phases (saturation and gas injection). 
Prior to this, however, the report describes the observations and findings from the mock-up tests 
conducted at the CEA/LECBA in support of this test. 

4.5 Mock-up tests 
The CEA/LECBA contributed to test PGZ2 on two levels: 

- provision of the core, connectors and sensors inserted into the connectors; installation and 
monitoring of the measuring devices; 

- qualification of the cores and sensors to be installed; execution of mock-up tests. 
The aims of the mock-up tests were to: 

- observe the behaviour of the clay core during swelling, such as by checking how it extrudes 
in the vacuum around the connector, and how the swelling pressure develops; 

- test different scenarios for supplying water to the bentonite core to explain how the plug 
actually works and thus make better use of the results. 

To do this, a number of laboratory experiments were produced at the CEA/LECBA. The core's hydration 
dynamics was observed using a glass tube, placed horizontally, to simulate a borehole section. A 
synthetic water was used in all of these tests, representative of the water in the claystone. 
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4.5.1 General configuration of the model tests 
The clay cores, representing a real half-core, were embedded into a connector plate made of 304L 
stainless steel, thus forming a real half-plug. The cells, as illustrated in Figure 23, contained this half plug 
in a Pyrex glass tube for observation purposes. A second connector was used to block the other end of the 
glass tube, and provided support on the clay core. The connectors had an internal and external vent 
system for the main connector. The vents comprised a porous disc connected to a tube extending to the 
outside of the model. A valve was connected to the outer part of the tube. A total pressure sensor, placed 
in contact with the side of the core embedded in the main connector, and a force sensor inserted between 
this connector and the clamp plate, were used to measure changes in the swelling pressure. Figure 24 
shows cell 1, with its half plug, prepared for hydration. 
The cores were prepared by isostatic compaction at 200 MPa then machined, under the same conditions 
as the cores used for the in situ tests. 

 
Figure 23 Diagram of a cell for a "visual" understanding 
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Figure 24 View of a cell fitted with its half-plug before hydration 
 
With the exception of a few equipment-related details, the same assembly procedure was used for all of 
the tests.  
The nominal instrumentation comprised a force sensor to measure the core's force on the connector, a 
pressure sensor in the centre of the connector, and radial sensors for scenarios 4 and 5, to measure the 
total pressure.  

4.5.2 Different tested hydration scenarios 
The different tested hydration scenarios were devised to cover a wide range of flow rates: 

- Scenario 1: slow hydration (> 20 days) by liquid water flowing into the annulus at a slow rate 
(technological vacuum); 

- Scenario 2: fast hydration (~ 2 days) by liquid water flowing into the annulus at a medium 
rate (technological vacuum); 

- Scenario 3: very fast hydration by flooding the annulus in less than 2 minutes. 
Feedback from experience and the simulations showed that in reality the water flows were, or would be, 
much slower. Furthermore, it was interesting to discover and to accurately quantify the radial vacuum's 
filling rate to: 

- determine when the contact between the core and the block would be sufficient to launch the 
gas pressure resistance tests; 

- be able to correlate the axial pressure measurement, which would only be available in situ, 
with this radial contact.  

To do this, two new scenarios were designed, implementing different hydration procedures and additional 
sensors: 

- Scenario 4: slow, occasional hydration (10cm3 / day) along one and then two horizontal edges 
and following the vertical axis. Addition of three total pressure sensors located radially. 

- Scenario 5: hydration through circulation of moist air (RH > 80%) in the technological 
vacuum. Addition of three total pressure sensors located radially. 

-  
 

4.5.3 Findings from the different tested scenarios 
Scenario 1: Slow hydration 
The characteristics of scenario 1 are shown in Table 1 below. 
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Table 1: Specific data for scenario 1 
Radial clearance (mm) 6  

Vacuum volume around core (cm3) 308 
Total radial vacuum volume (cm3) 559 

Total hydration time (days) 113 
Initial flow rate (cm3/day) 18 

Pressure atm 
The duration of this scenario was 112 days. Initially, the water was injected under the atmospheric 
pressure, but as the pump's pressure limit was set at 5 bars, the bentonite core quickly took control of the 
flow of injected water after the water inlet area was plugged. 
Hydration occurred through the opposite side to the connector, via a 6mm annulus, delimited by the core 
at the centre and by the glass tube on the outside. The core's surface was separated from the water inlet's 
fritted disc by a thin stainless steel cap. However, the edge of the core drew up the water very quickly. 
This spread gradually to form a ring of gel around the core, causing the water inlet annulus to clog and, 
ultimately, the water pressure to rise and the injected flow to decrease at the same time. 
Figure 25 shows the changing swelling pressure measurements during the test.  
At the beginning of the test, the pressure sensor was under stress due to the addition of powder between 
the core's surface and the sensor membrane. This explains the initial measured mechanical pressure of 
approximately 22 bars. 

 
Figure 25 Scenario 1: Change in the swelling pressure measured axially by the force 

sensor and the pressure sensor 
During the first few days, the core drew in water through the other surface and the swelling pressure 
increased to reach a maximum level after seven days. This was followed by a drop in the swelling 
pressure measured by the two sensors, which was due to the cracks releasing some of the axial stress. 
The force then increased again, while the core hydrated and the initial cracks disappeared. The core 
became more plastic, developing into the shape of an elephant's foot, and the powder that was used to 
apply a mechanical stress to the sensor membrane also became more plastic, releasing the initial pre-load 
stress. 
The force and the pressure then stabilised (on the 60th day) while the core hydrated with an increasingly 
low flow rate (Figure 12). The swelling pressure could only increase if the radial pressure was at least 
equal to the axial pressure.  
The plug that had formed at the water inlet meant that there was little change between the 60th day and the 
107th day, when the water supply was stopped, causing a rapid drop in the force and pressure. This 
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phenomenon was linked to the absorption of water from the saturated areas by the drier areas, which 
consumed the water contained in the fritted disc and thus reduced the injection pressure. 
 

 
Figure 26 Scenario 1: Change in the flow rate during the first 60 days of the test 
 
Photographs 1 to 10 show changes in the appearance of the core as it hydrated. 

Photo 1 scenario 1/ 
 

t = t0 

Injection started with a very low 
flow rate of around 18cm3/day. 
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Photo 2 scenario 1/ 

 

t = t0 + 8 
hrs 

Injection started with a low flow rate 
of around 18cm3/day. At this point, a 

shallow water bed (approximately 
6cm3) was present in the bottom of 

the tube. 
 

 
Photo 3 scenario 1/ 

 

t = t0 + 73 
hrs 

After three days of injection, 
providing just over 50cm3 of water, 
the entire circular area adjacent to 

the water inlet was hydrated. 
This caused spalling as a result of 

the core tearing in the dry area 
adjacent to the hydrated annulus. 

 
Photo 4 scenario 1/ 

 

t = t0 + 
73 hrs 

Detail of the spalling area. 
There was no visible impact on the 

core's rigidity. 

 
Photo 5 scenario 1/ 

 

t = t0 + 5 
days 

The hydration front advanced slowly 
and the flow rate reduced as the 

water inlet clogged. This also caused 
an increase in the injection pressure 
(the pump's pressure limit was set at 

5 bars for safety reasons). The 
permeability of the bentonite now 
controlled the injection of water. 
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Photo 6 scenario 1/ 

 

t = t0 + 5 
days 

Detail of the spalling area: the cracks 
were deep but the crusts appeared to 
be less than 10mm thick. However, 

this phenomenon extended 
symmetrically along the core. 

 

 
Photo 7 scenario 1/ 

 

t = t0 + 7 
days 

The hydrated front continued to 
advance. The injection pressure 
fluctuated between 4 and 5 bars, 

limited by the pump's safety setting. 
(At this point, it was impossible to 

control the injection at the 
atmospheric pressure with the pump, 

as the clay's low permeability was 
controlling the system). 

 
 

Photo 8 scenario 1/ 

 

t = t0 + 10 
days 

The test was changing slowly now. 
The force appeared to stagnate, 

while the total pressure inside the 
connector increased significantly. 

 
Photo 9 scenario 1/ 

 

t = t0 + 80 
days 

Detail of the bentonite core having 
assumed a tapered shape. A second 
cracking stage occurred. The test 

changed very slowly.  
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Photo 10 scenario 1/ 

 

t = t0 + 
113 days 

State of the plug at the end of the 
test. 

 

 
 

Scenario 2: Fast hydration  
The characteristics of scenario 2 are shown in Table 2 below. 

Table 2: Specific data for scenario 2 
Radial clearance (mm) 6 

Cross-section of annular vacuum (cm2) 18.1 
Vacuum volume around visible core, length 17cm (cm3) 308 

Vacuum volume around complete core, length 20cm (cm3) 362 
Total radial vacuum volume (including connector) (cm3) 559 

Total hydration time (days) 70 
Initial flow rate (cm3/day) 250 

Injection pressure (bar) 5 
Density on saturation after filling of annular vacuum 

(g/cm3)  
Hypothesis 1: vacuum filled over length of 17cm 

1.672 

Theoretical swelling pressure (bar)  25.8 
Density on saturation after filling of annular vacuum 

(g/cm3)  
Hypothesis 2: vacuum filled over length of 20cm 

1.616 

Theoretical swelling pressure (bar) 
Hypothesis 2: vacuum filled over length of 20cm 16.0 

 
The swelling pressure, measured by the force sensor at the end of the test, was around 16 bars. This was a 
total pressure, which included the core's effective swelling pressure and an interstitial component of the 
hydraulic pressure maintained at 5 bars. Thus, hypothesis 2 described in Table 2 appeared to be closer to 
reality than hypothesis 1. This was confirmed by the photographs and the extent of the extrusion area, 
which even affected the part of the core embedded in the connector. The quantity of extruded clay helped 
to reduce the density and, consequently, the swelling pressure. 
Figure 27 shows that the pressure measured by the pressure sensor had not yet reached its level. The 
configuration of the core here, embedded in the connector, meant that this was the last area to be 
saturated.  
When the equipment for second scenario test was dismantled (photos 20 to 23) after 70 days of hydration, 
the water content was found to be consistent over the entire accessible length of the core, as shown in 
Figure 14. It can be established that the density was consistent in this area and that, therefore, the swelling 
pressure was consistent here. 
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Figure 27 Scenario 2: Change in the swelling pressure, measured axially 
 

Photo 11 scenario 2/ 
 

t = 0 

General view of the PGZ_2 experiment before 
hydration began. 

 
Photo 12 scenario 2/ 
 

t = t0 + 30' 

Detail of the water inlet area before hydration 
began. The water had to enter through the 

annulus delimited by the cap, measuring 90mm 
in diameter, positioned on the fritted disc, 

measuring 102mm in diameter. 
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Photo 13 scenario 2/ 
 

t = t0 + 174' 

The water began to touch the core's lower edge 
causing immediate swelling. 

 
Photo 14 scenario 2/ 
 

t = t0 + 183' 

The core absorbed the water stagnating in the 
bottom of the tube more and more quickly and 

began to touch the porous disc, the source of the 
incoming water. 

 
Photo 15 scenario 2/ 
 

t = t0 + 220' 

The core then absorbed everything from the 
porous disc, slightly faster than the imposed 

flow rate. 
 

 
Photo 16 scenario 2/ 
 

t = t0 + 427' 

The hydrated clay front increased in height and 
length. However, this only involved the external 

crust of the core, which remained very rigid. 
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Photo 17 scenario 2/ 
 

t = t0 + 20 hrs 33' 

Two thirds of the core were covered by a 
gangue of hydrated clay (with or without gel), 
which filled the annular vacuum, except in the 

upper part, where a slow trickle of water 
continued to enter. The swelling occurred 

predominantly around the water inlet. 
 

 
Photo 18 scenario 2/ 
 

t = t0 + 20 hrs 38' 

Detail of photo no. 9 where cracks can be seen 
in the lower part of the core, caused by the huge 
stresses initiated in these areas by the swelling. 

 

 
Photo 19 scenario 2/ 
 

t = t0 + 22 hrs 

The hydration front advanced further. 
There were no longer any water or air "pockets" 

in the hydrated area. 

 
Photo 20 scenario 2/ 
 

t = t0 + 24 hrs 

The cracked areas disappeared. After only 24 
hours, four fifths of the core were covered by a 

gangue of hydrated clay in contact with the 
glass wall. 
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Photo 21 scenario 2/ 
 

t = t0 + 44 hrs 

The core was completely covered and the radial 
vacuum around it was filled. The free part 

around the connector was almost completely 
filled with water, and only one air pocket 

remained in the upper part. A small amount of 
water had escaped through the outer vent. The 

core did not move throughout this phase. 
 

 
Photo 22 scenario 2/ 
 

t = t0 + 5 days 

The clay, which had migrated to the radial 
clearance, seemed much more compact. One 
part had advanced in the annulus between the 

connector and the tube. The length occupied by 
the clay reached 23mm in places. 

 

 
Photo 23 scenario 2/ 
 

 t = t0 + 5 days 

Detail of the extruded area. This area had a very 
low density and involved only a very small mass 

of clay. Moreover, in places the clay did not 
adhere to the connector. 

 

 
Photo 24 scenario 2/ 
 

t = t0 + 10 days 

Very little changed in five days. The extruded 
area appeared to have advanced very slightly, 

while in the radial clearance, the clay had 
become darker in colour, indicating that the 

density had increased. The injection pressure 
was stable at 5 bars. 
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Photo 25 scenario 2/ 
 

t = t0 + 70 days 

The extruded area had advanced considerably. 
However the pale, almost white, colour 

indicated a material that was strongly hydrated 
and therefore not dense.  

 

 
 

Photographs 26 to 29 show the dismantling of scenario 2. 

 
Photo 26 scenario 2/ cutting the glass 

tube 

 
Photo 27 scenario 2/ initial sampling 

 
Photo 28 scenario 2/ sampling around the 

connector 

 
Photo 29 scenario 2/ cross-section of the 

core 

The water content measurements taken when the test was dismantled are shown in Figure 14. The 
samples were taken at a depth of 2 to 3 cm, as the core had remained very compact. A measurement was 
taken at the centre of the core after complete cross cutting. The measured water content values were to be 
compared with the theoretical value of 25.38% calculated with the density of 1.616 g/cm3. 
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Figure 28 Water content measurements taken after dismantling of scenario 2 
It should be noted that the liquid limit of the clay WH2 was around 500%. 

 

Scenario 3: Vacuum flooding 

The characteristics of scenario 3 are shown in Table 3 below. 

Table 3: Specific data for scenario 3 
Radial clearance (mm) 6 

Cross-section of annular vacuum (cm2) 18.1 
Vacuum volume around visible core, length 17cm (cm3) 308 

Vacuum volume around complete core, length 20cm (cm3) 362 
Total radial vacuum volume (cm3) 559 

Total hydration time (days) 70 
Initial flow rate (cm3/s) 5 
Injection pressure (bar) 5 

Density on saturation after filling of annular vacuum 
(g/cm3)  

Hypothesis 1: vacuum filled over length of 170mm 
1.656 

Theoretical swelling pressure (bar)  22.5 
Density on saturation after filling of annular vacuum 

(g/cm3)  
Hypothesis 2: vacuum filled over length of 200mm 

1.601 

Theoretical swelling pressure (bar) 
Hypothesis 2: vacuum filled over length of 200mm 14.0 

 
Scenario 3 was identical to the previous test, but this time the technological vacuum was flooded in less 
than two minutes. The aim was to check the core's response in the event of a heavy influx of water by 
estimating the filling speed of the annular vacuum in conjunction with the sensors' responses.  
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The water entered the cell via the fritted disc at each end, the base and the connector. Air was removed 
via the fritted disc in the centre of the connector. After 110 seconds, the technological vacuum was filled 
with water and only a small air pocket remained in the upper part, which could not be removed. The 
injection circuit was then switched over to a pump to establish a pressure of 5 bars in the cell, with a low 
flow rate. This pressure value was reached after 38 minutes with an injection rate of 1cm3/min; this meant 
that the air pocket remaining in the upper mid-part of the core could be resorbed. The pressure of 5 bars 
was maintained throughout the test, except for a few hours on the 68th day due to a leak. 
As soon as the water entered, particles of clay that were completely saturated detached themselves from 
the core and fell into the bottom of the glass cylinder to form a bed of clay gel (see photos 30 to 39 and 
the associated remarks). After a few minutes, grains of sand were drawn into the falling matter and the 
layer of sediment soon became very thick. 
The duration of this test was 88 days, during which the axial pressures were recorded. These 
measurements are shown in Figure 29.  
As for scenario 2, the hydraulic pressure of 5 bars led to an immediate peak in the total pressure recorded, 
which could be seen on both sensors. The total pressure dropped rapidly by 5 to 6 bars on the force 
sensor, and by around 1 bar on the pressure sensor, before increasing at a steady rate to reach the final 
value.  
The material's extrusion area beyond the limit of the connector (measuring 170mm) increased steadily 
(see photos) to 85mm in the upper part and 120mm in the lower part. The difference in colour between 
the core area and the extruded area was very clear. The whitish colour of the extruded area indicated a 
strongly hydrated material and, therefore, a very low density. 
 

 
Figure 29 Scenario 3: Change in the swelling pressure measured by the force sensor 

and the pressure sensor 
The final total pressure values, 18 bars for the force sensor and 20 bars for the pressure sensor, more or 
less corresponded to the estimated swelling pressure of 14 bars added to the interstitial pressure of 5 bars. 
The material was completely saturated. 
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Photo 30 scenario 3/ 
 

t = t0  

The cell was installed in the same 
configuration as for the two previous 
tests. The water was supplied through 

the two surfaces of the core. 

 

 

Photo 31 scenario 3/ 
  

t = t0 + 60 s 

The water was already occupying half 
of the technological vacuum. Particles 
were beginning to separate from the 

core. 

 

 

Photo 32 scenario 3/ 
 

t = t0 + 120 s 

The technological vacuum was filled. 
Only an air pocket remained in the 

upper part. Particles continued to detach 
themselves to form a bed in the bottom 

of the cell. 

 

 

Photo 33 scenario 3/ 
 

t = t0 + 180 s 

The bed of particles increased steadily. 
The HPLC pump was connected and the 
water pressure increased. The air pocket 

was resorbed gradually. 
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Photo 34 scenario 3/ 

 

t = t0 + 16 
mins  

The completely hydrated particle bed 
was clearly visible and occupied a 
sizeable part of the technological 

vacuum (estimated at around 20%). 

 

 

Photo 35 scenario 3/ 

 

t = t0 + 2,2 
days 

The core came into contact with the 
wall of the tube after around 20 hours. 
An air pocket was still present in the 

upper part, despite the water pressure of 
5 bars. There remained one area in 

which the bentonite had not yet swelled. 
The particle bed was still visible. 

 
 

Photo 36 scenario 3/ 
 

t = t0 + 3 days 

The upper part of the core was now 
swelling and resorbing the vacuum. 

 

 

Photo 37 scenario 3/ 

 

t = t0 + 3 
days 

Detail of the appearance of the upper 
part of the core, with cracked areas 

remaining. The swelling pressure was 
not yet high enough to close these 

cracks, which were filled with water 
and air. 
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Photo 38 scenario 3/ 

 

t = t0 + 6 
days 

The core now occupied the entire 
technological vacuum, despite the 
continued presence of cracks in the 

upper part. The extruded area increased 
little by little.  

 

 

Photo 39 scenario 3/ 

 

t = t0 + 30 
days 

The saturation of the core continued. 
The hydraulic pressure was now 5 bars. 

The extruded area continued to 
increase, reaching 120mm in the lower 
part and 80mm in the upper part. The 

difference in the colour of the bentonite 
was clearly visible.  

 

 
 
This test highlighted several points:  

- a heavy influx of water on a dry core caused particles to detach themselves and to form 
sediment in the lower part, due to gravity, thus modifying the space-filling symmetry. 
However, although this effect appeared significant, the mass of argillic material was small 
because the hydrated particles were close to the clay's liquidity limit (around 500%); 

- the contact with the wall was very quick, i.e. less than one day; 
- this configuration was asymmetrical due to the fact that it was difficult to remove the air that 

had accumulated in the upper part; 
- the extruded area in the vacuum between the connector and the wall of the tube was sizeable, 

even though the density of the extruded material remained low. 

Scenario 4: Hydration via the longitudinal edges 
The characteristics of scenario 4 are shown in Table 4 below. 

Table 4: Specific data for scenario 4 
Radial clearance (mm) 4 

Cross-section of annular vacuum (cm2) 12.32 
Vacuum volume around visible core, length 17cm (cm3) 209 

Vacuum volume around complete core, length 20cm (cm3) 246 
Total radial vacuum volume (cm3) 499 

Total hydration time (days) 9 
Initial flow rate (cm3/hr) 0.42 

Nominal injection pressure (bar) 
Maximum injection pressure (bar) 

Atm 
5 

Density on saturation after filling of annular vacuum 1.786 
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(g/cm3)  
Hypothesis 1: vacuum filled over length of 170mm 

Theoretical swelling pressure (bar)  65.1 
Density on saturation after filling of annular vacuum 

(g/cm3)  
Hypothesis 2: vacuum filled over length of 200mm 

1.745 

Theoretical swelling pressure (bar) 
Hypothesis 2: vacuum filled over length of 200mm 47.0 

In this experiment, the bentonite core was hydrated through contact with one and then two horizontal 
edges on each side of the core following the vertical axis (Figure 30). The aim here was to simulate 
contact with the core placed directly on the wall of the borehole. 
The glass tube simulating the borehole was modified to accommodate three total radial pressure sensors. 
These were placed 7cm (PTR1), 10cm (PTR2) and 15cm (PTR3) from the surface of the core, resting on 
the base and offset by 90° (see Figure 34). The base was also adapted to supply water to the two 
longitudinal devices, which were equipped with a fritted stainless steel plate and which served to hold the 
core over a length of 170mm, up to the edge of the connector (Figure 31). The connector part itself 
remained the same. 
In this configuration, the chosen hydration scenario began with the hydration of the lower part until the 
maximum injection pressure of 5 bars was reached. The upper circuit was connected at this time. The air 
was removed via the fritted discs on the connector. 

 
Figure 30 Scenario 4 diagram showing the areas supplying water to the core 
 

 
Figure 31 Scenario 4, detail of the hydration device (in black) 
 
The hydration rate was set at 10cm3/day, equal to 0.42cm3/hour, with a pressure limit of 5 bars. This 
hydration rate was of the same order of magnitude as that considered to hydrate the core in situ. 

170 mm170 mmCoté embase

Hydratation ponctuelle

Hydratation ponctuelle
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To replicate the in situ tests as closely as possible, the core was machined to the nominal diameter of 
94mm.  
The test was interrupted after six days of hydration when the containment tube fractured. 
Photographs 40 to 44 show different stages of the test. At the beginning, the hydration of the core was 
completely asymmetrical. The tensile forces generated within the core led to significant cracks along two 
and then three longitudinal axes. The core absorbed almost 60cm3 of water. The total axial pressure 
measured by the force sensor reached around 10 bars, while the axial pressure sensor and the radial 
sensors did not measure anything (Figure 32). 

Photo 40 scenario 4/ 
 

t = t0  

Start of the test. Two of the three total radial 
pressure sensors can be seen positioned on the 

wall of the glass tube. 

 

 
Photo 41 scenario 4/ 
 

t = t0 + 18 hours 

The first cracks appeared along the hydration 
axis. 

 
Photo 42 scenario 4/ 

 

t = t0 + 5 days 

The cracks opened out and increased in 
length along the hydration axis. Cracks also 
appeared on the upper part at around 45° on 

each side of the vertical axis.  
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Photo 43 scenario 4/ 
 

t = t0 + 9 days 

The glass containment tube fractured. 

 
 

 
Figure 32 Scenario 4: Change in the axial pressure measured by the force sensor and 

the pressure sensor 
As this test was unable to progress sufficiently to describe the entire development of the swelling of the 
cores, a new stainless steel containment tube with the same dimensions as the Pyrex tube was used as a 
replacement.  

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9 10
Jours

Pr
es

si
on

 d
e 

go
nf

le
m

en
t (

ba
r)

20

22

24

26

28

30

32

Capteur de pression axiale
Capteur de force
Température ambiante



 42 

 
Figure 33 New containment tube for scenario 4 
 

 
Figure 34 Monitored total radial pressures for scenario 4 (stainless steel containment 

tube) 
All of the radial sensors responded at the same time, indicating a uniform contact with the containment 
tube wall after 10 to 15 days (Figure 34). The pressure measured by sensor PRT3 located close to the end 
of the core (on the connector side) fell gradually, showing the extrusion of the bentonite along the 
connector, causing the density of the surrounding bentonite to lower. 
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Figure 35 Monitored total pressure and force on the axis of the core for scenario 4 

(stainless steel containment tube) 
The sensor located on the axis did not respond for 25 days, whereas the swelling was measured by the 
force sensor as soon as hydration began (Figure 35). The difference observed between the measured force 
and the exerted pressure at the start was essentially due to the contact between the total pressure sensor's 
membrane and the bentonite core. 
Despite the continuous supply of water, we observed a drop in the exerted force after 40 days, indicating 
that saturation was balancing again within the core. This increased again after 100 days, when a sudden 
jump was observed in the total pressure. 

Scenario 5: Hydration by moist air 
The characteristics of scenario 5 are shown in Table 5 below. 

Table 5: Specific data for scenario 5 
Radial clearance (mm) 4 

Cross-section of annular vacuum (cm2) 12.32 
Vacuum volume around visible core, length 17cm (cm3) 209 

Vacuum volume around complete core, length 20cm (cm3) 246 
Total radial vacuum volume (cm3) 499 

Total hydration time (days) 22 
Initial flow rate (cm3/hr) 0.42 
Injection pressure (bar) atm 

Density on saturation after filling of annular vacuum (g/cm3)  
Hypothesis 1: vacuum filled over length of 170mm 1.786 

Theoretical swelling pressure (bar)  64.3 
Density on saturation after filling of annular vacuum (g/cm3)  

Hypothesis 2: vacuum filled over length of 200mm 1.745 

Theoretical swelling pressure (bar) 
Hypothesis 2: vacuum filled over length of 200mm 46.6 

This test differed from the others due to the fact that hydration was performed in a steam phase. The aims 
of this test were twofold, namely: 

i. to validate a likely water exchange scenario between the block and the core, in a steam phase, via 
the technological vacuum;  
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ii. to compare the hydration kinetics and the core's behaviour with the various tests conducted with 
hydration in a liquid phase. 

The configuration of the cell was identical to that for scenario 4, with the addition of pipes to supply the 
moist air, positioned on the same axis at 180° on each side of the glass tube. The moist air was injected 
through both pipes simultaneously on the connector side, and released through both pipes simultaneously 
on the base side. 
The moist air was produced using a small compressor with a rubber membrane to circulate a flow of air 
over a surface of pure water. This water was held in a sealed tank and regulated by a thermostat at 1°C 
above the ambient temperature. The air in the circuit entered the tank, in which the relative humidity (RH) 
was close to 100%, mixed with the very moist air, then returned to the cell via the connector side. Here it 
came into contact with the core, exchanged its humidity and exited the cell on the base side to return to 
the tank. This circulation in a closed loop was used to maintain the air flow at a relative humidity of ≈ 
82% during the first few days of the test.  
 

  
Figure 36 Scenario 5: General view of the cell and the moist air production system 
This test continued for 22 days until the glass containment tube fractured. The core material made contact 
with the wall of the tube across its entire surface after around 4 to 5 days. Photographs 44 to 49 show how 
the test progressed.  

Photo 44 scenario 5/ 
 

t = t0  

View of the cell in preparation for the test. 
At the start, the air was injected through the 

upper and lower pipes via the connector 
side (on the left of the photo). It then exited 
through the upper and lower pipes via the 

base side. The copper T section at the back, 
positioned on the injection circuit, 

contained the RH monitoring sensor.  
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Photo 45 scenario 5/
 

t = t0 + 5 hours 

Cracking started to occur when the moist 
air flow was delivered to the core; the 
connector made contact with the core. 

 

 
Photo 46 scenario 5/ 

 

t = t0 + 22 hours 

After 22 hours of moist air circulation, the 
core had already swelled, causing 

significant cracks, particularly at the ends 
(strong tensile forces).  

 
Photo 47 scenario 5/ 

 

t = t0 + 27 hours 

View of the connector section. The cracks 
were increasing in size. The entire surface 

of the core was flaking and there was 
considerable swelling. 

 

 
Photo 48 scenario 5/ 

 

t = t0 + 2 days 

The swelling increased, giving the core a 
bobbin shape. The flow of moist air began 
to reduce significantly. The cracks were 

enormous and their depth was difficult to 
quantify. However, the core remained 

mechanically intact. 
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Photo 49 scenario 5/ 
 

t = t0 + 4 days 

The swelling core now filled the entire 
technological vacuum. The depth of the 
cracks appeared to reduce and some of 
them closed up. The moist air was now 

circulating only through the cracks. 

 
Figure 37 shows results from the measurements taken by the various sensors installed for scenario 5.  

 
Figure 37 Scenario 5: Results from the axial and radial pressure measurements 
 
In spite of several problems, including a power outage one Friday evening during the important 
technological vacuum filling phase, this scenario yielded some very useful findings:  

- a compacted bentonite core was found to swell very quickly in the presence of moist air; 
- the vacuum filled in a uniform way and, despite the cracks, the core remained mechanically 

intact; 
- although the axial pressure sensor indicated nothing (the inner parts of the material were 

probably not sufficiently plastic, or the tensile forces at the junction with the connector were 
too strong), the swelling pressure increased normally to reach high values. The force sensor, 
which was used to measure the axial swelling pressure exerted over the entire surface of the 
connector, responded instantly. 

As in scenario 4, the fractured glass meant that a new test had to be conducted with a replacement 
stainless steel containment tube (Figure 38).  
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Figure 38 New containment tube for scenario 5 
Figure 39 shows the rapid contact between the bentonite and the containment tube, which occurred in less 
than five days. As in scenario 4, the sensor located closest to the connector showed a drop in the 
measured pressure, indicating a loss in the density of the bentonite linked to its extrusion along the 
connector. Sensor PRT2 (in red) showed an operating fault at the beginning of the test, and the sudden 
pressure drop observed at 110 days could not be explained. 
In this scenario, as long as the annulus was not clogged, the core pumped the water from the moist air 
circulating along it. It was surprising to see that the radial pressure was maintained, even when the moist 
air was no longer able to circulate along the core.  
Conversely, the steady drop in the force and the total pressure observed on the core's axis (Figure 40) was 
consistent with the highly restricted exchanges of water in the steam phase towards the core. 

 
Figure 39 Monitored total radial pressures for scenario 5 (stainless steel containment 

tube) 
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Figure 40 Monitored total pressure and force on the axis of the core for scenario 5 

(stainless steel containment tube) 

4.5.4 Conclusions from the model tests 
Regardless of the hydration scenario, the core was found to swell extremely quickly. The differences 
between the responses of the force sensors and the total pressure sensors were due to the geometric 
configuration of the connector. Indeed, this was positioned slightly away from the fritted disc in order to 
mechanically protect the total pressure sensor's membrane. So long as the material did not come into 
contact with the sensor's membrane, the sensor did not take any measurements. 
Cracks appeared very quickly, partly due to the tensile forces exerted on the core, by both the absorption 
of water and the radial suction gradient, especially when the flow of water was not sufficient to enable 
uninterrupted or steady hydration. 
We were able to assess the volume and the density of the extruded material in the technological vacuum. 
In fact, this material, which was solid over 2 to 3cm then strongly hydrated at its end, did not pose any 
restrictions for the in situ tests. The friction between the material, containing 30% sand, and the external 
and internal walls (connector), limited the extrusion. Furthermore, the in situ configuration, with the 
block likely to take up part of the vacuum, would further reduce this phenomenon. 

4.6 Summary of the configuration of in situ test PGZ2 
The configuration of test PGZ2 is summarised briefly here to facilitate understanding of the chapters that 
follow. A new borehole PGZ1021 was installed in April 2011 (see section 4.11). 

4.6.1 Geometry 
Figure 41 shows the positions of the boreholes for test PGZ2.  
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Figure 41 Positions of the boreholes for test PGZ2 
The horizontal distance between the axis of boreholes PGZ1001 and PGZ1011/1012 was around 4m 
(Figure 41). Between boreholes PGZ1012 and PGZ1013, this distance was around 1m. 
 

4.6.2 Bentonite section  

Pressure measurements 
The three boreholes PGZ1011, PGZ1012 and PGZ1013 had a bentonite section located half way between 
the GEX and GMR tunnels. In this section, the total and interstitial pressures were monitored. Two total 
pressure sensors per connector were positioned at the fritted disc / bentonite interface (Figure 42).  
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Figure 42 Location of the measuring points in the bentonite section (example of 

borehole PGZ1011) with SAGD numbering 
On each connector, three interstitial pressure measurements were taken to monitor the re-saturation of the 
bentonite core (Figure 42): 

- via a hydraulic line joining the upper longitudinal edge on the connector (SAGD references: 
PGZ10XX_PRE_07 or PGZ10XX_PRE_08); 

- via a pressure sensor located inside the bentonite (SAGD references: PGZ10XX_PRE_02 and 
PGZ10XX_PRE_04), inserted 5cm into the core; 

- via a pressure sensor located at the fritted disc / bentonite interface (SAGD references: 
PGZ10XX_PRE_03 and PGZ10XX_PRE_05). 

Characteristics of the cores 
The bentonite cores had the following characteristics: 

Table 6: Dry density of the mixture and initial water saturation of the three bentonite 
cores 

 PGZ1011 PGZ1012 PGZ1013 

Dry density of mixture (g/cm3) 2.07 2.06 2.06 

Estimated dry density of bentonite in situ 
(g/cm3) 1.62 1.61 1.61 

Initial saturation (%) 73.54 72.16 73.02 

Volumes  
Table 7 summarises the volumes of the bentonite sections in each borehole. 

Table 7: Volumes available to the gas  
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Volumes are shown in cm3 
PGZ1011 PGZ1012 PGZ1013 

GEX GMR GEX GMR GEX GMR 

Installation clearancea 1,219 4,223b 1,219 

Two hydraulic lines connected to the fritted 
discs up to the monitoring panels 73 100 89 63 67 66 

One hydraulic line to the upper longitudinal 
edge up to the monitoring panel 32 45 40 27 29 28 

Total volume available to the gas from 
the monitoring panels 1,469 4,442 1,409 

One hydraulic line connected between the 
gas modules and monitoring panel 119 74 121 74 - - 

Total volume available to the gas from 
the gas modules 1,662 4,637 - 
a Not including the break-outs 

b This difference in volume was due to the fact that one of the packers adjacent to the bentonite would not inflate (see §4.6.4) 

The uncertainty over the lengths of the hydraulic lines was approximately 10%; if the uncertainties over 
the installation clearances associated with the break-outs were taken into account, the total uncertainty 
would be approximately 20%. 

4.6.3 Packers and clearance spaces 
The pressures of the packers and the two clearance spaces in the bentonite sections of boreholes 
PGZ1011-1012-1013 are shown in Figure 43: 

 
Figure 43 Pressure measurements taken along the bentonite boreholes, with SAGD 

references 

4.6.4 Contextual information 
The contextual information is summarised as follows: 
• For PGZ1012, the packer adjacent to the bentonite section on the GEX side broke, which led to the 

artificial, premature hydration of the bentonite. 
o A new borehole, PGZ1013, was made to replace PGZ1012. 

• For PGZ1013 (borehole made on 15 February, 2010), one of the packers adjacent to the clearance 
space on the GED side broke after 19 days (packer 6 or 7 in Figure 43). Resin was injected to fill the 
cavities, which plugged this space (PRE06).  
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o The purpose of the borehole, which was to monitor the natural re-saturation of the 
bentonite, was not put at risk, since the water from the packer had not reached the 
bentonite section. 

o The PRE06 measurement was no longer representative of the claystone's interstitial 
pressure. 

o Fortunately, the pressure measured by the set of packers 6 and 7 (PPK04) seemed to be 
representative of the interstitial pressure in the claystone. 

• Several series of qualitative tests were conducted: 
o On PGZ1011, PGZ1012 and PGZ1013, specific series of CO2 tests were performed (with 

a gas level below 2 bars for a few minutes) in the bentonite section; these tests were 
conducted over several weeks after installation to assess how the clearances would be 
taken up by the swelling bentonite; 

On PGZ1011 and PGZ1012, specific series of vacuum tests were conducted in the areas between packers, 
over several weeks after installation, to demonstrate the existence of bypasses along the packers (by 
vacuum pumping for a few minutes). 
 
 



 53 

4.7 Boreholes PGZ1011, PGZ1012 and PGZ1013 

4.7.1 Bentonite core saturation monitoring 
Observations relating to PGZ1011 during and after the injection of gas (nitrogen) are detailed in section 
4.8. 

4.7.2 Interstitial pressures in the bentonite section 

On the upper edge 
Figure 44 and Figure 45 show the monitored interstitial pressure levels measured by the sensors on the 
upper edge of the connectors in the bentonite section (mean daily values), with the time and duration 
since the boreholes were created shown respectively on the X-axis. 
It should be noted that these pressure measurements were taken through hydraulic lines leading up to the 
tunnel. These lines were filled with air at the outset, followed by CO2 (and nitrogen for PGZ1011 during 
the gas injection phase). The volumes of these lines were between 27 and 45cm3 depending on the 
borehole (see Table 7). 
The extrusion of the bentonite along the connectors was able to cover the area where the two hydraulic 
lines led to the connectors' upper edges. The bentonite resembled a gel (see Figure 28). 
The measured interstitial pressure could be either a gas pressure, a gas and water pressure, or a 
water pressure. 
However, in spite of this, it was still possible to gather some information on the behaviour of the system. 
 

 
Figure 44 Monitored interstitial pressures on the upper edge in the bentonite section 

(mean daily values) 
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Figure 45 Monitored interstitial pressures on the upper edge in the bentonite section 

(mean daily values) for the same time base 
The pressure difference between boreholes PGZ1012 and PGZ1013 during the first 100 days can be 
explained by the fact that the CO2 used for the many tests performed during the re-saturation1

For PGZ1012, the rise in pressure, followed by the drop observed from mid-February 2010, was due to 
the excavation of borehole PGZ1013 located one metre away.  

 of the core 
was not removed from PGZ1013 via the break-outs along the borehole. After 100 days, the increased 
pressure levels in PGZ1012 and PGZ1013 were particularly similar in terms of their amplitude and 
gradient.  

The two figures above show for PGZ1011 that the gas injection started at the moment when the pressure 
was beginning to increase markedly, indicating that the water was reaching the bentonite section. 
The pressure levels increased rapidly from: 

• 110 days for PGZ1012; 
• 100 days for PGZ1013; 
• 80 days for PGZ1011.  

a. Low pressure phase lasting 80 to 110 days 
As soon as the equipment was installed, the water in the moist air of the borehole was pumped through 
the bentonite by suction. Furthermore, the drilling caused a hydraulic disturbance, affecting the pressures 
around the borehole, which delayed the arrival of the water front in the bentonite section. The drilling 
even had the potential to de-saturate the claystone on the wall. As a result of these two factors, a low 
pressure was maintained around the bentonite core. During this time, as long as the rate of water pumped 
through the core was equal to or greater than the flow rate provided through the claystone, the pressure in 
the section would remain low. 
Moreover, as soon as the bentonite came into contact with the claystone, the suction pressure (tens of 
MPa) was enough to be able to de-saturate the claystone, which may also explain the duration of this 
stage. 
Finally, the air initially contained in the installation clearances also needed to be removed through the 
claystone or via the borehole interfaces. The mechanisms for removing this gas phase involved: 

• transferring the gas along the interfaces or into the network of cracks in the disturbed claystone 
(EDZ);  

• dissolving the gas in the interstitial water before diffusion/convection;  

                                                      
1 See D.NT.AMFS.09.0085 for details of these CO2 tests 
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• percolating the gas in the claystone pore network.  
The initial volume of air in the clearances around the core and the connectors was around 1.5 L for 
PGZ1011 and PGZ1013 and 4.5 L for PGZ1012 (see Table 7). For PGZ1011 and PGZ1012, a large 
proportion of the air could be removed from the bentonite section by the CO2 and vacuum tests (revealing 
the bypasses around the packers). For PGZ1013, much of the gas (CO2 and other gases in the air) clearly 
did not escape along the borehole, but did not prevent the water from reaching the bentonite section. 

b. Rapid pressure increase phase lasting 10 to 20 days 
The sudden increase in the interstitial pressure can be explained by two scenarios, which may be 
concomitant: 

1. a sudden increase in the flow rate from the formation, linked to a possible de-saturation of the 
claystone during the previous phase; 

2. a sudden drop in the rate of water pumped through the bentonite core, associated with two 
processes:  
i. a significant decrease in the suction forces in the outer layers of the core. In the case of the 

Van Genuchten model (Equation 1 and Figure 46) which connects suction to water 
saturation, at least 98% saturation must be achieved for the capillary pressure to drop by 
several orders of magnitude. 
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Equation 1 
 

where Pr corresponds to a pseudo-air intake pressure 
 
 

ii. at the same time, the bentonite's gas permeability decreases as the bentonite saturates from 
the periphery towards the centre of the core (Figure 46). The air or gas occluded in the 
porosity of the bentonite core becomes increasingly difficult to evacuate, which slows 
down the saturation process towards the centre of the core. Moreover, this gas permeability 
decreases significantly when saturation exceeds 96% (with a model frequently used for 
bentonite, based on a cubic law). 
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Figure 46 Examples of retention curves (Van Genuchten model) and gas and water 

permeability values (cubic model) for bentonite and COX. 
 

At the centre of the core 
Figure 48 and Figure 49 show the monitored interstitial pressures measured by the sensors in the 
bentonite core (inserted 5cm into the axis of the core) in the bentonite section (mean daily values), with 
the time and the mean daily duration since the boreholes were created shown respectively on the X-axis. 
These measurements were taken by a membrane sensor positioned at the height of the fritted disc. The 
pressure was transmitted to the membrane via a capillary and a fritted disc at the end (Figure 47). 

 
Figure 47 Sensor inserted in the bentonite core 
Even this type of sensor contained occluded air at the start of the test. This air is difficult to remove. 
The measured interstitial pressure could be either a gas pressure, a gas and water pressure, or a 
water pressure. 

Sensor's fritted 
disc 

Capillary 

Membrane 
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Figure 48 Monitored interstitial pressures in the centre of the bentonite core (mean 

daily values) 

 
Figure 49 Monitored interstitial pressures in the centre of the bentonite core (mean 

daily values) for the same time base 
The figures above for PGZ1012 and PGZ1013 show a rapid increase in the interstitial pressure in the 
centre of the bentonite core, reaching approximately 25 bars. This increase was very similar in each case, 
just as for the measurements taken on the upper edge.  
The rise in pressure accelerated at 112 days for PGZ1013 and at 125 days for PGZ1012. This 
corresponded to a time delay in the arrival of water of 12 and 15 days respectively for PGZ1013 and 
PGZ1012, between the measurement taken on the upper edge and that taken in the centre of the core. 
The rise in pressure was consistent with the water movements initiated by the jump in pressure from the 
periphery of the core (see Figure 45) and by the suction that was still occurring. If the time delay could be 
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analysed in terms of the permeability of the bentonite (using the erroneous hypothesis that the bentonite 
was a saturated, consistent medium), the permeability for different specific storage values could then be 
inferred from the hydraulic diffusivity of the bentonite (the distance between the two measuring points 
was around 15cm). See Table 8: 

• PGZ1013: where time delay = 12 days, D = 1.1 10-8 m²/s, 
• PGZ1012: where time delay = 15 days, D = 8.7 10-9 m²/s. 

Table 8: Calculation of the permeability of the bentonite 

K (m/s) Specific storage (1/m) 

Diffusivity (m²/s) 10-6 10-5 10-4 

1.1 10-8 1.1 10-14 1.1 10-13 1.1 10-12 

8.7 10-9 8.7 10-15 8.7 10-14 8.7 10-13 
The ESDRED report (E.NT.0GME.05.0005) suggests a relationship between the permeability and dry 
density of the bentonite in the mixture:  

Equation 2 k = 9.10-12 x (pd clay) -12.363 in m/s  
If we take a dry density in situ of 1.61 g/cm3, this gives a permeability of 2.5 10-14 m/s, which is of the 
same order of magnitude as the value calculated by the phase difference between measuring points. 
In PGZ1013, several CO2 tests were performed up to the month of June via the hydraulic line leading to 
the connectors' upper edges2

In PGZ1012, the interference caused by the excavation of borehole PGZ1013 was visible from mid-
February.  

. Various pressure levels could be observed, corresponding to an 
accumulation of occluded air and CO2. The rapid drop observed at the end of May was consistent with 
occluded air being discharged into the environment immediately surrounding the sensor. The physical 
process(es) involved must still be determined. 

The chaotic variations observed for PGZ1011 and PGZ1012 from April 2010 (especially on the GMR 
side) cannot be explained. A sensor problem seems unlikely. Bacterial development remains a possible 
explanation, but the most likely hypothesis is the discharge of surges of occluded air from the sensors. 
The gas removal process also remains to be defined. This hypothesis will be verified if these variations 
disappear subsequently. 

Core / fritted disc interface 
Figure 50 and Figure 51 show the monitored interstitial pressure levels measured by the sensors located at 
the interface between the bentonite core and the fritted disc (mean daily values), with the time and 
duration since the boreholes were created shown respectively on the X-axis. 
The pressure was measured directly by a sensor positioned at the same height as the connector's fritted 
disc but isolated from it by crimped stainless steel. Provided that the sensor was pushed in by a few 
hundredths of a millimeter in relation to the fritted disc, then it would be in line with the volume 
represented by the connector's fritted disc and the two hydraulic lines injecting the gas, as long as the 
bentonite did not swell and isolate the sensor. 
The measured interstitial pressure could be either a gas pressure, a gas and water pressure, or a 
water pressure. 

                                                      
2 No vacuum tests were performed in PGZ1013 
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Figure 50 Monitored interstitial pressures at the fritted disc / bentonite interface (mean 

daily values) 

 
Figure 51 Monitored interstitial pressures at the fritted disc / bentonite interface (mean 

daily values) for the same time base 
The figure above shows that the pressure at the bentonite / fritted disc interface remained close to the 
atmospheric pressure for around six months (180 days) before slowly increasing. No rapid pressure 
increase was observed, as seen with the other two interstitial pressure measurements (at the centre of the 
core and on the upper edge). However, for PGZ1012, the pressure was seen to increase more rapidly from 
the beginning of June (280 days). 
This slower response indicated a different hydraulic transient from that observed for the other interstitial 
pressure measurements. This was due to the system's local geometry, with a bentonite core fitted into a 
metal ring, measuring 3cm in length, and restricted by the fritted disc at the side (Figure 52). 
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Figure 52 View of a connector, the fritted disc, the sensors and the metal ring 
In this area, the bentonite could only hydrate with a near-constant volume, whereas outside, the 
installation clearances caused the bentonite to hydrate with free movement. As the bentonite hydrated, a 
gradient of density was created between the area within the ring and the rest of the core. If the density of 
the bentonite was the same as that in its initial state, i.e. a dry density of the bentonite in the mixture equal 
to 1.88 g/cm3 then the hydraulic conductivity would be 3.7 10-15 m/s in accordance with Equation 2. The 
bentonite's gas permeability with this density should also be lower. 
Furthermore, the bentonite was in contact with a large volume of air or gas behind the fritted disc (see 
Table 7). Water from the bentonite core would flood this volume as a result of the pressure differential 
and gravity, by passing through the bentonite fitted into the metal ring, until an equal pressure was 
reached. The gas would be compressed by the water and removed by the mechanisms described in the 
previous section.  
The system's local geometry and the volume of air available behind the fritted disc explain this slow 
hydraulic transient observed for this interstitial pressure measurement. 

4.7.3 Total pressure values 
Figure 53 shows the swelling of the bentonite core monitored via the total pressure values (the mean 
value from the two sensors for each connector).  
We observed similar behaviour for the three boreholes, namely a rapid increase, followed by a drop, and 
finally another increase in the pressure. This behaviour was consistent with the typical progression 
presented in the previous PGZ2 report, approaching a structural effect linked to the specific geometry 
(presence of radial clearance). This behaviour was very similar to that observed in Figure 27 in the case of 
the fast hydration of the core. 

Fritted disc 

Ring 

PRE02 or PRE04 

PRE03 or PRE05 

PRT01 or PRT03 

PRT02 or PRT04 
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Figure 53 Monitored total pressure values for the three bentonite boreholes (mean 

daily values) 

 
Figure 54 Monitored total pressure values for the three bentonite boreholes (mean 

daily values) for the same time base 
For boreholes PGZ1011 and PGZ1012, the pressure levels continued to increase after more than 360 
days. For PGZ1012, a pressure differential of around 10 bars was still observed between the two sides of 
the core at 360 days. This was probably due to the difference in volume on the two sides of the core. On 
the GEX side (where the packer was ruptured) the bentonite was able to extrude to a greater degree. As it 
extruded, the density of the bentonite reduced within the core close to the metal ring, causing the swelling 
potential to fall (see Figure 34). For PGZ1011 and PGZ1013 (Figure 53), the total pressure values were 
similar on each side of the core, showing that it had a uniform density and a good plasticity. 
With the exception of PGZ1012, which underwent artificial hydration, the increase in pressure initiated 
on the GEX or GMR side appeared to be random. 
For all of the boreholes, a delayed pressure increase was observed after an accelerated pressure increase 
on the opposite side (five days for PGZ1012 and around 14 days for PGZ1011 and PGZ1013). This delay 
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was associated with the geometry of the connector, where the sensor's membrane was positioned slightly 
away from the fritted disc (see section 4.5.4). It is remarkable that the pressure increase gradient was 
identical on each side of the core. 
The maximum amplitude reached was dependent on the dry density of the core and the radial vacuum 
around it. The more limited the radial vacuum (limited break-outs), the higher the maximum measured 
axial pressure would be. For PGZ1012, the radial vacuum to be filled around the core was smaller than in 
the other two boreholes. 

4.7.4 Comparison between the total and interstitial pressure values 
Figure 55 and Figure 56 show both the total and interstitial pressure values for boreholes PGZ1012 and 
PGZ1013 respectively. 
A sudden rise in the total pressure values was observed, linked to the recovery of the bentonite under total 
stress with the jump in the interstitial pressure, which was measured on the upper edge on around: 

• 20 December 2009 for PGZ1012; 
• 8 June 2010 for PGZ1013. 
 
 

 
Figure 55 Comparison between total and interstitial pressure values for PGZ1012 
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Figure 56 Comparison between total and interstitial pressure values for PGZ1013 
 
 
Table 9 shows the percentage of recovery of the bentonite core under total stress, linked to the interstitial 
pressurisation in the bentonite section. 
 
Table 9: Percentage of recovery of the bentonite core under total stress 

 PGZ1012 PGZ1013 

In bars 1 
December 

1 
February Delta % 1 June 1 July Delta % 

PRE07-08 2.2 25.1 22.9 
57.2 

5.8 22.4 16.6 
81.9 Mean rec. 67.6 80.7 13.1 50.2 63.8 13.6 

 
The partial recovery of the interstitial pressure under total stress (divergence in accordance with 
Terzaghi's principle) was due to the friction between the bentonite and the metal ring and, in particular, to 
the still inadequately saturated state of the bentonite.  

4.7.5 Conclusion 
In spite of one of the packers leaking in borehole PGZ1012, which accelerated the onset of re-saturation, 
the information provided by this borehole was highly comparable to that obtained from the other two 
boreholes. This means that the physical phenomena involved were identical. Irrespective of borehole 
PGZ1012, the bentonite core appeared to take up the water very quickly.  
Making a link with the model tests, the random nature of the onset of the swelling of the core in situ (on 
the GEX or GMR side) suggests that the core hydrated in accordance with the scenario described below.  

Core re-saturation scenario 
1. First, suction was applied during the steam phase via the moist air surrounding the core (scenario 5see 

Photo 48). The duration of this phase was between a few hours and a few days.  
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• During this phase, the total pressures on the axis did not yet react,3

Figure 39
 unlike the radial pressure 

which was soon evident (see ). The radial clearance was filled very quickly but not in a 
uniform way (cracking occurred along the core). 

2. As soon as part of the core came into contact with the claystone (the spatial position was random due 
to the flakes from the swelling bentonite), the core would hydrate more quickly. On the whole, the 
amount of water reaching the core was sufficient to maintain the swelling pressure, contrary to what 
was observed during scenario 1 (see Figure 25 and Figure 26). The core hydrated radially, from the 
outer layers to the centre, and then to the part of the bentonite fitted into the connectors. 
• The total axial pressure: 

1. first increased significantly (for 20 to 40 days) because of the water hydrating the outer layers 
of the core. Most of the forces were applied axially due to the rigidity at the centre of the 
core, whose state of saturation was close to its initial state; 

2. then decreased (for 10 to 30 days) as a result of the water re-balancing from the outer layers 
of the core to the centre, which became increasingly plastic;  
- The outer layers of the core, or even the claystone, could de-saturate during this phase. 

As a result, the water supplied to the core would be briefly interrupted; 
3. increased again, indicating the uniform saturation of the core and, therefore, the uniform 

swelling pressure. 
• The interstitial pressure: 

4. remained low for several months (between 80 and 110 days) for as long as the water flow 
pumped through the bentonite was equal to (or greater than) the flow rate supplied by the 
claystone; 
- The outer layers of the bentonite (or even the claystone) could de-saturate during this 

phase; 
5. increased significantly in a few days to reach the hydrostatic pressure around the periphery 

and then at the centre of the core. There are two possible reasons for this: 
- a possible intake of water from the claystone if it was de-saturated in the area around the 

core; 
- increased saturation inside the core, associated with two processes: 
i. causing the level of suction in the outer layers of the bentonite core to reduce 

significantly; 
ii. causing the gas permeability in the outer layers of the bentonite core to decrease, limiting 

the removal of the occluded gas from the pores at its centre. The centre of the bentonite 
then re-saturated more slowly; 

6. increased slowly for the measurement taken at the fritted disc / bentonite interface. The same 
physical driving forces described above were in operation, but locally the density of the 
bentonite was greater, reducing the gas and water permeability. In addition to this was the 
presence of a free volume filled with gas, connected to the fritted discs; this volume would 
fill with water, requiring the removal of the gas. 

In this re-saturation scenario, any de-saturation of the claystone by suction, followed by an intake of 
water, seems unlikely as we cannot explain how the total pressures increased again without a flow of 
water being maintained from the claystone. 

Gas phase removal mechanisms 
This re-saturation scenario must also coincide with one or more methods for removing the gas phase from 
the area around the core, and from the bentonite, the hydraulic lines and the sensors.  
In the conceptual gas transfer model, the gas is removed: 
3. by dissolving it in the interstitial water and then by diffusion or convection.  

• Although gases dissolve quickly in water, the diffusion of dissolved gases is extremely slow, and 
this is what will ultimately control the gases' ability to escape in this way. 

• During the re-saturation phase, the hydraulic gradients move from the claystone to the bentonite 
section. Thus the convection of the interstitial water prevents the removal of the dissolved gas. 

4. by percolation in the bentonite and claystone (capillary flow).  

                                                      
3 Although axial swelling did occur, as demonstrated by the model tests. 
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• In a medium that is not saturated with water, it is the medium's gas permeability that controls its 
transfer. This gas permeability decreases significantly when the medium is re-saturated (see 
Figure 46). The transfer of gas using this method is very limited. 

• In a medium that is saturated with water, the gas must first penetrate the porosity by overcoming 
the capillary forces. The difference between the gas pressure and the interstitial pressure must be 
greater than the capillary pressure. Everything then depends on the pore network: 
- In bentonite and healthy claystone, the pores are small so the capillary pressures are high 

(based on the Young-Laplace equation). A "considerable" gas pressure is needed for the gas 
to penetrate; 

- In situ, consideration must be given to the borehole's clearances and interfaces, which form a 
network of pores in which the capillary pressure is nil. The gas is then able to penetrate these 
interfaces (claystone / packers, stainless steel / bentonite and borehole EDZ) very easily and 
escape by convection or gravity. This method is the fastest and the most obvious. 

In PGZ1013, the gas phase around the bentonite core did not seem to escape through the interfaces, which 
did not prevent the re-saturation of the core (see Figure 45). Furthermore, the measurements taken by the 
inserted sensors (see Figure 48) would show the removal of the occluded gas around the sensor.  

Saturation state of the bentonite cores 
When the gas test started, in the strictest sense, the bentonite core in PGZ1011 was practically re-
saturated around the periphery (above 98%). However, in the areas around the fritted discs, the bentonite 
was probably closer to its initial state (around 80-85%). The saturation of the bentonite at the interface 
with the metal ring (see Figure 52) was unknown but logically it should increase with the distance from 
the fritted disc.  
When 360 days had elapsed since the in situ experiment was set up, the bentonite core for boreholes 
PGZ1011 and PGZ1012 did not appear to be completely saturated, as the total pressures, together with 
the interstitial pressures at the fritted disc / bentonite interface, were still changing.  
For PGZ1012, considering a Biot coefficient of 0.8, the core's swelling pressure on 9 September 
2010 would be as follows: 

• GEX side: total pressure ~ 95.5 bars and interstitial pressure at the fritted disc ~ 27 bars, so 
swelling pressure ~73.5 bars; 

• GMR side: total pressure ~ 87.5 bars and interstitial pressure at the fritted disc ~ 18.5 bars, so 
swelling pressure ~72.8 bars. 

This swelling pressure was uniform and close to that intended (7 MPa). This uniformity contradicts the 
observations made in paragraph 4.7.3. However, the swelling pressure was calculated at an instant t using 
the hypothesis that the Biot coefficient would be identical on both sides, which was probably not the case 
in reality. 
 

4.8 Gas injection borehole PGZ1011 

4.8.1 Gas injection phase 

Gas injection procedure 

To recap, the aim of this gas injection phase was to assess the impact of the gas on the re-
saturation and swelling of the bentonite core. 
The gas injection began on 17 November 2009 and finished on 28 January 2010. The injection sequence 
is detailed in Table 10. The gas (nitrogen) was injected through hydraulic lines leading to the fritted disc 
in borehole PGZ1011 and to the surfaces of the bentonite core at the same time.  
A set of tests was performed at a constant pressure (pressure level). During each pressure increase phase, 
the gas was injected at a constant rate for a few hours until the pressure set-point was reached. The gas 
pressure was then regulated automatically by a flow controller to maintain the pressure set-point. 
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Table 10: Gas injection sequence in PGZ1011 
Date Time since 

installation  
Action 

17/11/09 84 Start of gas injection: level of 15 bars 

18/11/09 84.9 Level at 30 bars 

19/11/09 85.9 Inflation of packers 4 and 5 at 55 bars and level at 40 bars 

25/11/09 92.1 Start of interference test 1: increase to 45 bars on GMR side (level at 45 bars) and injection stopped 
on GEX side 

27/11/09 94.2 End of interference test 1: injection stopped on GMR side 

30/11/09 97 Increase in pressure 50 bars (level) 

02/12/09 99 Level at 60 bars 

09/12/09 106.1 Inflation of packers at around 70 bars 

15/12/09 112 Start of interference test 2: injection stopped on GMR side and gas line purged from 60 to 30 bars (in 
a few minutes). Injection continues at 60 bars on GEX side 

28/01/10 156.1 Injection fault on GEX side (gas injection stopped) and end of interference test 2 

29/01/10 157.2 Gas line purged from 50 to 30 bars on GEX side 

For the final levels, the gas injection pressure was greater than the interstitial pressure of the claystone. 
Two interference tests were performed to assess the gas permeability of the core during re-saturation by 
imposing a pressure gradient between the two fritted discs: 

• The first interference test lasted two days, between 25 and 27 November 2009; 
• The second test took place over 44 days, between 15 December 2009 and 28 January 2010. On 

the two occasions when the gas injection was stopped on the GEX and GMR side (15 December 
and 29 January), the hydraulic lines were purged quickly to increase the pressure gradient within 
the core. 

Figure 57 shows the gas pressures and the flow rates measured in the gas modules (located in the GEX 
and GMR tunnels). The measured flow rates are expressed in mLn/min i.e. under standard temperature 
and pressure conditions (0°C or 273.15  K and 101.325 kPa or 1 atm). 



 67 

 
Figure 57 Gas pressure and injection flow rate in borehole PGZ1011 
 
In Figure 57 (pressure and flow rate), we can see that in spite of the set-points, the modules did not 
prevent fluctuations due to the daily temperature variations in the GEX and GMR tunnels.  
Figure 58 shows the cumulative quantities of injected gas in moles, as well as the corresponding volume, 
under the temperature4

                                                      
4 The temperature was measured in the connectors and was almost constant at around 22.3°C 

 and pressure conditions in the fritted discs; the volume was calculated using the 
ideal gas law.  
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Figure 58 Cumulative quantity of gas injected into each fritted disc, expressed in moles 

and volume 
The final quantity of gas injected into the bentonite section of borehole PGZ1011 was around 2.9 moles 
on the GMR side and 6 moles on the GEX side. 
The available volume for the gas in the bentonite section of borehole PGZ1011 included (see Table 7): 

• the installation clearances (without break-outs): 1.2 L; 
• the hydraulic lines (connected to the gas modules) and fritted discs: around 0.25 L for each side, 

equal to 0.5 L; 
• the porosity of the bentonite: volume unknown but very small. 

From the first few hours, the volume of injected gas exceeded the volume of the hydraulic lines and 
fritted discs. The cumulative quantity of injected gas, expressed by volume, was greater than the volume 
available to the gas in the bentonite section, which was around 1.7 L from the beginning of December. 

Interstitial pressure measurements in the bentonite section 
Figure 59 shows the interstitial pressure measurements in the bentonite section of borehole PGZ1011 
when the gas was injected. 
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Figure 59 Monitored interstitial pressures in the bentonite section of borehole 

PGZ1011 
• Sensors PRE02, PRE03 and PRE05 responded instantly to the different gas levels in the fritted 

disc, unlike sensor PRE04, which responded much more slowly. We can note, however, that 
sensor PRE04 did respond when the gas injection stopped on the GMR side (15/12/09) and 
subsequently on the GEX side (28/01/10). 

• PRE03 and PRE05 dropped quickly to a level close to the atmospheric pressure after the purge 
phases (15/12/09 on the GMR side and 29/01/10 on the GEX side). 

• PRE07 and PRE08 responded differently to the injection sequence, except when the gas injection 
stopped on the GMR side on 15/12/09. 

• Finally, all of the sensors except PRE05 responded when the gas injection stopped on 
28/01/2010. 

When comparing sensors PRE02 and PRE03 (GEX side) and PRE04 and PRE05 (GMR side), we can see 
that: 

• PRE02 and PRE03 displayed perfectly synchronous variations, dependent on the temperature 
fluctuations in the GEX tunnel. The gas followed its course along sensor PRE02 (inserted 5cm 
into the core) but pressure drops occurred due to the fact that a pressure differential of around 7-8 
bars was maintained between these two sensors throughout the entire duration of the gas test.  

• PRE04 appeared to be isolated from the fritted disc, as the same fluctuations seen on the GEX 
side were not observed.  

The level of saturation of the bentonite between the two sensors inserted into the core and the fritted disc 
was different when the gas test started; it was higher on the GMR side. 
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Interference tests 
During the two interference tests it was not possible to assess the core's gas permeability in the re-
saturation phase. Indeed, if the gas was passing through the core, we were expecting to see an increase in 
the interstitial pressure on the side where the injection had stopped, and an increase in the gas flow on the 
side where the injection was continuing. Figure 57 and Figure 59 do not show these expected 
observations. 

Comparison between the total and interstitial pressures measured at the fritted discs 
Figure 60 shows both the total pressures and the interstitial pressures measured at the fritted discs. 

 
Figure 60 Monitored total and interstitial pressures at the fritted discs in borehole 

PGZ1011 
Each time the gas level changed, the gas injection led to an increase in the total pressure on both sides of 
the bentonite core. When the injection stopped, this caused an immediate rise in the pressure (a few tenths 
of a bar), followed by a rapid fall in the total pressure of a few bars, then a slow rise and, finally, a drop 
which seemed to follow the trend before the gas injection stopped.  
Table 11 shows the amplitudes of the pressure drops each time the gas injection was stopped: 
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Table 11: Reaction of the bentonite under total stress when the gas injection was 
stopped 

 GEX side GMR side 

25/11/09: injection stopped 
on GEX side Drop less than a bar Pressure increase stops 

27/11/09: injection stopped 
on GMR side No reaction Drop of 2 to 3 bars 

15/12/09: injection stopped 
on GMR side (gas line 
purge) 

No reaction Drop of 2.5 to 5 bars 

29/01/10: injection stopped 
on GEX side (gas line purge) Drop of 6 to 7 bars Drop accentuated? 

When the gas injection was stopped on the last two occasions, the hydraulic lines were partly purged to 
make the pressure drop suddenly by 19.3 bars on the GEX side (measured by PRE03) and by 31.7 bars 
(measured by PRE05). The lines were then closed at the control panels to isolate the bentonite section. 
The oscillation of the total pressure during the purge phases was due to a hydro-mechanical coupling, 
whereby the immediate rise and initial drop in the total pressure appeared to be the result of a somewhat 
mechanical effect of the core, linked to the sudden drop in the interstitial pressure in the fritted discs. 
However, the increase in total pressure is more complex to explain as it did not appear to be connected to 
the interstitial pressure, which continued to fall rapidly. 
No indication of the first purge (GMR side) was seen in the total pressure measurements taken on the 
opposite side of the bentonite core. The second purge (GEX side) accentuated the pressure drop on the 
opposite side of the core, as the total pressure on the GMR side seemed to have reached a maximum. 

Interstitial pressure measurements along the borehole 
c. Clearance spaces PRE01 and PRE06 
Figure 61 and Figure 62 show the interstitial pressure measurements along borehole PGZ1011. 
 

 
Figure 61 Interstitial pressure measurements on the GEX side for PGZ1011 
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Figure 62 Interstitial pressure measurements on the GMR side for PGZ1011 
 
The interstitial pressures measured in the two clearance spaces (PRE01 and PRE06) responded differently 
to the gas injection in the bentonite section.  
Between 17 December 2009 and the beginning of January 2010, the pressure increased in these spaces, 
irrespective of the gas injection in the bentonite section. The rework carried out on the raft could be one 
explanation for this increase. 
However, different behaviour was observed when the gas injections were interrupted:  

• During the first interference test (25 and 27 November 2009) and at the beginning of the second 
interference test (15 December 2009), there was no evidence of the interruptions to the gas 
injection in these two clearance spaces; 

• When the gas injection was stopped for purging (29 January 2010 on the GEX side), this seemed 
to prompt an almost instant decrease in the interstitial pressure in both spaces. 
• As with the total pressures (see Figure 60) or the interstitial pressure measured by PRE07 

and PRE08 along the upper longitudinal edge of the bentonite section, the pressure drop 
seemed to start before the gas injection was interrupted. The only certainty is that the 
decrease in pressure was accentuated by the interruption to the gas injection and the 
purging of the fritted disc. 

• This last interruption would reveal a transfer of pressure on each side of the bentonite core. 

d. Transfer of pressure along the borehole 
The increase in the gas pressure in the fritted discs caused an overpressure, which moved along the 
borehole. If we were to consider a purely hydraulic, saturated phenomenon (at least along the borehole 
and at the beginning of the gas injection phase), the time delay in the pressure increase between PRE07 
and PRE01 (GEX side) and PRE08 and PRE06 (GMR side) would allow us to estimate the equivalent 
permeability between these measuring points using the same method as that presented in section 4.7.2). 
Here, the distance between the two series of points is around 2 metres. 
Figure 63 presents the measurements taken by PRE01, PRE06, PRE07 and PRE08 on the same chart, 
between 16 November and 6 December 2009. 
On this chart:  
• the first inflection point for the PRE01 and PRE06 curves was obtained using the tangent method: 

o For PRE01, on 19/11/09 at around 12:50; 
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o For PRE06, on 19/11/09 at around 16:40. 
• The first inflection point for the PRE07 and PR08 curves is clearly visible, occurring on 18/11/09 

at around 16:00. 

 

 
Figure 63 Pressure measurements between the spaces and upper longitudinal edge of 

PGZ1011 
If the inflection observed for PRE01 and PRE06 is a result of the same overpressure as that observed for 
PRE07 and PRE08, then the delay and diffusivity are as follows: 

• PRE07->PRE01: delay1 = 0.84 days and D = 5.5 10-5 m²/s; 
• PRE08->PRE06: delay2 = 1 day and D = 4.6 10-5 m²/s. 

Table 12 shows the equivalent permeability for different specific storage values: 

Table 12: Calculations of permeability along borehole PGZ1011 
 K (m/s) Specific storage (1/m) 
 Diffusivity (m²/s) 10-6 10-5 10-4 

PRE07->PRE01 5.5 10-5 5.5 10-11 5.5 10-10 5.5 10-9 
PRE08->PRE06 4.6 10-5 4.6 10-11 4.6 10-10 4.6 10-9 

 
Despite the high uncertainties surrounding the estimation of the delay, the permeability values obtained 
are those for the completion / claystone interface rather than for the disturbed claystone (EDZ), which 
should be considerably lower. 
This method cannot be applied to the other gradient changes in curves PRE01 and PRE06 because as the 
gas level sequence progresses, the different disturbances overlap. For example, it is difficult to know 
which level should be associated with the change in the gradient observed on 3 December 2009. 

delay1 

delay2 
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Packer pressures 
Figure 64 shows the monitored packer pressures in borehole PGZ1011. 

 
Figure 64 Monitored packer pressures in borehole PGZ1011 
The packers responded to the phases during which the gas injection pressure was increased or decreased, 
but not with the same amplitudes in either case.  
The pressure drop observed for PPK03 (corresponding to packer 5, adjacent to the bentonite section on 
the GMR side, see Figure 43) appeared to be unrelated to the gas purge performed in the fritted disc on 
the GMR side on 15 December 2009, as this phenomenon was not observed for PPK02 during the purge 
performed on 29 January 2010. Only an increase in the volume of packer 5 would explain this pressure 
drop and subsequent stabilisation. This increase in volume may have been due to the rubber in the packer 
expanding in the borehole space, or to a local surface tear developing on the packer without causing it to 
break. Packer 5 was inflated again on 7 April 2010. 
Packers 2 to 7 were inflated on 9 December 2009 to assess the impact of the pressure of the packers on 
any flow of gas through the claystone / packer interface or through the EDZ. Between 9 and 15 December 
2009, no notable influence on the interstitial pressures (see Figure 59, Figure 61 and Figure 62) or the gas 
flow rates (see Figure 57) was recorded. 
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4.8.2 Post-injection phase 

List of operations 
After the gas injection phase, the following operations were performed in borehole PGZ1011: 

Table 13: List of operations performed after the gas injection in borehole PGZ1011 
Date Action 

17-18/02/10 Helium leak tests 

16/03/10 Clearance space compressibility tests (PRE01 and PRE06) 

07/04/10 Packer 5 re-anchored at 65 bars 

These operations gave the following results: 
• After the gas injection phase, a helium injection test was performed to determine whether there 

were any leaks between the fritted disc and the internal completion tubing. This test was 
conducted on both sides of borehole PGZ1011 on 17 and 18 February 2010 by injecting helium at 
low pressure. After the helium was injected, the fritted disc was flushed with nitrogen and returned 
to the same pressure as before the test. 

o No helium leaks were detected in the internal tubing within the tested pressure range. 

• The compressibility tests gave the values of 6.4 10-8 and 1.4 10-7 1/Pa for PRE01 and PRE06 
respectively. These values were higher than those normally measured in the claystone and suggest 
the presence of gas in these two spaces. 

• The pressure of packer 5 stabilised at 47.5 bars instead of at the intended 65 bars.  
o The pressure of the packer was now different from the formation pressure, showing that it had not 

broken. However, the amplitude of the pressure recovery and the pressure drop observed between 
December 2009 and January 2010 (see Figure 64) indicated an abnormal deformation in this 
packer compared to packer 4 (which was symmetrical to packer 5, see Figure 43). 

Interstitial pressures 
Figure 65 shows all of the interstitial pressure measurements taken in PGZ1011 from 14 December 2009. 
 

 
Figure 65 All interstitial pressure measurements taken in PGZ1011 after the gas 

injection 
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e. PRE03 and PRE05: Bentonite / fritted disc interface 
After the fritted discs were purged with gas at around 30 bars (on the GMR side and then on the GEX 
side), the hydraulic lines were closed. The two interstitial pressure sensors located at the bentonite / fritted 
disc interface (PRE03 and PRE05) showed a rapid pressure drop in a few days, which reached: 

• a minimum of 2.8 bars after 14 days on the GMR side; 
• a minimum of 0.9 bars after 9 days on the GEX side. 

This pressure drop, once the system had been closed, showed that the gas had been escaping from the 
fritted disc for reasons yet to be determined. After this phase, the pressures (PRE03 and PRE05) increased 
slowly according to a kinetics similar to that observed in PGZ1012 (see Figure 50). 

f. PRE02: Inserted sensor 
The sensor inserted 5cm into the core on the GEX side (PRE02) showed: 

i. a sudden drop of 6 bars after the fritted disc was purged on 29 January 2010, due to the 
mechanical relaxation of the bentonite around the sensor;  

ii. a steady drop similar to that observed at all of the other measuring points (except PRE03 and 
PRE05), as a result of a process that remains to be determined; 

iii. a greater drop between 16 February 2009 and 9 March 2009; 
iv. a sudden reversal of the trend, to reach a stabilised pressure of 31.2 bars. 

The decrease in pressure observed from 16 February 2010 seemed to coincide with the helium test 
performed in the fritted disc. Before the helium was injected, a vacuum was created in the fritted disc for 
a few minutes; the helium was then injected at the same pressure as before the vacuum. This brief vacuum 
seemed to have triggered the removal of occluded gas from around the sensor inserted in the bentonite. 
The reversal of the trend would then be linked to the water reaching the sensor and sealing it permanently. 

g. Inflation of packer 5 
The re-inflation of packer 5 on the GMR side (7 April 2010) led to an overpressure, which could be seen 
from the measurements taken by PRE08 (GMR), PRE04 (GMR), PRE07 (GEX), PRE02 (GMR) and 
PRE06 (GMR), in decreasing order of amplitude. This overpressure was due to the slight deformation of 
the packer, which modified the volume in the bentonite section. 

Total pressure values 
Figure 66 shows the monitored total pressure values from 14 December 2009. 
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Figure 66 Monitored total pressure values in PGZ1011 after the gas injection 
 

The total pressures increased slowly after the gas injection, indicating a rise in the interstitial 
pressure within the core. 

4.8.3 Conclusion 
The gas injection sequence in borehole PGZ1011 revealed: 

1. the existence of a highly permeable interface along the borehole in PGZ1011, at least between 
each connector and the clearance spaces (see Table 12); 

2. an anisotropic saturation state between the GEX side (more saturated) and the GMR side when 
the gas injection started. Notwithstanding the high density of the bentonite in the area where the 
core had been fitted into the metal ring, gas was flowing along sensor PRE04; 

3. that the gas managed to escape from the fritted discs (see Figure 65: pressure drops measured by 
PRE03 and PRE05 after the purges); 

4. that the increase in the interstitial pressure at the fritted disc after the gas injection ultimately 
came very close to the measurements obtained in PGZ1012 (see Figure 51). The gas injection in 
the core had delayed the re-saturation of the bentonite core;  

5. that the behaviour of packer 5 suggested that it was faulty (see Figure 64 and g. above); 
6. that the re-inflation of the packers when the injection level reached 60 bars had no notable 

influence on the gas flows (see Figure 57);  
7. that despite stopping the injection on one side (during the last interference test), the gas still 

escaped on each side of the bentonite core at the interface or through the EDZ (if present) (see c. 
above). 

Gas escape method 

Here we return to the gas escape methods presented in section 4.7.5, i.e. in a water phase and a 
gas phase. 
• In the water phase, the gas could only escape extremely slowly.  
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• A quick calculation using PHREEQC showed that a balanced volume of water with 60 bars of 
nitrogen contains 0.042 moles of nitrogen per litre of water, which means that 23.8 litres of water 
would be needed for 1 mole of nitrogen to dissolve. This amount of water was not available in the 
bentonite section (see 4.8.1 for the volume of the bentonite section). Furthermore, the 
permeability relative to the water in the claystone (excluding the interface) and the bentonite (see 
Figure 46) would not sufficiently renew the supply. 

• Most of the gas therefore escaped in the gas phase.  

Gas escape route 
When investigating the escape of gas, we needed to consider either the interfaces (metal ring / bentonite, 
packer / claystone and resin / claystone) or a leak inside the completion.  

• With regard to a leak inside the system, nothing was revealed by the helium test. It appears that this 
hypothesis can be excluded, because if there was a leak through: 
• a sensor, then it would stop operating; 
• a thread, then the water pressure would not be measured. Indeed, when the gas pressure dropped 

(see Figure 65) it fell to a level lower than the water pressure at that time.  
• With regard to the circulation of gas along the interfaces, although the compressibility of the two 

clearance spaces (PRE01 and PRE06) was not measured before the gas injection sequence started, it 
did reveal the presence of gas inside them. 

The gas seemed to escape through the interfaces, and there is no need to suggest a leak in the porosity of 
the bentonite or in the healthy or damaged claystone (EDZ), where the capillary pressures were higher. 
h. In the bentonite section 
In the bentonite section, the gas escaped through the interface created by the metal ring (on the lower 
surface), despite the high local density of the bentonite around the fritted discs (considerably reducing the 
gas permeability). The gas then passed through the interface of the metal ring (on the upper surface) and 
possibly through the bentonite, which had a much lower density and, therefore, a much higher gas 
permeability. Indeed, the extruded bentonite was more akin to a bentonite gel (see Figure 28) and we 
should also remember that the extrusion of the bentonite along the connectors caused it to lose density 
around the metal ring, as shown in the last two model tests (see Figure 39). 

i. Along the borehole 
Outside the bentonite section, the gas passed through the packer / claystone interface, then through the 
resin / claystone interface, despite the re-inflation of the packers (see point 6. The gas would pass along 
the apex where possible, as it is difficult to apply a perfect coat of resin to this part of a sub-horizontal 
borehole (rising by 1.6 cm/m towards the GEX side). 

j. Along the bentonite core 
The last time the gas injection was stopped, there appeared to be an almost immediate transfer of pressure 
on each side of the core (point g). However, neither of the two interference tests demonstrated any such 
transfer of gas on the sides of the bentonite core (no increase in gas flow or pressure). 
These contradictory findings indicate that we still have only a partial understanding of the phenomena 
involved. Particular consideration could be given to the effects of the swelling pressure of the bentonite or 
the packers on the gas transfers at the interfaces. For example, if the local stresses between the GEX and 
GMR tunnels were much lower than those in the natural stress field, then the pressure from the packers or 
from the swelling of the core could further damage the borehole's initial EDZ. 
 

4.9 Measurements between October 2010 and December 2012 
The natural hydration of the bentonite cores in boreholes PGZ1011, 1012 and 1013 was following until 
December 2012 (and continue). Figure 67 and Figure 68 show the total pressure and pore pressure 
monitoring for PGZ2 boreholes.  
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Figure 67 Monitored total pressure values in all boreholes in PGZ2 experiment 
 

 
Figure 68 Monitored pore pressure values in all PGZ2 boreholes (frit sensor) 
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Comparison between total pressure and pore pressure show that after 400 to 500 days full saturation of 
the bentonite cores is obtained. 
In autumn 2011, hydraulic tests were performed for the 3 bentonite cores. Water permeability values are 
closed to 1 to 5 10-13 m/s. Those values are in agreement with the target value based on dry density of 
bentonite-sand mixture. The gas injection test performed in PGZ1011 during hydration had no impact on 
the value of the water permeability.  
The only difference for PGZ1011 concerns the pore pressure build-up which is slightly slower than the 
other bentonite core. 
 

4.10 New borehole PGZ1021: Installation report and findings from 1.5 
year of measurements 

This section, which describes the geometry of borehole PGZ1021, and the measurements obtained from it 
over a period of 20 months, relates to test PGZ2.  
The difference between this borehole and the other three boreholes containing a bentonite core 
(PGZ1011, 1012 and 1013) relates to the type of bentonite filling. PGZ1021 contains a mixture of powder 
and pellets based on pure MX-80 bentonite. Its composition is similar to that envisaged for the storage 
concept, where only pellets would be used. 
The purpose of this new borehole was to monitor the competition between the re-saturation of the core 
and the injection of gas, as with PGZ1011. However, instead of injecting the gas at different levels of 
pressure, it would be injected at a constant rate, immediately after installation, on one of the surfaces of 
the fritted disc. 
 

4.11 Installation of the equipment in situ in borehole PGZ1021 

4.11.1 Chronology 

Drilling and installation 
Borehole PGZ1021 was drilled during the nights of 4 and 5 April 2011 by COFOR. No bolts were 
intersected during the drilling.  
The borehole was drilled from the GMR tunnel, between arches 043 and 044GMR, to the GEX tunnel, 
where it opened into the section between arches 043 and 044GEX. The borehole emerged 35cm above its 
theoretical exit point (Figure 69). 

 
View of the drilling machine on the GMR side 

 
View of the borehole on the GEX side (the red 

cross marks the theoretical exit point) 

Figure 69 Photos showing the drilling machine in the GMR tunnel and the exit point of 
borehole PGZ1021 in the GEX tunnel 

A camera was inserted by GEOTER between 6am and 7.30am on 5 April 2011. This revealed a break-out 
zone, which had developed between 3.6m from the face on the GMR side to 3.2m from the face on the 
GEX side, equal to a length of around 12.8m. Samples were taken to measure the water content. 
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The Solexperts and CEA/LECBA teams then arrived to install the completion and the bentonite core 
during the day of 5 April 2011. 
A four-arm calliper was first inserted by Solexperts to determine the diameter of the borehole in two 
directions, but only one arm was functional. Figure 70 shows the diameters measured by the calliper. 

 
Figure 70 Borehole diameters (Solexperts) 
The diameter measuring process was sensitive to the presence of flaking and, in such areas, the 
measurements were not representative of the average diameter of the borehole. These non-representative 
measurements are shown in the figure above. The measurements only appeared to be representative 
between 7 and 18.5m from the face of the GMR tunnel.  
It should be noted that the calliper arm had a tendency to position itself across the borehole at the points 
giving the greatest diameter.  
The calliper measured diameters of up to 120mm in some places, where the drilled diameter was 101mm. 
This difference was due to the presence of break-outs.  
After finding numerous flaking surfaces, Solexperts passed a brush through the borehole and then 
COFOR inserted a suction device to clean it. The borehole was completely cleared by around 13:30 on 5 
April 2011. 
The first half-completion was assembled with the connector before it was slid into the established position 
in the borehole from the GMR tunnel (Figure 71). The sensor and packer assembly was connected to the 
control panel and to the SAGD (data acquisition and management system). The packers were inflated to 
around 20 bars to keep the half-completion in place before injecting the powder and pellet mixture into 
the bentonite section. 
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Figure 71 Inserting the first half-completion from the GMR tunnel 
At the same time, the CEA/LECBA installed its filling device in the GEX tunnel and prepared the powder 
and pellets (photos 1 and 2, Figure 72). The filling device was then inserted into the borehole up to its 
pre-defined position to enable the injection of the mixture (photo 3, Figure 72). The camera provided a 
view of the break-outs adjacent to the bentonite section (photos 4 and 5, Figure 72). 

 
Photo 1: Installing the filling system in the GEX 

tunnel 

 
Photo 2: Filling system 



 83 

 
Photo 3: Inserting the injector nozzle and camera 

from the GEX side 

 
Photo 4: Bentonite section 

 
Photo 5: Bentonite section 

 

 
Photo 6: Connector on the GMR side 

 
Photo 7: Batches of powder and pellets 

 

 
Photo 8: Inserting the mixture into the borehole 



 84 

 
Photo 9: Injecting the powder (top) and pellets 

(bottom of image) 
Photo 10: Injecting the powder at the top 

Figure 72 Photographs taken during the installation and use of the powder and pellet 
injection system 

Before the mixture was injected, the second half-completion was prepared by Solexperts. 

 
Figure 73 Second half-completion (GEX side) assembled with the connector 
The mixture was injected over a period of 17 minutes, from 16:35 to 16:52 (see photos 8 to 10 in Figure 
72). The injection system was then dismantled to allow the second half-completion to be inserted. This 
would push the slope formed by the mixture. The slope was raised by pushing it once, before the packer 
immediately adjacent to the bentonite section was inflated. From this point in time, the core was confined 
and began to hydrate at a constant volume. 
The formation of the slope is not shown in photos 9 and 10 in Figure 72. Similarly, the video footage 
from which the photographs were taken does not provide any information on the gradient of the slope. 
Given the difficulty in compacting the slope with the second half-completion, we were far from able to 
guarantee that the borehole would be filled evenly. The voids were probably similar to, or even greater 
than, those seen during the surface tests (Figure 74). 
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Figure 74 Laboratory test to investigate filling a tube with a mixture of powder and 

pellets (CEA/LECBA) 
 

4.11.2 Filling the clearances with water and applying resin 
Solexperts returned on several occasions to vacuum test the completion to assess the level of connectivity 
along the borehole i.e. bypasses.  
The two clearance spaces were filled with water on 12 May 2011 and the areas between the packers were 
subsequently treated with resin. 
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4.12 Configuration of borehole PGZ1021 

4.12.1 Location of borehole PGZ1021 
This new borehole, named PGZ1021, was parallel to the other "bentonite" boreholes, half way between 
boreholes PGZ1001 and PGZ1012 (approximately 2m away) (Figure 75). 

 
Figure 75 Locations of the boreholes for test PGZ2 

4.12.2 Geometry 
Table 14 details the geometry of borehole PGZ1021 (the point coordinates were provided using the 
Lambert 1 coordinates system). The measurements presented in this table are taken from the values 
provided by Brisset Veyrier Mesures, who were appointed by the drilling company, COFOR, to take the 
trajectory measurements. 
The 3D length corresponds to the length between the entrance of the borehole on the GMR side and its 
exit point on the face of the GEX tunnel.  
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Table 14 Geometry of borehole PGZ1021 

  PGZ1021 

Coordinates 
of borehole 

entrance 

X 
(m) 823205.04 

Y 
(m) 1091634.94 

Z 
(m) -124.68 

Diameter (mm) 101 

3D length  

Entrance - exit (m) 
19.72 

Azimuth (°) 154.78 

Incline (°) + 1.75 

Coordinates 
of borehole 

exit 

X 
(m) 823213.44 

Y 
(m) 1091617.11 

Z 
(m) -124.07 

4.12.3 Location of the clearance spaces 
Figure 76 shows the geometry of the completion installed in borehole PGZ1021, together with the 
dimensions of the clearance spaces at each end of the bentonite section. 

 
Figure 76 Geometric configuration of the equipment installed in borehole PGZ1021 

with SAGD reference numbers 
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In the two clearance spaces marked 1 and 2 in Figure 76, the interstitial pressure and the temperature were 
measured and marked PRE01 and TEM01 on the GEX side, and PRE10 and TEM04 on the GMR side 
respectively.  
Unlike the other boreholes, PGZ101, 1012 and 1013, the pressure measurements for packers 2 to 7 were 
recorded in the SAGD. Previously, the packers around space 1 were connected to the same hydraulic line, 
and the pressure for this packer group was recorded in the SAGD (and the same on the GMR side). 

4.12.4 Measurements in the bentonite core 
The bentonite section corresponds to the central area shown in Figure 76. It was delimited by two packers 
measuring 1m in length and was 1,125mm long. 
It comprised three areas: 

• The first area, measuring 265mm, consisted of the packer sleeve, joined to the connector; 
• The second area, measuring 595mm, was the bentonite core; 
• The third area, measuring 265mm, was symmetrical to the first area. 

Figure 77 details the positions of the hydraulic lines attached to the connectors, and the sensors on the 
GEX and GMR sides of the bentonite section.  

 
Figure 77 View of the bentonite section in borehole PGZ1021 with SAGD reference 

numbers 
As with the connectors in boreholes PGZ1011, 1012 and 1013, there were two total pressure sensors per 
connector (top left and bottom right) and two interstitial pressure sensors (bottom left and centre) in 
contact with the bentonite. The latter sensor was inserted by 25mm on the GMR side and by 50mm on the 
GEX side, creating a slight asymmetry. The hydraulic line passed along the upper longitudinal edge of the 
borehole and was connected to a pressure sensor in the tunnel. 
Unlike the old connectors, two pressure sensors were added on the mid-plane (on the sides of the 
connector) to measure the interstitial pressure (PRE03 on the GEX side and PRE08 on the GMR side) and 
the total pressure (PRT01 on the GEX side and PRE06 on the GMR side). The total pressure sensors 
would show whether the clearances would close around the connector due to the creep of the claystone. 

595 mm 
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4.12.5 Characteristics of the bentonite core 
The total dry mass of pellets and powder inserted into the borehole to form the core was 7,922.1g. The 
length of the core was exactly 595mm. Based on a mean diameter of 105mm, the mean dry density on 
installation was estimated by the CEA/LECBA to be 1.54 g/cm3. The mass of powder lost behind the 
connectors was assumed to be negligible. 
The swelling pressure was expected to be between 3 and 5 MPa (Table 15). 
Given the presence of break-outs along the borehole, a small amount of powder would be able to pass 
behind the fritted disc on the GMR side. The amount of powder lost was difficult to quantify. This is not 
taken into account in Table 15. 

Table 15 Characteristics of the bentonite core in borehole PGZ1021 

 

4.13 Measurements 
The measurements presented in this chapter were taken over a period of around 14 months, from the time 
of installation (April 2011) to the end of June 2012. An addendum, which presents a short test performed 
in November 2012 is presented in section 4.13.5. 
On 17 October 2011, the offsets for some of the sensors were corrected, which caused certain 
measurements to jump on this date. 

4.13.1 Gas injection 
The gas injection started on 6 April 2011, the day after installation. It began in good time before the two 
clearance spaces were filled with water and before the areas between packers were treated with resin (12 
May 2011).  
The gas was injected at a constant rate of 1 mLn/min on the surface of the fritted disc on the GMR side.  
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The gas injection continued at the same flow rate over the 14-month duration. However, there was an 
erratic period between the end of December 2011 and the end of January 2012 due to the fact that the gas 
pressure reached the pressure regulator's set-point pressure. The pressure upstream from the pressure 
regulator was then increased to 40 bars. 

 
Figure 78 Monitored gas pressure and gas injection flow rate in borehole PGZ1021: 

measurements taken in the gas module in the GMR tunnel 
The gas pressure in the injection line followed the interstitial pressure also measured in the bentonite 
section. 
The quantity of gas injected was approximately 24 moles over 14 months, equal to a volume of 
580,000cm3 at 22°C and 1 atmosphere. This volume was much greater than the volume available in the 
bentonite section, which was approximately 3,000cm3.  

• The volume of the bentonite section comprised a pore volume in the bentonite (estimated at 
2,054cm3) and a volume of 753cm3 around the connectors5

• The volumes of the hydraulic lines up to the control panels on the GEX side and the GMR side 
were 104 and 100cm3 respectively. 

. 

The fact that the gas pressure did not exceed the interstitial pressure measured adjacent to the section (see 
section 4.13.2), and the comparison between the volumes, show that the gas managed to escape from the 
bentonite section. 

4.13.2 Interstitial pressures  

In the bentonite section 
The interstitial pressures measured around the connectors are shown in Figure 79.  

                                                      
5 Based on a mean borehole diameter of 105mm. 
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Figure 79 Interstitial pressures measured around the two connectors in borehole 

PGZ1021 
This shows four main stages: 

• An initial phase of around 100 days during which the pressures remained low and close to the 
atmospheric pressure, bearing in mind the sensor offsets;  

• A rapid rise in pressure, reaching 15 bars in a few days; 
• A fall of 4 to 5 bars over a few days; 
• A second, very rapid rise in pressure over a few days, which then strongly reduced to stabilise at 

33 bars. However, a fall in the interstitial pressure was noted at the beginning of October 2011. 
Apart from the fall in pressure, the stages described above are very similar to what was observed in the 
other boreholes: PGZ1011, 1012 and 1013. In particular, the duration of the first phase at atmospheric 
pressure was similar to that observed in the other three boreholes (80 days for PGZ1011 and 110 days for 
PGZ1012). 
The same phenomena occurred in the bentonite section of PGZ1021 as were observed in the other 
"bentonite" boreholes, apart from the brief fall in pressure. Thus, the water entered the bentonite section 
from mid-July 2011 and stabilised quickly at the formation pressure. 
A compressibility test was conducted on 10 July 2012, 15 months after installation and the start of the gas 
injection phase on the GMR side. The findings are shown below and indicate the presence of a gas phase 
on each side of the core seal: 

• Upper longitudinal edge on the GEX side (PRE02): 1.94 10-6 Pa-1, 
• Upper longitudinal edge on the GMR side (PRE09): 2.75 10-6 Pa-1. 

This gas phase, which was present on both sides of the core, may have been air occluded since the 
equipment was installed or nitrogen from the gas injection. We subsequently came to realise that it was 
probably nitrogen from the other side of the plug (see further down in this section). 

In contact with the bentonite 
The interstitial pressure measurements were taken at the fritted disc / bentonite interface for sensors 
PRE04 and PRE07 and inside the bentonite core for sensors PRE05 and PRE06. Sensor PRE05 (GEX 
side) was inserted 5cm into the core, whereas sensor PRE06 (GMR side) was inserted by only 2.5cm (see 
Figure 77). 
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Figure 80 Interstitial pressures measured in contact with the bentonite in borehole 

PGZ1021 
The measurements in Figure 80 show the same stages as those described in the bentonite section. 
However, they are slightly more erratic than those in the bentonite section.  
The rapid fall in pressure around mid-August 2011 was particularly extreme. For PRE04, PRE06 and 
PRE07, the pressures returned to their values prior to the pressure increase. The pressures then increased 
again very quickly before falling by a few bars (PRE04, PRE05 and PRE06). This drop was related to the 
texture of the bentonite core with pellets (see section 4.13.4). 
The pressures then increased more slowly but still dropped at times.  
Only the PRE06 pressure measurements displayed very different behaviour: at the end of December 2011 
there was a fall of around 15 bars followed by a rise from the end of January 2012. This fall coincided 
with the interruption to the gas injection between the end of December 2011 and the end of January 2012 
(see Figure 78). 
The rise in pressure shown by PRE06 in early February 2012 could have been linked to the gas injection 
restarting. However, the inversion of the pressure measurement occurred slightly earlier than this.  
The fall can be explained by the escape of occluded gas around the pressure sensor, and the rise by the 
water reaching the sensor. 

In the clearance spaces 
As a reminder, these two clearance spaces were filled with water on 12 May 2011 and the areas between 
the packers were treated with resin on the same day.  
Two compressibility tests were conducted in each space, on 2 August 2011 and 10 July 2012. 

Table 16 Results from the compressibility tests in the two clearance spaces 

Pa-1 2 August 2011 10 July 2012 

Space 1 - GEX side (PRE01) 6.5 10-9 1.72 10-7 

Space 2 - GMR side (PRE10) 1.1 10-7 1.95 10-7 
In August 2011, four months after installation and the start of the gas injection, the compressibility in 
clearance space 2 showed the presence of a gas phase in the water. In clearance space 1, the 
compressibility was within the range of that normally measured in saturated chambers of completions 
with multi-packers. 
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In July 2012, 15 months after installation and the start of the gas injection, the compressibility in 
clearance space 2 on the GMR side had not changed. Conversely, the compressibility in space 1 on the 
GEX side had increased by two orders of magnitude. This test showed the presence of a gas phase in this 
space. The gas injected on the GMR side had also migrated to the other side of the bentonite core. 
Figure 81 shows the interstitial measurements in the two clearance spaces. 
 

 
Figure 81 Interstitial pressure measurements in the two clearance spaces in PGZ1021 
The rise in pressure in these two spaces was unlike that normally seen in completions with multi-packers, 
where an increase tends to be asymptotic, reaching a pseudo-stable state after 1.5 to 2 months.   
The pressure increase accelerated in September 2011 but this did not occur at exactly the same time on 
each side. This sudden rise may have been due to water or gas passing along the borehole.  
The pressures stabilised at 30 bars on the GMR side and close to 33 bars on the GEX side. The time taken 
to reach the hydro-static pressure was considerably longer than for standard completions with multi-
packers (around 8 months). In comparison, it was around 7 to 8 months for PGZ1012 and 12 months for 
PGZ1013. The re-saturation of the bentonite delayed the pressure equilibrium for this type of borehole as 
the bentonite was "consuming" the water. 

4.13.3 Total pressure values  

At the fritted disc / bentonite interface 
Figure 82 shows the total pressures measured in contact with the bentonite. 
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Figure 82 Total pressures measured at the fritted disc / bentonite interface in PGZ1021 
As soon as the bentonite core was installed, a swelling pressure was exerted on the axis of the borehole. 
This was greater on the GMR side near sensor PRT05. This sensor was located in the lower section of the 
borehole, where the powder and pellet mixture was the densest.  
The total pressure reached a plateau and even fell before rising again from July 2011. The increase in the 
total pressure was interrupted for a second time in the last two weeks of August 2011. This phenomenon 
could be seen in both the total pressure and the interstitial pressure measurements.  
The total pressure levels then increased rapidly and fell again slightly at the beginning of October 2011 
before rising again very slowly. The total pressures had still not stabilised by the end of June 2012.  
The total pressures on the GEX side were lower than on the GMR side, where it was assumed that the 
borehole had filled more successfully. On the other hand, the total pressure differential on the GEX side, 
between the top and the bottom of the borehole section, was low, indicating that the space had filled in a 
relatively uniform way. However, the mixture in the crown of the borehole on the GEX side were 
assumed to be less dense, given the observations made during the laboratory tests (see Figure 74).  
Conversely, on the GMR side, the PRT04 measurement in the upper part of the borehole section showed a 
difference of around 6 bars. This difference had been relatively constant since September 2011. 
There appeared to be a contradiction between the supposed quality of the filling at the beginning and the 
quality deduced from the total pressure measurements.  

In the bentonite section 
Figure 83 shows the total pressures measured in the bentonite section. These two sensors were located on 
the mid-planes of the connectors (see Figure 77). Their purpose was to monitor the clearances being taken 
up around the connectors by the convergence of the claystone. They were located where the break-outs 
were the most accentuated. However, the convergence results obtained from other structures (boreholes or 
cells), focusing on the main horizontal stress, showed that the convergence values were higher in a 
horizontal. Despite faster convergences on the mid-plane of the borehole, the sizes of the overbreaks 
probably meant a slightly longer contact time with the sensor in this configuration. 
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Figure 83 Total pressures measured on the two connectors in PGZ1021 
From the time of installation, there was a difference in total pressure of around 7 bars between the two 
sensors on each side of the core seal. This delta persisted throughout the monitoring period with varying 
levels of constancy. It was still at 7 bars in June 2012.  
Different hypotheses may be suggested: the presence of a flake of claystone wedged next to sensor 
PRT06 on the GMR side; bentonite powder that had found its way behind the connector during 
installation or, finally, a sensor offset. However, the first two hypotheses seem less likely than the third, 
as it is not possible to explain how the delta remained constant over more than a year. This is because the 
bentonite and the claystone would have swelled slightly and then cleaved. 
The phases of rising and falling pressure could be seen on these total pressure sensors. The measurements 
correlated perfectly with the interstitial pressure measurements (see Figure 79) as well as the amplitude. 
Up to this point, these total pressure sensors had measured the water pressure around the two connectors, 
but with an offset for sensor PRT06 on the GMR side.  

4.13.4 Interpretation of measurements 

Core swelling process 
Interpreting the increases and decreases in the total pressure values requires knowledge of the mechanics 
of granular media. This is because the bentonite section was filled with materials of two different sizes: 
the pellets, with a diameter of 7mm, and the powder. The powder particles were supposed to be spherical 
in shape with a diameter of much less than a millimetre (0.2 to 2mm). The dry mass distribution was 
68.1% (pellets) and 31.9% (powder) according to Table 15. 
The bentonite section probably did not fill up perfectly, with a void below the crown of the borehole. The 
mixture began to hydrate almost instantly as a result of the contact between the bentonite and the 
claystone. Due to the geometry of the borehole, the hydration mainly occurred from the outside, moving 
towards the centre, except at the crown because of the clearance at that level. 
The few layers of powder and pellets that began to hydrate around the edges of the bentonite core would 
begin to swell and exert significant stress on the granular medium that was not yet hydrated. The 
mechanical resistance of this mixture was assumed to be low (the granular medium had not stabilised). 
The behaviour of the unhydrated granular medium with very low cohesion was controlled by the friction 
between the grains. 
However, the local density of the granular medium revealed that some total pressure sensors respond 
more than others, in particular PRT05 on the GMR side (Figure 82). All of the sensors, except PRT04 on 
the GMR side, showed a drop in the total pressure. This meant that the local stress had exceeded the 
granular medium's fracture threshold. The material that had not yet hydrated was suddenly rearranged. 
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This resulted in the grains compacting and/or shifting, and finally filling the crown of the borehole (most 
probable scenario) (Figure 84). 

 
Figure 84 Example of the bulldozing experience with the appearance of fracture planes 

and grain movement 
The increases in the total pressure indicated that the core was continuing to swell, i.e. that the bentonite 
was still hydrating from the edge towards the centre. The pressure drops involved the same mechanisms 
as described previously. The mixture rearranged itself and compacted at the centre and/or the crown, 
depending on the stress applied and the local distribution of the voids in the medium. 
This scenario was perfectly consistent with the interstitial pressure measurements. The first time the 
materials were rearranged, in association with the fracture mechanisms, the core, which had not been 
hydrating for long, did not yet reveal any liquid phase according to the interstitial pressure sensors. When 
the liquid phase formed adjacent to the sensors, the slightest relaxation of the stresses subjected the 
hydrated bentonite to volumetric strain. The pores dilated, which caused a drop in the interstitial pressure 
on the sensor. This process explains the drops in the interstitial pressure around the connectors in the 
bentonite section. 
We raised the point that there was a contradiction between the initial filling and the total pressures 
measured between the tops and the bottoms of the fritted discs (see 4.13.3). Based on the process 
described above, the explanation is that on the GEX side, there were probably more pellets than powder 
in the upper section so it would be easier for the grains to be rearranged. However, on the GMR side, the 
lower density in the upper section could have been due to a loss of material (exclusively powder) behind 
the fritted disc. Here, it would be more difficult for the grains to rearrange themselves, due to a greater 
proportion of powder than on the GEX side, and it would be even more difficult as the core hydrated. 
During the tests performed in the laboratory on powder and pellet mixtures (such as the bentogaz_1 test at 
the CEA/LECBA), the total pressure was seen to drop only once while the mixture was hydrating (see 
Figure 85). In the bentogaz_1 test, the major difference compared to filling borehole PGZ1021 in situ was 
the distribution of the initial voids, which was very low. Indeed, the sample was initially subject to 
settlement, which increased the compactness of the mixture. During hydration, the only fall in the total 
pressure was solely due to the dual porosity in the mixture. 

Core swelling pressure 
Table 17 shows the interstitial pressures and the total pressures measured on different dates near the 
fritted discs on the GEX and GMR sides of borehole PGZ1021.  
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Table 17 Interstitial pressures and total pressures measured on different dates near 
the fritted discs in borehole PGZ1021 (in bars) 

 
If we were to consider the total recovery of the interstitial pressure under stress, in accordance with 
Terzaghi's principle6

Table 15

, the core's swelling pressure in PGZ1021 would be around 18 to 19 bars on the GEX 
side and 27 to 33 bars on the GMR side. Maintaining this hypothesis, the swelling pressure would be 
greater where the filling material was initially the densest. This would be close to the lower limit given in 

 by the CEA/LECBA. However, it was significantly lower on the GEX side compared with Table 
15. This is not necessarily surprising given the break-outs. Indeed, the second connector on the GEX side 
served to push the slope. With the overbreaks, a small amount of bentonite would have been able to pass 
over the sides of the connector on the mid-plane, reducing the density of the mixture on the GEX side.  
On the GMR side, the swelling pressure was constant from November 2011, while it changed a little on 
the GEX side.  
Finally, if we compare the variations in the interstitial pressure and the total pressure over time, it appears 
that the interstitial pressure increased more than the total pressure. The explanation for this no doubt lies 
with the interstitial pressure sensor. This contained a dead volume filled with air which would not escape 
easily. This air compressed gradually when the water reached the sensor's fritted disc. An overpressure 
may have been created in the sensor. 

Saturation state 
The measurements show that the total pressures were still increasing at the end of June 2012, and that 
there was still an interstitial pressure differential between the measurements in the bentonite or in contact 
with it, and those around the connectors. This indicates that the core seal was still hydrating after 14 
months. In the other bentonite boreholes, the hydraulic and mechanical equilibrium was reached after 
around 450 to 550 days. In PGZ1021, the equilibrium was still quite far from being attained. 
This slower kinetics in PGZ1021 was due to the particular texture of the core and to the gas injection.  

k. Effect of the core texture 
The two tests, bentogaz 1 and 2, conducted by the CEA/LECBA, were particularly enlightening with 
regard to the saturation rate between the two cores with different textures. The characteristics of these two 
tests are described in the following table: 
 
 
 
 
 
 

                                                      
6 This hypothesis was probably not checked over the entire length of the core, which was not yet fully saturated. 

01/11/2011 01/12/2011 deltaP 01/06/2012 01/07/2012 deltaP
t2 - t1 t2 - t1

PRE04-GEX 23,03 24,3 1,27 28,62 30,18 1,56
PRT02-GEX 38,75 41,1 2,35 48,48 48,99 0,51
PRT03-GEX 39,67 41,49 1,82 47,43 48 0,57
moy PRT-GEX 39,21 41,295 2,085 47,955 48,495 0,54

PRT02-GEX - PRE04-GEX 15,72 16,8 19,86 18,81
PRT03-GEX - PRE04-GEX 16,64 17,19 18,81 17,82
moy PRT-GEX - PRE04-GEX 16,18 16,995 19,335 18,315

PRE07-GMR 19,3 21,4 2,1 25,99 26,74 0,75
PRT04-GMR 46,74 48,77 2,03 53,74 54,13 0,39
PRT05-GMR 53,11 54,9 1,79 59,75 60,24 0,49
moy PRT-GMR 49,925 51,835 1,91 56,745 57,185 0,44

PRT04-GMR - PRE07-GMR 27,44 27,37 27,75 27,39
PRT05-GMR - PRE07-GMR 33,81 33,5 33,76 33,5
moy PRT-GMR - PRE07-GMR 30,625 30,435 30,755 30,445

GE
X

GM
R
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Table 18 Characteristics of tests Bentogaz_1 and Bentogaz_2 at the CEA/LECBA 

 Bentogaz_1 Bentogaz_2 

Bulk mass (g) 1,956 2,267 

Water content W (%) 10.2 12.4 

Bulk mass (g) 1,775 2,017 

Height (mm) 106.5 100 

Diameter (mm) 120 120 

Volume (cm
3
) 1,199 1,131 

Bulk density (g/cm
3
) 1.64 2.00 

Dry density (g/cm
3
) 1.49 1.78 

Dry density of clay (g/cm
3
) 1.49 1.56 

Porosity (%) 46.4 35.0 

Swelling pressure expected 
(MPa) 3< Pswell<5 7 

Swelling pressure measured at 
saturation (MPa) 3.8 6.8 

 
Bentogaz_1 involved a mixture of powder and pellets (50-50% by mass) whereas bentogaz_2 used a 
compacted block of bentonite and sand (70-30% by mass). The saturation procedure was identical for 
both of these tests, with hydration at the atmospheric pressure with 1m of water through the base of the 
cell, and the occluded air removed through the top. The cell volumes were almost identical, but the dry 
density of the bentonite was greater for bentogaz_2. 
The total pressure measurements showed that the core in bentogaz_2 was saturated after around 350 days, 
whereas the core in bentongaz_1 was saturated after around 500 days (Figure 85). 
The saturation period for the powder and pellet mixture (bentogaz_1) appeared to be significantly longer 
than for the other cell.  
Intuitively, the presence of two particle sizes including highly dense pellets (dry density of 2.2 g/cm3 on 
average) suggests that a pellet would probably take longer to become completely saturated than a block 
with a lower density (of an equivalent volume). Furthermore, other factors may also slow down the 
process: 

• A large amount of air can be trapped in the spaces between the particles during hydration. This 
occluded air will, in itself, slow down hydration; 

• The surface of the pellets is particularly impermeable due to the fact that they are glazed during 
manufacture; 

• Finally, when the first layers of smectite hydrate on the surface of the pellets, this forms a gel, 
which is also quite impermeable. 

 



 99 

 
Bentogaz_1 

 
Bentogaz_2 

Figure 85 Total pressures measured during the two Bentogaz tests conducted by the 
CEA/LECBA 

l. Effect of the gas injection 
The last compressibility tests in July 2012 unambiguously showed the presence of a gas phase around the 
connector on the GEX side and in clearance space 1 on the GEX side. We are therefore certain that the 
gas injected at the fritted disc on the GMR side passed through the core or through the bentonite / 
claystone interface.  
The gas probably migrated to this interface via the crown of the borehole, as the density of the bentonite 
was lower in this area.  
The gas injection most certainly slowed down the complete re-saturation of the core but this is difficult to 
quantify as we have no point of comparison by way of a witness borehole.  
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4.13.5 A new short test at high flow rate 
A short test at constant flow rate (100 mLn/min) was performed during 2-3 hours the 23th November 
2012 at the GMR side of the bentonite section.  
The Figure 86 and Figure 87 show the pressure responses during this short test. No differences in term of 
delay and amplitude are observed in the opposite side of the bentonite section. This result means that exist 
a gas pathway connexion between the two sides of the bentonite core.  
 

 
Figure 86 Pore pressures measured during the short high constant flow rate test in 

PGZ1021 (GMR side) 
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Figure 87 Total pressures measured during the short high constant flow rate test in 

PGZ1021 (GMR side) 
 

4.14 Conclusion 

4.14.1 PGZ1011, PGZ1012 and PGZ1013 
The main results obtained since the boreholes were created for test PGZ2 show that core re-saturation 
followed exactly the same scenario in all three bentonite boreholes. First, the core resaturation is due to 
relative humidity of the surrounding air. Then water is coming from the claystone, as soon as a contact 
with the wall of the borehole occurs resulting from the swelling of the bentonite. The re-saturation of the 
core was reasonably homogeneous around its periphery and the level of saturation soon exceeded 98%. 
Conversely, at the centre of the core and approaching the fritted discs, the saturation was not uniform. 
This was dependent on where the initial contact occurred between the bentonite and the claystone. 
Thus, the injection of gas into the core in borehole PGZ1011 started when saturation around the periphery 
of the core reached at least 98%. This was because the gas needed to be injected at the fritted discs once 
the radial clearance was taken up by the swelling bentonite. 
The gas injection test showed that the gas did not penetrate the bentonite (based on the gas pressures and 
flow rates tested), even though it was injected directly in contact with the core close to the borehole's axis. 
This indicates that all of the bentonite / stainless steel, packer / claystone and resin / claystone interfaces 
play a major role in the transfer of gas in this type of configuration. Thus, some of the gas migrates along 
the borehole, and this migration is clearly facilitated by its geometry. The borehole's initial break-outs do 
not favour ideal contact between the rubber of the packers and the claystone, despite the convergence of 
the claystone around the packer. Furthermore, in a borehole with a very slight incline, the resin-claystone 
contact is not always sealed along the apex.  
In this initial test phase, the role of the bentonite / claystone interface in the transfer of gas has not been 
clearly established. Specific tests will be carried out on this interface as soon as the core is completely re-
saturated with water.  
The comparison with the "test" borehole (PGZ1012 - artificial then natural re-saturation) showed that the 
injection of gas had only a very minor impact on the re-saturation of the core. The main observation was a 
delay in the re-saturation of the bentonite close to the fritted discs when gas was injected.  
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In conclusion, this gas injection test has shown the major role played by the interfaces during this stage of 
the test, and the minor impact of the gas on the re-saturation of the bentonite core. 
 

4.14.2 PGZ1021 
The measurements taken in PGZ1021 were, on the whole, fairly close to those taken in the other 
compacted bentonite cores (PGZ1011 to PGZ1013). The main difference was in the saturation period, 
which would be considerably longer than in the other boreholes. Furthermore, the re-saturation process 
appeared to be more complex due to the granular texture of the core. 
The compressibility tests conducted in August 2011 and then in July 2012 showed that some gas have 
migrated from the other side of the bentonite core, probably via the crown of the borehole where the 
mixture of powder and pellets was less dense. At the end, both faces are still connected to gas. Two 
hypotheses could be proposed; (i) a structural effect which could induce a residual gap between the 
bentonite and the claystone, (ii) gas has prevented the total water resaturation of the bentonite and 
maintained open a pathway for gas. The next stage of the test will consist in shutting off the gas injection. 
It will be the opportunity to observe if the gas pathway could be closed by swelling effect due to water 
saturation.  
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5 IRSN contribution to FORGE deliverable D3.31 
 

RESUME 
Dans ce document, nous présentons les travaux menés par l'IRSN dans le cadre du WP3 du projet européen 
FORGE (2009-2013) relatifs à la compréhension de la production de gaz dans un stockage de déchets 
radioactifs. La première partie traite des propriétés thermodynamiques de l'eau porale en présence 
d'hydrogène dans les argiles désaturées. La deuxième partie concerne les simulations, à l'échelle des pores, 
des écoulements diphasiques dans l'argilite à Opalines par la méthode de Lattice-Boltzmann afin de 
déterminer ses propriétés macroscopiques. Enfin, le développement par l'IRSN d'un outil numérique pour la 
simulation de l'écoulement diphasique Darcéen à l'échelle d'ouvrages de stockage, avec une attention 
particulière au traitement des transitions de phases et de systèmes hétérogènes, est décrit.  
ABSTRACT 
In this document we present the work carried out by IRSN within the Work package 3 of the European 
project FORGE (2009-2013) devoted to the understanding of the migration around radioactive waste 
repositories. The first task contains the calculation of thermodynamic properties of pore water in presence of 
hydrogen in unsaturated clays. The second part concerns pore size simulations of two phase flow in Opalinus 
clay with a lattice Boltzmann approach in order to determine flow properties of the clay. Finally, the 
development of IRSN simulation tool for two-phase Darcy flow on the scale of repository elements is 
presented with a special attention to the treatment of phase transitions and heterogeneous systems. 

 
MOTS-CLES 
Hydrogen migration, geological radioactive waste repository, two-phase flow, hydrogen reactivity, clays, 
Lattice-Boltzmann method, FORGE project 
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5.1 Introduction 
This rapport presents the work carried out by IRSN within the Work Package 3 of the European 
Commission “Fate of Repository gases” (FORGE) project (2009-2013) within the Euratom 7th framework 
project.  
The presented work consists of two main types: code development (Section 2) and “numerical” data 
acquisition (Sections 3 and 4). In both cases, the recent progress made in the domain is being used. In 
particular, we wanted to construct an easily adaptable simulation tool capable of taking advantage of new 
formulations and discretisation schemes and sufficiently modulable to be able to integrate new physical 
concepts that would receive an agreement of the scientific community in the future. For the “numerical” 
data acquisition, two approaches were used, which are complementary to the laboratory experiments and 
focus on aspects that are difficult to study in laboratories (due to hydrogen manipulations at high pressure 
required to study the near to the total water saturation conditions). These research tasks address the 
properties of argillites, as this type of rock has been chosen in France for the development of a deep 
underground repository.    

5.2 2-phase N-component gas migration code 
IRSN collaborated with University of Claude Bernard in Lyon to develop a 3D simulation tool for gas 
migration. It takes into account the convective and diffusive transport of N components in 2 phases as 
well as mass exchanges between phases (dissolution and evaporation). The liquid phase and the solid 
matrix are assumed incompressible; the other phase follows the ideal gas law. The formulation is based 
on the classical mass conservation laws for both multi-component phases (g for gas and l for liquid) 
supplemented with generalized Darcy equations for each phase: 
 
Equation 3 

 

 
 
 
where K is the absolute permeability tensor, g the gravity vector, Qi the source term for the component i, 
and for each phase α: ρα is the density, λα = krα/µα the mobility, krα the relative permeability, µα the 
dynamic viscosity, and we define capillary pressure Pc = Pg-Pl. Empirical laws are used for the capillary 
pressure and relative permeabilities (Brooks-Corey, Brusaert, Van Genuchten, Vauclin …). 
These equations are completed by an appropriate set of closure equations related to the hypothesis of the 
existence of a local thermodynamical equilibrium (Henry law, Raoult-Kelvin law …). 

5.2.1 Formulation with unique primary variables 
In order to be able to handle material heterogeneities as well as changes in the thermodynamical state of 
the system (one or two phases present), a new set of unknowns has been chosen, namely liquid pressure Pl 
and molar fraction of dissolved gas (for example hydrogen) Xl

i. They are naturally used to describe fully 
saturated conditions when only liquid phase is present ( (1), (2), (3)). However, using thermodynamic 
equilibrium, it is possible to reconstruct all variables of a two phase system. Thus (Pl, Xl

H2) can be used as 
primary variables with standard physical meaning whenever the liquid phase is present. In the case of 
zero liquid saturation when only the gas phase is present it is possible to extend these variables using 
again the thermodynamic equilibrium. On the other hand, the capillary pressure relation Pc(Sl) = Pg - Pl 
and the thermodynamic equilibrium relations (of the general form of PgXg

i = KiXl
i) must be fulfilled 

simultaneously in order to allow the coexistence of the two phases. This fact leads to some very simple 
criteria for discriminating the phase state of the system. The gas pressure candidates are given by two 
formulae in Equation 4. The superscripts m and t stand for mechanical and thermodynamical equilibrium 
conditions. 
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Equation 4 

𝝅𝒈𝒎 = 𝑷𝒍 − 𝑷𝒄�𝑺𝒈�    𝒂𝒏𝒅    𝝅 𝒈𝒕 = �𝑲𝒊𝑿𝒍𝒊
𝑵

𝒊=𝟏

  

 
Local existence of gas phase is only possible when πm

g =πt
g. Thus, given pressure and composition of 

liquid phase, (Pl, Xl
i), we look for a value of gas saturation Sg such as Pc(Sg) =πt

g−Pl. The last equality is 
not always possible, in particular because the capillary pressure curve is positive definite (Pc ≥ 0). Thus, if 
πt

g−Pl is smaller than the minimal value of Pc, the two expressions of gas pressure are not compatible and 
we conclude that the gas phase cannot exist. More generally, assuming that the function Pc is increasing 
and reversible (with max(Pc) ≤ ∞), we can compute Sg as in Equation 5: 
 
Equation 5 

 

 
In particular for a two component system with linear thermodynamic relations of Henry law Pg x1

g = KH 

x1
l   and constant water vapour Pgx0

g =Pv the thermodynamic gas pressure is given by πt
g = KHx1

l + Pv and 
the phase diagram in primary variables is defined by two straight lines, as in Figure 88. 
This phase diagram may be used to interpret the resulting primary variables values. However it is not 
necessary to perform that analysis during the simulations, since our formulation is not degenerated. This 
means that if one of the phases disappears, the system of equations reduces automatically to the flow and 
transport in the remaining phase, as expected.  
 
 
  

 
Figure 88 : Phase diagram for a two component system with linear thermodynamic 

equilibrium relations 
 

5.2.2 Consistent thermodynamical model 
We consider that phases are not pure but composed of N+ 1 components: one solvent (typically water) 
and N solutes (or gas components, typically hydrogen, oxygen, etc.). Their natural states at standard T, P 
are liquid for the solvent and gas for the gas components but due to vaporisation and gas dissolution, all 
components are present in each phase. Assuming that local thermodynamical equilibrium is satisfied, 
phase compositions are related by relations of the following general form: 

Sg=0 

Sg=
1 

KHXl
1+Pvap=Pl+Pc

min 

KHXl
1+Pvap=Pl+Pc

max 
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Equation 6   

𝑿𝒈𝒊 𝑷𝒈 = 𝑲𝒊𝑿𝒍𝒊    
    

 
where i = 0 for the solvent and i = 1..N for the solutes; Xi

α denotes the molar fraction of component i in 
phase α={g, l}. In the most general case the coefficient Ki depends on temperature and on pressure and 
composition of each phase but, in the case of ideal gas mixture and dilute liquid solution, this dependency 
is reduced to temperature and liquid pressure and Equation 4 recovers the classical relations like Henry’s 
law, Raoult’s law or Raoult-Kelvin’s law. Starting with the first principle thermodynamics, e.g. 
equilibrium of the chemical potentials of each component in both phases, we obtained new 
thermodynamic equilibrium relations taking into account the high gas pressure correction to the infinite 
dilution limit represented by Henry and Kelvin-Raoult laws. For the solvent we obtain: 
 
Equation 7   

𝑿𝒈𝒔𝑷𝒈 = 𝑷𝒈𝒔 𝒆𝒙𝒑�
𝑷𝒍 − 𝑷𝒗𝒔

𝑹𝑻𝝆𝒍
𝒔,∗/𝑴𝒔�𝑿𝒍

𝒔 

 
where Pv

s is the saturated vapour pressure depending only on the temperature, Ms is the molar mass of the 
pure solvent and ρl

s,* is the molar mass of the pure solvent. It is easy to verify that the correction with 
respect to the Kelvin-Raoult law is given by Equation 8. 
 
Equation 8 

𝒅𝒓,𝑹𝑲 = �𝟏 − 𝒆𝒙𝒑�
𝑷𝒍 − 𝑷𝒗𝒔

𝑹𝑻𝝆𝒍
𝒔,∗/𝑴𝒔�� 

 
For the solute we get Equation 9 where the exponential term is the correction to the standard Henry law. 
 
Equation 9 

𝑿𝒈𝒊 𝑷𝒈 = 𝑲𝑯
𝒊 𝒆𝒙𝒑�

𝑷𝒍 − 𝑷𝟎

𝑹𝑻/𝒗𝒍
𝒊,∞�𝑿𝒍

𝒊           𝑤ℎ𝑒𝑟𝑒                   𝒅𝒓,𝑯
𝒊 = �𝟏 − 𝒆𝒙𝒑�

𝑷𝒍 − 𝑷𝟎

𝑹𝑻/𝒗𝒍
𝒊,∞��  

 
The corrective exponential terms may become non-negligible in the case of the hydrogen in the repository 
conditions. The values of corrective terms calculated for water and hydrogen mixture are presented in 
Figure 89 as a function of liquid pressure. 
 

 
 

Figure 89 : Relative corrections to the standard Henry constant dr,H and the Raoult-
Kelvin relation dr,RK  taking into account the existence of the capillary 
pressure. The curve where Pl=-P corresponds to the situation where the 
water pressure is negative as a result of strong capillary pressure. At 
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moderate pressures (10MPa) the relative deviations are non-negligible 
(10%).  

5.2.3 MoMaS test cases 
The resulting system of quasi-linear equations has been treated with fully implicit Euler time 
discretization and with an exact Newton method to obtain a set of linear equations. The spatial 
discretization has been done for triangles and tetrahedral elements with a finite element scheme within the 
Libmesh (4) numerical library. In order to illustrate the ability of the formulation to treat gas appearance 
or disappearance, the model has been used on synthetic test cases supported by GNR MoMaS aiming at 
code testing and comparison (5). Each of those test cases deals with only one physical/numerical problem. 
We give here the results of two of these test cases sharing the same initial geometry given in Figure 90. 
In the test cases, there are always two components (water and hydrogen); the porous medium is 
homogeneous. The no flux conditions are imposed on Γimp (1D flow, but 2D domain!). The initial 
conditions and left (Γin) / right (Γout) boundary conditions differ for each test case. The space 
discretization scheme used for these calculations is the finite element method of Lagrange P1 with a 
uniform grid of 200 elements and time steps going from 10 seconds to 15000 years. 
Through these two applications, one proves the capacity of the code to simulate diphasic compositional 
flow where the phases may appear and disappear. The results presented here are in very good agreement 
with the simulations carried out by other participants to the MoMaS benchmark. 
Test case 3b 

 
 

Figure 90 : Definition of the test case 3b. The general dimensions are: the length 1 m, and 
the height of 0.1m. 

In this test case we study the return to equilibrium from an initial out-of-equilibrium state in a 
homogeneous material. We have on flux boundary conditions and the domain is divided into two parts: 
water saturated Ω1 and partially saturated Ω2. In the results we observe a very sharp desaturation moving 
to the left which arrives at the left boundary at about 200 000 sec. The precise resolution of such a front is 
possible due to the continuous treatment of the phase transitions in our model. It can be seen in Figure 91 
that this is not necessarily the case for a code using ε switching method to detect the transition between 
one and two phases state. 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 91 : Test 3b - Results at one time = 100 s; pressure of gas (green) and water (red). 
On the left Diphpom code, on the right ToughII  (courtesy of  Z.Saadi, IRSN) 

Γin 
 

Γout 
 

Γimp 
 

Γimp 
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Test case 1b 
In this second test case Pg,out> Pl,out, which corresponds to uniform and unsaturated conditions in the whole 
domain. The general dimensions are: the length 200 m, and the height of 1 m. The injection rate φh

in is 
constant over the entire simulation period and was adjusted to obtain the required physical phenomena of 
capillary barrier, which would not appear for smaller or higher injection rates. The results of the 
simulation of the test 1b are presented in Figure 92.  Both phases are initially present in the simulation 
domain. Inside the domain at some places the pressure of the liquid grows quicker than the gas pressure 
resulting in the gas phase disappearance. A barrier of liquid appears in the domain and propagates in the 
direction of the outflow. The unsaturated outflow conditions force the barrier to dissipate. Gradually the 
saturated zone is being reduced so that both fronts meet and the gas phase is henceforth present in the 
entire domain, see Figure 92. This test shows the highly non-linear character of the system, which may 
make hazardous standard interpolation/extrapolation technics used in SA/PA. In practice, for integrated 
level simulations one uses prescribed hydrogen generation rates which are constant over some periods of 
time with possibly decreasing steps. This approach is clearly oversimplified and does not take into 
account many driving factors (temperature, pressure, pH, water composition, gas phase composition, 
irradiation …). The usual treatment in PA/SA consisting in use of penalising values leads in this case to 
considering relatively high generation rates which are supposed to be the upper limit of possible ones. 
However, due to strongly nonlinear character of the two-phase flow in tight porous media, it may not 
make sense to simply interpolate between extreme gas generation rates is not necessarily, since maximal 
gas pressures and gas saturations may be achieved at some intermediate gas generation rate! 

 
 

Figure 92 : Test 1b - position of the limits of the saturated zone as a function of time. 
 

5.2.4 Application to FORGE WP1 benchmark 
In order to verify the capacity of our simulation code to deal with more complex applications we made 
calculations of a reduced version of the FORGE WP1 cell-scale test case (6). The geometry of this test is 
presented in Figure 93 together with measure points. The major deviations from the original FORGE 
benchmark consists in using a plane 2D geometry instead of the axisymmetric one and in replacing Van 
Genuchten liquid relative permeability in technological voids (interfaces) by kr,l=Sg

4/3. Further details 
related to the benchmark implementation are given in FORGE deliverable D1.6. 
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Figure 93 : The general geometry of the FORGE cell scale benchmark. 
 
Figure 94 presents time evolution of pressures as measured in point P4 (in the middle of the highly 
permeable interface) and in point P9 (inside undisturbed COx argillite). We find a similar behaviour as 
the other benchmark participants, namely slow gas pressure increase during gas injection phase (till 104 

years) accompanied by a decrease of water pressure in the interface (P4). In the case of point P9 (and P5, 
not presented here, see FORGE Delivrable D1.6), where initially no hydrogen was present, the Pg 
“represents” the amount of dissolved hydrogen. In P9 and P5, Pg rises from zero to become equal to Pl 
which corresponds to the apparition of free gas phase. But as soon as Pg becomes lower than Pl, gas phase 
disappears. It can be noted that the value of gas saturation is small (of the order of 0.05%), and would 
usually not be seen by a code using a switch procedure. This can explain why we obtain some more 
pronounced minima of liquid pressure as compared to other benchmark participants. Further results from 
this benchmark are given in FORGE deliverable D1.6. 
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Figure 94 : Time evolution of pressures in points P4 and P9. For P9 the saturation of gas is given. 

5.2.5 Conclusion for CODE DEVELOppement 
We have shown how to construct a mathematical formulation of two phase flow in porous media problem 
that integrates in a natural way the transition from two-phase to one phase situation. The proposed set of 
primary variables can be used in all phase situations and it is possible to detect phase transitions in a 
convenient way when needed, for example to accomplish "flush" calculations of all related 
thermodynamic variables. Due to physical considerations, the selected primary variables are also 
continuous across material boundaries, maybe except at some initial conditions designed to represent 
systems brought out of equilibrium. This feature would facilitate the use of our formulation especially for 
the problems with very contrasting material properties (for example permeabilities) where the 
implementation of vertex centred discretisation schemes becomes justified. We have also revisited the 
thermodynamic equilibria approximations and verified that the exponential corrections of the well-known 
Henry and Raoult law (see Equation 5, 6 and 7) have to be used for the systems with high capillary 
pressures. A numerical application to the case of hydrogen migration in the vicinity of a radioactive waste 
disposal facility has shown that the solubility correction can be of the order of 10-20% and cannot be 
neglected when evaluating the very finely tuned gas phase apparition phenomena. The two-phase two-
component formulation has been implemented on the basis of Libmesh library using FE P1 scheme and 
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tested on synthetic test cases proposed within the French research group MoMaS. All the fine features 
(phase transitions, desaturation fronts...) present in these test cases where recovered with a good 
precision. We also applied the code to the benchmark proposed within WP1.2 of the FORGE project, 
showing a good behaviour of the formulation used as compared with the contributions of the other 
participants to the benchmark. This demonstrates the ability of the code to deal with complex, 
heterogeneous systems with time varying flow regimes and highly localised fluxes.  

5.3 Thermodynamic equilibrium and hydrogen solubility in argillites 
partially saturated with water   

5.3.1 Introduction 
The goal of this work was to study 1) the influence of the thermodynamic conditions specific to partially 
saturated argillites on the hydrogen solubility, and 2) the effect of the presence of dissolved hydrogen on 
the geochemical state of the poral water at the thermodynamic equilibrium. The adopted pressure-
temperature-relative humidity conditions correspond to these that are expected within the host-rock 
(undisturbed rock and EDZ) of a repository in the Callovo-Oxfordian host-rock: temperature from 30°C 
to 80°C, gas pressure from 0.1 MPa to 12 MPa, relative humidity RH (see definition in Equation  10) from 
30% to 100%. In such physical conditions, it is possible to generate very high capillary pressures (up to 
100 MPa) corresponding to metastable liquid water (the pressure inside the liquid phase can become 
negative down to -80 MPa). 
Capillary phenomena can be described by a thermodynamic approach (7). For water, thermodynamic 
equilibrium between water vapour, at a partial pressure lower than the saturation pressure, and liquid 
capillary water is reached when the chemical potentials of the two components are equal. This leads to 
Equation  10 describing the equilibrium conditions between water vapour in a gas phase and liquid water in 
a capillary aqueous solution. 
 
Equation  10 
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where R = 8.314472 J·mol–1·K–1 is the molar gas constant, T is the absolute temperature (K), p is the 
partial pressure (or more precisely the fugacity) of water vapour in the gas phase (MPa), ps is the partial 
pressure of water at saturation (MPa), which depends on temperature, aw is the activity of water in the 
capillary aqueous solution (unit less), P is the internal pressure of liquid water in the capillary aqueous 
solution (MPa), Pr = 0.1 MPa is the liquid water reference pressure corresponding to the vapour pressure 
ps, Vw is the molar volume of liquid capillary water (cm3·mol–1), which depends on P and T. RH is the 
relative humidity (%) and Equation  10 may be considered as its definition. 
On the right-hand side of Equation  10, the osmotic and capillary contributions are clearly distinguished 
as it is conventionally the case for natural environments under lithostatic or hydrostatic pressures. This 
makes it possible to consider separately the chemistry of the aqueous solution and the internal pressure of 
water, constrained only by the relative humidity. In this way, a natural system can be described 
continuously at constant humidity from the free bulk saline solution to the pure capillary water confined 
in an unsaturated porous medium. Like the Young-Laplace law, Equation  10 leads to negative pressures 
P in liquid pore water in “dry” environments, i.e. of low relative humidity (RH).  
This internal water pressure impacts the thermodynamic equilibrium of the pore aqueous solution at 
different levels, assuming in particular that aqueous species are subject to the same pressure as the pore 
water. Indeed, i) the electrostatic properties of water depend on pressure; ii) the standard thermodynamic 
properties of aqueous species depend on both pressure and the electrostatic properties of the solvent (i.e., 
water) according to the HKF model; and iii) models for activity coefficients of aqueous species depend on 
the thermodynamic and electrostatic properties of the solvent through the Debye-Hückel coefficients. In 
some cases, situations may also be envisaged where mineral phases may be subject to the internal 
pressure of capillary water. This concerns in particular secondary mineral phases that have formed from 
the pore aqueous solution by a homogeneous nucleation process. 
In order to take into account the effects of capillarity on all the thermodynamic properties of every 
compound in a geochemical system, the computer code Thermo-ZNS (8) has been developed. It calculates 
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the standard thermodynamic properties of water and of aqueous species, minerals, gases and chemical 
reactions at any pressure and temperature. Thermo-ZNS includes the IAPWS-recommended equation of 
state of water and equation for the dielectric constant of water. Finally, Thermo-ZNS provides as output 
databases in PhreeqC or Chess format, at every capillary pressure and temperature of interest. In this way, 
aqueous speciation and saturation index calculations can be performed in order to assess the impact of H2 
intrusion on the equilibrium conditions in the Callovo-Oxfordian (COx) formation, taking account the 
capillary state of the system. 

5.3.2 Solubility of Hydrogen in poral water 
The problem of the chemical evolution of pore water caused by gaseous hydrogen has been tackled by (9) 
from a theoretical standpoint. This first model accounted for:  
• the thermodynamic equilibrium of the reactions,  
• the solubility of the gaseous hydrogen, 
• the establishment of negative pressure (i.e. capillary conditions) in pore water.   
Lets recall here the main results obtained in this study for the pressure conditions (gas pressure Pg, 0.1 
<Pg <12 MPa, and capillary pressure Pc, -150 <Pc <0 MPa) and temperature T considered (30 <T 
<80°C): 
• The behaviour of the hydrogen gas is very close to that of an ideal gas (small difference between 

fugacity and partial pressure); 
• The thermodynamic properties of the standard aqueous hydrogen can adequately describe the 

solubility of hydrogen in water as a function of temperature; 
• The solubility of hydrogen increases with the gas pressure and capillary stress and depends little 

on the temperature of the area explored; 
• The effects of temperature and pressure on equilibrium constants of reactions of dissolution / 

precipitation of mineral phases are significant and highly variable. When H2 is introduced into 
pure water, the pH does not increase significantly. This suggests that the calculated pH increases 
at thermodynamic equilibrium in the H2-disturbed pore water is related to interactions between 
chemical components initially present in the COx pore water and dissolved H2, such as sulphates. 
In this case, the reaction of concern is the following possible sulphate reduction reaction: SO4

2- + 
4 H2 = HS- + OH- +3 H2O. However, as pointed out recently by (10), this latter redox process 
may be kinetically hindered in the studied range of temperature; 

• Calculations of index saturation showed that pore water became oversaturated with respect to 
carbonate minerals and, in a lesser extent, alumina-silicate minerals. This oversaturation of the 
pore water is limited by the capillary constraints. These results illustrate that heterogeneous 
reactions such as mineral dissolution/precipitation must be considered in geochemical model to 
correctly simulate chemical evolution of COx argillite affected by hydrogen perturbation; 

• The dissolution of hydrogen in the pore water of Callovo-Oxfordian (COx), in contact with the 
rock and bentonite MX80, is an important source of pH and pe disturbance in the system. 

5.3.3 Creation of complete hydrogen reactivity model 
These preliminary results from this study provided a global framework of the potential impact of H2 
production on the thermodynamic state of the clay water-rock system. As a second stage of the work, we 
aimed at implementing in the geochemical modelling approach additional mechanisms that contribute to 
the overall behaviour of the system. The final objective was to be able to perform reactive transport 
simulations that should give insights on the clayey formation capacity to buffer the chemical disturbance 
created by the presence of H2. For this purpose, and on the basis of the geochemical model of (11) for the 
COx pore water chemistry, different reactive or transport mechanisms are first studied separately. A 
consistent thermodynamic database is used in the different subtasks of this work, namely Thermoddem 
(12), released by BRGM. 
At thermodynamic equilibrium, surface complexation reactions for protonation and de-protonation 
processes are implemented using the model of (13) and (14) for illite and smectite clay minerals. As 
expected, these reactions are responsible, in addition to minerals dissolution, for the strong pH buffering 
capacity of the rock. In the case of redox reactions occurring by an intensive reduction of sulphates and/or 
carbonates by H2 and if most of the available H2 is dissolved and oxidized, the buffering capacity of the 
protonation/de-protonation reactions could be exceeded. The effects of temperature and capillary pressure 
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on the equilibrium constants of complexation reactions in aqueous phase are highly variable depending on 
the nature of chemical compounds. They are significant in many cases. 
Implementation of kinetic controls in the model was obviously necessary. A first step was to consider 
kinetic rate laws for abiotic mineral dissolution/precipitation reactions that are not directly involved in 
redox processes. A second step consisted in uncoupling the thermodynamic database for the relevant 
redox couples. The chemical elements of concern were mainly Fe, S and C. A third step was to implement 
kinetic rate laws for oxidation/reduction reactions either biotical or not, and either in aqueous solution or 
for dissolution of minerals. The kinetic model used here is simplified from (15) and (16). For many 
minerals, dissolution rates are well identified while precipitation rates are unknown. Aware of the 
strength of the hypothesis, we thus assumed that the precipitation rate was equal to the dissolution rate for 
the sake of simplicity of the model.  
Hydrogen is potentially an electron donor for numerous oxidized species, mainly sulfates and carbonates, 
initially present in the COx argillite. Based on the porewater chemistry and the mineralogical 
composition, sulfate reduction and methanogenesis are the two redox reactions to consider (17). These 
reactions can be either microbially-mediated or thermo-chemically-mediated (limited effect in repository 
conditions for the second one). In the present study, sulfate reduction and methanogenesis are divided in 
one donating half reaction and one accepting half reaction (partial equilibrium model, no microbiology 
sensu stricto explicitly included in the model). For the two redox reactions, the donating half reaction is 
the same and corresponds to hydrogen oxidation. It was considered kinetically limited, which implied that 
the same kinetic constraint could be applied to sulfate reduction and methanogenesis. 
Multi-species diffusion processes in pore water may also play a significant role on the local reactivity of 
the system. The differential diffusion of species (which takes into account the respective sizes and the 
electric properties of ions) was investigated at decimetre scale. Coupling geochemical processes with 
transport by multi-species diffusion can potentially have important impacts on the system behaviour, 
mainly because of the observed decrease of the effective diffusivity of the protons (in spite of the increase 
of the individual diffusion coefficient for protons). Indeed, first calculations (in a saturated medium at 
25°C, without kinetics nor surface complexation reactions) suggest that in case of local consumption of 
protons by redox reactions in presence of H2, less protons diffuse from the neighbouring clayey formation 
pore water and contribute to pH buffering. At the H2 gas phase entry side of the column, the consumption 
of protons is stronger than in the middle of the column so that a sharp pH front can temporarily take place 
and thus stimulate chemical reactions. Thus the simulations show that by limiting the amount of available 
reactants (protons) the electroneutrality condition may slow down the dissolution and the apparent 
diffusion of dissolved hydrogen and thus can participate in limiting the amount of hydrogen migrating 
through this process. This indicates a possible source of overpressures of the free gas phase. We have 
shown that multi-species diffusion processes in pore water may also play a significant role on the local 
reactivity of the system. The reader should keep in mind that further, more quantitative studies are needed 
in order to evaluate the long term effects of the multi-species diffusion on the gas migration in repository 
conditions, eg. saturated conditions with a thermal gradient after closure of a disposal tunnel and then 
accumulation of the produced hydrogen which leads to the desaturation after the thermal transient.  

5.3.4 SCENARII SIMULATIONS 
Finally, as an integration step, reactive transport simulations were performed to give realistic insights on 
the potential geochemical disturbance of a water-argillaceous rock system (e.g, COx formation) by the 
produced H2. Conceptually, the simulated system consisted of a 1D horizontal column of clayey rock, 10 
cm long. The transport mechanisms included multi-species diffusion effects as indicated above. Figure 95 
summarizes the processes accounted for in the simulations. Two groups of scenarios were treated, see 
Figure 96. In the first group, the hydrogen production is assumed to be slow so that no desaturation of the 
porosity occurs; H2 is introduced in the system by an imposed partial pressure (concentration of dissolved 
hydrogen) in the first cell of the column. A temperature gradient is imposed in the system. The second 
group of scenarios deals with rapid and important H2 production sufficient to generate a gas bubble able 
to displace a part of the water in the neighbouring porosity. A capillary pressure gradient was simulated 
across the column to reproduce the humidity gradient with the driest side corresponding to the H2 
entrance. The system is isothermal, with temperature lower to the ones imposed in the first group of 
scenarios. One should note that these two scenarios could be successive in radioactive waste geological 
disposals. 
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Figure 95 : Conceptual model of COx formation affected by H2 perturbation. 

 
Figure 96 : Two types of scenarios used for integrated simulations; first group on left, 

second group on the right. 
For the two scenarios, simulations show that pH increases in the two first meters (in 1D geometry, thus 
overestimated) while redox potential (pe) decreases. These results can be mainly explained by the 
microbial-mediated SO4

2- reduction by H2
 (4H2 + SO4

2- + H+ → HS- + 4H2O). This reaction promotes H+ 
consumption and decreases S(VI) in favor of S(-II) in the aqueous phase. Sulfate consumption enhances 
celestite dissolution (SrSO4↔Sr2+ + SO4

2-). In scenario 2, the decrease of capillary pressure in pore water 
(i.e. more negative) mainly implies an increase of mineral solubility. This trend is partially compensated 
by the lower temperature. If only changes of mineral solubility according to capillarity pressure and 
temperature have been taken into account in scenario 2, chemical disturbance caused by H2 perturbation 
should be lower than in scenario 1. Nevertheless, the chemical changes are slightly more intense (greater 
pH change and celestite dissolution) and affect the COx formation on a longer distance in scenario 2. It is 
due to the initial presence of gas phase in the system, which implies that the exchange surface between 
aqueous and gas phases is more important, leading to higher H2(aq) concentration.  
 

  
Figure 97 : Results of scenarii simulations over a period of 100 years (first group on the left, second group on the right). The continuous lines 
correspond to the left axis and the dotted lines to right axis. 
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5.3.5 Conclusion and perspectives 
In the present work, we have constructed a plausible model of hydrogen reactivity in clays including 
surface complexation, kinetic controls of dissolution/precipitation, methanogenesis and sulfates reduction 
and multispecies diffusion. It was shown that all these processes can have an impact on the chemical 
equilibrium of poral water in presence of the hydrogen perturbation. On the basis of the conditions 
expected in the repository after closure, two groups of scenarii were set up to make realistic calculations 
of the hydrogen reactivity near the repository on the metric scale. Both groups (saturated conditions with 
thermal gradient and isothermal with saturation profile) show an increase in pH (in the first 2m when 
considering 1D calculations) and decrease in pe. Among the mineral equilibria the strongest effect is 
given by the sulfates consumption which enhances the celestite dissolution.   
We have considered a short period of time (100 years) compared to the period of H2 production in 
geological disposal facilities. In consequence, simulations on longer periods, roughly 10000 years, should 
be performed. In order to estimate how chemical changes evolve when the capillary pressure in pore 
water is strongly negative, we would like to simulate a new scenario considering the maximum 
desaturation that could occur in COx formation affected by H2 perturbation, roughly 50% (in the very first 
cm of the EDZ). Finally, formation of secondary mineral phases (e.g. amorphous pyrrhotite) in the system 
during H2 perturbation and its consequences on the chemical changes will be also taken into account in 
future simulations. Last not least, experimental validation of the presented hydrogen reactivity model 
versus laboratory or in situ experiments has to be carried out before the model can be used for reliable 
assessment calculations.  
 

5.4 Pore size simulations (lattice Boltzmann method) in Opalinus clay 
The experimental determination of permeability of clays, as well as of relative permeabilities and 
capillary pressure curves for water and gas, is a very challenging issue especially at high water saturation 
(very low gas permeability resulting in long equilibration times) and with hydrogen (due to high involved 
pressures and the resulting explosion risk). As an alternative method, we solve Navier-Stokes equation of 
motion directly inside a realistic poral network and by fitting Darcy equation to the results we extract the 
absolute and relative (two phase flow) permeabilities. We use microtomography data of Opalinus clay 
samples acquired in the Mont Terri Ventilation Experiment (18). High (HR) and low (LR) resolution X-
ray microtomography was performed (19) with the aim of visualizing the organization of porosity in 3D 
at a micrometric scale (porosity > 40 µm or > 0.7 µm for LR and HR respectively). The corresponding 
percolating porosity is mainly composed of micrometric cracks parallel to the bedding and attributed to 
shrinkage. Single phase and two phase flow is calculated in the percolating cracks by an Immiscible 
Lattice Boltzmann (ILB) code. 

5.4.1 Immiscible Lattice Boltzmann (ILB)  
The Navier-Stokes equations for two phase flow are solved using a lattice Boltzmann method. 
Historically, the “classical” lattice Boltzmann equation (LBE) has been developed empirically, with basic 
ideas borrowed from cellular automata; the physical space of interest was discretized by a regular lattice 
populated by discrete particles that ‘jump’ from one site of the lattice to another with discrete velocities 
and collide with each other at the lattice nodes. The lattice geometry and the set of possible particle 
velocities should obey certain symmetry requirements, which are compelling in order to recover the 
rotational invariance of the momentum flux tensor at the macroscopic level. Using Chapman-Enskog 
analysis, one can recover the governing continuity and Navier-Stokes equations from the LBE. The 
simulation code developed in (20) implements recent improvements of the classical multiphase LBM due 
to (21). The model consists of two lattice-Boltzmann equations, one for each fluid phase. These fluids are 
named red and blue. For multiphase flow of two immiscible fluids, all the points of the lattice occupied 
by fluid can be divided into three categories, namely purely red fluid points, purely blue fluid points, and 
interface points - lattice points where the red and blue fluids coexist. The evolution of the fluid in purely 
red or purely blue regions is described by the standard multi-relaxation time (MRT) LBE. The relaxation 
parameters are tuned by using the standard two relaxation times (TRT) model. At the fluid-fluid interface, 
the collision matrix is defined by the majority rule, i.e., based on the dominant density fluid. The bounce 
back rule is applied at the solid-fluid interface (22).  In the present model, a continuum method for 
modelling surface tension is used. The main idea of the method is to use a volumetric surface tension 
force at the fluid-fluid interface in order to obtain the surface tension effects. The LBM code was written 
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in Fortran 95 and was run on parallel computers with up to 8 threads (with the OpenMP library). The 
validation of two phase Lattice-Boltzmann code has been conducted in several different cases including 
static properties, simple dynamic properties and complex dynamic properties (for example droplet 
spreading, capillary rise). In all cases, it was possible to obtain a good agreement between the simulations 
and the existing experimental and/or theoretical results (23). 

5.4.2 Opalinus samples Absolute permeability 
Single phase flow is calculated in the percolating cracks obtained from the micro-tomography by solving 
the Stokes equations of motion with no slip condition for fluids at the solid interface (by LBM 
calculations). The absolute permeability is also determined over two perpendicular directions in the crack 
plane whenever it percolates along these two directions. The calculated values of permeabilities form two 
groups, one of the order of 10-20 m2 and the second one of the order of 10-15 m2, see Table 5-1. These 
results are within the interval of values of absolute permeability measured for sound Opalinus clay (~ 10-

20 to 10-21 m2) and that of the EDZ of the Opalinus clay in Mont Terri (24) estimated at about 10-14 m2. It 
can be noted also that the vertical (perpendicular to the bedding) permeability is much lower than in the 
bedding plane, as expected.  

Table 5-1  Absolute permeability of all tested samples of Opalinus clay (in m2). 

sample 96.1 96.2.1 96.2.2 96.3 96.4 Mean(
96) 103.1.1 103.1.2 103.2A 103.3C 103.4A 103.4B Mean(

103) 

Kx 0 10-19 4 10-20 10-15 3 10-15 10-15 15 10-21 3 10-20 16 10-21 0 10-16 10-15 10-16 

Ky 10-16 42 10-16 0 2 10-15 3 10-15 2 10-15 0 0 0 0 0 10-15 6 10-17 

Kz 0 0 0 0 0 0 0 0 0 10-20 0 0 14 10-22 

 

5.4.3 Opalinus samples Relative permeability and capillary pressure 
The flow of two immiscible phases was computed with the two phase LBM code described in section 
5.4.1. Calculations were performed in symmetric configurations where the initial sample is doubled by its 
mirror image in order to obtain periodic boundary conditions. In all simulations, the parameters are 
chosen in a way to stay at low Reynolds number; the body force which mimics the pressure gradient is for 
both fluids equal to 10-6. The interfacial tension is chosen to be equal to 10-4 in order to keep the capillary 
number Ca in the range of 10-4-10-3. The blue fluid is supposed to wet the solid surface. The contact angle 
used in the simulations is 0º, i.e. the solid surface is completely wetted by the blue fluid. Both fluids in 
pure state have a density equal to 1 and the square of the sound speed equal to 1/3. The kinematic 
viscosity is equal to 0.00185 and 1 for red and blue fluids, respectively.  All the values listed above are 
given in lattice units. A particular attention is given to obtain reliable results for water saturations close to 
1, and for this purpose the calculations are repeated at several spatial resolutions. 

Two types of simulations were performed. In the first one, the saturation is imposed via the initial 
conditions (random distribution of both phases within the poral space) and a constant pressure gradient is 
applied to the system in order to reach a stationary flow after a transient phase. First, the fluids coalesce 
under the action of the interfacial tension and of the flow; second, the spatial distribution of fluids tends to 
a steady state. In the second class of simulations, the fully saturated poral volume is put in contact with a 
gas saturated space; a pressure gradient is also applied in order to force the desaturation of the pore space.  

In all cases, the flow results are analyzed in terms of equivalent relative permeabilities and capillary 
pressure. The fluxes of both fluids are measured across a predefined surface perpendicular to the pressure 
gradient and the relative permeability  for fluid i is deduced by the generalized Darcy equation. The 
relative permeability value was calculated as a mean over N (usually 1000) time steps. 

Steady state calculations of two phase flow 
The 103-4B sample is selected since it presents one of the largest mean apertures (20 voxels) and 
percolates along the X and Y directions. This relatively large fracture is appropriate to represent in the 
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original discretization a system which may be composed of up to 2 interfaces (usually of about 5-6 voxels 
wide) and 3 single fluid regions (wetting/non-wetting/wetting fluid layers inside the fracture). However, 
with the initial sample size of 339x450x115voxels, doubled by its mirror image in order to obtain 
periodic boundary conditions, it would be difficult to study the influence of the discretization and the 
calculations are very long. For this reason, a subsample was extracted as shown in Figure 98. The initial 
subsample is discretized by 200x200x66 voxels. However, the mean aperture of this subsample is only 
2.6 voxels. Thus, it was sub-discretised 3 times resulting in sizes of  400x400x132, 800x800x264 and 
1600x1600x528 voxels. 

 

Figure 98 : Subsample of the 103-4B sample used for the two phase flow calculations. Its 
size is 200x200x66 voxels. 

The finest discretisation resulted in a data file which was too big to even start the calculations. Thus, the 
relative permeabilities were calculated for the first three discretizations only. Results are displayed in 
Figure 99. The relative permeability of the gas phase goes rapidly to 0 when the saturation Sb (saturation 
of the blue fluid) increases. The curves for different discretizations are seen to be relatively similar, 
except for, rather surprisingly, the intermediate values 0.4 and 0.6 of water saturation. 
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Figure 99 : Relative permeabilities for three discretizations of the subsample of 103_4B in 
arithmetic (left) and semilog (right) coordinates. The solid lines represent gas 
relative permeability and dotted lines water relative permeability. 

When looking at phase configurations, especially for the saturation equal to 0.8, it becomes clear that 
discretization has a strong effect on the phase configurations. However, one can suspect that further 
refining of the discretization down to the level where the gas phase can become continuous may result in 
a significant increase of gas permeability, as it happened for saturation of 0.6 when passing from a 
400x400x132 to a 800x800x264 discretization. The problem of high saturation is further visible when 
looking at capillary pressure curves in Figure 100 for the same three discretizations. Again the results are 
seen to be qualitatively similar. A problem appears for high saturations where the capillary pressure is 
seen to be an increasing function of Sw. This problem was specifically studied and it was concluded that 
the capillary pressure rise for high saturations of blue fluid (water) is possibly due to the radius decrease 
of the red fluid (gas) micro-drops (capillary pressure is proportional to the interface curvature and thus 
inversely proportional to the droplets radius) when the number of discretization points increases.  
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Figure 100 : The capillary pressures for the three discretizations of the subsample of 103-
4B sample. 

In order to overcome this difficulty, several tests have been made by modifying the initial conditions 
(changing the random seed of the random number generator, using continuous instead of random phases 
distribution) or the wetting properties (contact angle of 30° instead of 0°). In all these cases, similar 
results are obtained. Unfortunately, further refinement of discretisation cannot be considered as an 
immediate and appropriate solution, since the memory limits of the available computers are reached. 
Furthermore the description of the pore surface cannot be refined to the extent which is needed for the 
overall consistency of the simulations.  

Drainage calculations 
In this section, simulations of drainage/imbibition process are presented. We want to see how the non-
wetting fluid (red) invades a sample which is fully saturated with the wetting fluid (blue), which allows us 
to explore the water saturations close to 1. Calculation is restricted to the subsample of 103-4B, as in the 
previous section, though without the mirror symmetric configuration.  Instead, a reservoir of gas fluid is 
created on one side of the sample as well as an exit for the water fluid on the other side. This is done by 
adding a slit of length Ls along the YZ border of the sample, as illustrated in Figure 101. The drainage 
calculations are done as follows. Initially, the fracture is filled with water and the slit with gas. Then, a 
constant pressure drop is applied across the whole set-up and spatially periodic boundary conditions are 
imposed. Therefore, the gas is forced into the fracture and water is pushed out of the fracture on the other 
side. In the slit, at a distance Lt of the fracture outlet, a transmutation plane is defined; any water which 
goes through this plane is transformed into gas; therefore, no water is forced back into the fracture 
because of the spatial periodicity. The body force is fixed for both fluids at 10-4, all other parameters are 
the same as in the Steady state flow section. 

 
Figure 101 : The geometrical configuration of the fracture with a slit of length Ls. Lt is the 

distance between the transmutation plane and the sample border. 
Several configurations with varying Ls and Lt were tested since they should be chosen in order to not 
perturb the simulations ( Ls=(5,10,20,40), Lt=(3,5,10,20)). It was concluded that the slit size must be 
sufficiently large to obtain realistic results. The transmutation plane must be located at a reasonable 
distance from the sample outlet in order to avoid red fluid entering back into the fracture. Based on the 
considered configurations, the following parameters can be recommended: Lt> 20 and Ls>10 lattice steps. 
It is also recommended to avoid using a too large slit in order to prevent computational overload. In the 
following part of the section, results obtained with Lt= 40 and Ls=20 lattice steps are shown.  
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Starting from the initial discretization 100x200x66, the discretization is doubled twice, as in the previous 
section. Since the physical parameters used in simulations are kept constant in unit length (the unit length 
is equal to the voxel size), they are not physically equivalent for the three cases. For this type of 
calculations, a strong discretization effect is also noticed, see Figure 102. For the first discretization, the 
sample is only partially drained even after 4.7*107 iterations and there is almost no change during the last 
1.2*107 iterations. For the doubled discretization, the sample is almost completely drained after 1.3*107 
iterations. For the finest one, the red phase propagates inside the blue phase which wets the fracture 
surface; moreover, the red phase percolates through the fracture after 3.6*106 iterations.  

Relative permeabilities and capillary pressure for the three cases are plotted in Figure 103. They were 
calculated using the fluxes of both fluids averaged over the poral volume (excluding the added slit). It can 
be concluded that the discretization of the sample can have a crucial influence on the drainage results. 
The finest discretization gives the most realistic results; the red phase propagates inside the blue phase 
which wets the fracture surface. However the oscillations present in Figure 103 show that there the 
volume of the studied sample is too small in comparison with the REV for this material. Large 
computational resources were necessary because of the sample size; all calculations presented here were 
run during several months and it can be noticed that for the two most refined discretizations only a 
relatively small number of time steps could be completed.  In spite of strong discretization effect the 
relative water permeability - obtained by fitting the simulations results with the Darcy equation – is 
monotonous and behaves in an expected way. The gas relative permeability and the capillary pressure 
curves that should decrease with increasing water saturation, show a non-monotonous behaviour at high 
water saturations. Thus it seems to confirm again that the standard Darcy model is not appropriate to 
describe the gas flow in such situation. 

 
 

Figure 102 : Saturation distributions at final times for the drainage simulations for 3 
different discretisations. The initial discretisation at 4.7*107 iterations (left), 
200x400x132 at 1.3*107 iterations (middle), 400x800x264 at 3.6*106 iterations 
(only the red phase is displayed for sake of clarity). 
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Figure 103 : Comparison between drainage for 3 discretizations. Black and magenta lines 

correspond to initial discretization, red and blue lines to 200x400x132, and 
cyan and green lines to 400x800x264. 

5.4.4 Conclusions and perspectives 
Flow properties of a low permeability natural medium, namely Opalinus clay from the Mont Terri 
Laboratory was studied by application of the Lattice Boltzmann method. A series of X-ray tomography 
images with 0.7 µm resolution was used to perform one and two-phase flow simulations inside a real pore 
space. The absolute permeability was calculated for all (8 of 14, some samples presenting two distinct 
cracks, which were treated separately) percolating samples. The permeabilities were found to form two 
groups of values (10-20 m2 and 10-15m2) lying, as expected from the physical point of view, between the 
permeability of the excavation damaged zone and that of the sound rock in Mont Terri. In order to 
demonstrate the ability of the LBM method to accurately simulate two phase flows in porous media, the 
simulation results were compared with some analytical results for special cases (capillary rise, droplet 
spreading …). Under reasonable conditions on simulations parameters (capillary and Reynolds numbers 
not too large), a very good agreement was found with theoretical predictions. Then, two types of two-
phase flow simulations are conducted on one of the X-ray tomography sub-samples.  Since the main 
purpose of this work was to reach saturation states close to one, we studied steady state flow at increasing 
saturation.  It has been shown that it is possible to fit the obtained steady state fluxes to the generalized 
Darcy equation and extract physically coherent relative permeabilities curves. However, in spite of strong 
refinement of the initial resolution of the sample, significant resolution effects were still noticeable, in 
particular when the wetting fluid saturation is higher than 0.6.  A second type of simulations consisted in 
drainage tests, where a fully saturated porous medium was put in contact with a reservoir of non-wetting 
fluid pushing the wetting fluid out. This kind of simulations was performed for various configurations and 
the influence of several parameters on the final results was studied. It was found that the surface tension σ 
has a small influence on the results for the considered configurations and for the chosen physical 
parameters. The effect of the sample discretization was also studied. The finest discretization gave the 
most realistic results. However, even with this resolution and despite a large computational effort, the 
average aperture of the poral space was only 12 times the elementary voxel. This is still not enough to 
represent correctly a multilayer system composed of three fluids layers and two interfaces.  In view of 
these results, it appears necessary to develop new versions of the code which would make an extensive 
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use of parallel computing. A very interesting aspect consists in searching the way to include into the 
analysis of transport properties the majority of the porosity which was detected by X-ray tomography, but 
then was disregarded due to the lack of visible connectivity (25). 
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6 SIMULATION RESULTS OF LASGIT TEST - Final report of 
Lasgit Modelling (WP3-FORGE) – Simulation results 

6.1 Introduction 
The Large scale gas injection test (Lasgit) is located at the Äspö Hard Rock Laboratory (Sweden), in the 
TBM assembly hall, on the 420 m-level of the tunnel system. Details of the Lasgit test set up, operation 
and observations during nearly the first four years of operation may be found in Cuss et al. (2010) and in 
Cuss et al. (2011). Figure 104 shows the Lasgit set up, with its main components. In this section, a brief 
description of the Lasgit test taken from these references is provided. 
 
 

 
Figure 104 Lasgit test set up, showing: (1) vertical deposition hole; (2) compacted bentonite 

buffer; (3) concrete plug; (4) steel lid; and (5) anchor cables. 
The Lasgit test is installed in a vertical cylindrical deposition hole (8.5 m in length and 1.75 m in 
diameter) that was excavated in the host rock using a specially made vertically drilling Robbins TBM. 
The RMR values of 70-75 indicate that the rock mass of the TBM assembly hall and the deposition hole 
can be classified as being of good quality. The surface of the deposition hole was carefully examined. The 
four major rock types (and their percentage of the hole surface) encountered during the excavation of the 
deposition hole were: Äspö diorite (85%), greenstone (7%), fine-grained diorite (5%) and pegmatite 
(3%). The distribution of fractures in the deposition hole shows that there are two major fracture sets. 
Most of the fractures were found to be natural, most probably formerly healed and tight fractures, more or 
less reopened due to the drilling of the hole. Also, fractures have a rough surface, mostly planar (80%) but 
also undulating (19%) and arched (1%). The water-bearing fractures in the deposition hole were, besides 
a few sub-horizontal-gently dipping ones, rather steeply dipping. The leakage of water in the deposition 
hole was of minor seepage or occasional drops. 
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Figure 105 Schematic side view of canister and visible filters (shown in green). The second 

graphic is a 2D representation showing the relative positions of the 12 radial 
injection filters red (Cuss et al. 2010). 

 
 

 
Figure 106 Schematic showing the filter assembly located in the base of the canister (Cuss et al. 

2010). 
 
A standard cylindrical SKB-3 canister (4.835 m in length and 1.05 m in diameter) was modified by 
installing 12 circular filters of varying dimensions on its surface to provide point sources of liquid 
injection (hydration phase) and of gas injection (gas testing), simulating potential canister defects (see 
Figure 105 and Figure 106). 
This canister was placed over compacted bentonite cylinder bricks previously laid on the bottom of the 
deposition hole, and the space left between them and the rock was in-filled with bentonite pellets (see 
Figure 107 Scheme of the Lasgit in situ test (Cuss et al. 2010), showing the position of: (1) 
compacted bentonite cylinders: C1…C5; (2) compacted bentonite rings: R1…R10; (3) hydration 
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filter mats: 2 IFM, in blue (rectangular, top: 0.75 m × 5.5 m, bottom: 0.35 m × 5.5 m) and 2 FM, in 
cyan (discs, 0.40 m in radius); and (4) injection filters: 12 IF, with 4 distributed over each of the 3 
red lines.). Compacted bentonite ring bricks were placed in the space between the canister and the rock, 
and the space left between them and both the rock and the canister was in-filled using bentonite pellets. 
On top of that, compacted bentonite cylinder bricks were placed and the space left between them and the 
rock was in-filled using bentonite pellets. At the top of the bentonite buffer, a waterproof sealed rubber 
mat was placed, upon which a conical shaped concrete plug was poured in order to close the deposition 
hole, the top of which reached the level of the gallery floor. In order to simulate the pressure that would 
be exerted by the backfill after closure of the tunnel gallery, a cylindrical carbon steel lid (2.600 m in 
diameter) anchored to the rock with 10 anchors (11 m in length, angled at 21.8° from the deposition hole 
and grouted in 8 m)  was placed on the top of the concrete plug. These anchor cables hold the steel lid and 
were pre-tensioned to 1300 kN. 
The hydration phase began on 01.02.2005 (day 0), when the deposition hole was closed. Due to the 
groundwater inflow through a number of highly conductive discrete fractures, porewater pressures 
increased rapidly within the hole. This led to the formation of conductive channels (piping) and the 
discharge of groundwater to the gallery floor. In order to reduce the hydraulic gradients around the hole 
and, therefore the inflow rates, two pressure relief holes were drilled and submersible pumps were 
installed. Once the bentonite had swelled sufficiently to close these flow pathways, packers were installed 
into each borehole and sections of them closed over the following 100 days. Artificial hydration began on 
18.05.2005 (day 106) through all the canister filters and hydration mats. Initial attempts to raise porewater 
pressure in the artificial hydration arrays led to the formation of preferential pathways, resulting in 
localized increases in porewater pressures and total stress, but they were short lived and closed when 
water pressure was reduced. Packers were installed in the pressure relief holes on 23.03.2006 (day 415) 
and sections in them closed over the period to 05.07.2006 (day 519). These operations caused clear 
effects throughout the deposition hole on porewater pressures and, to a lesser extent, on total stresses. 
However, there was no repeat of the formation of piping through discrete channels so, on 20.11.2006 (day 
657), pressures to the artificial hydration filters on the canister were increased to 2350 kPa. 
The first 2 years of the test focused on the artificial hydration of the bentonite buffer. This was followed 
by a programme of hydraulic and gas injection tests which ran from day 843 to 1110. A further period of 
artificial hydration occurred from day 1110 to 1385, followed by a more complex programme of gas 
injection testing. Two sets of gas injection tests were performed over a 3 year period, which has been 
considered in our simulation of the Lasgit test. Details of the testing program will be given subsequently. 
It should be noted that the Lasgit test has been running during more than 7 years.   
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Figure 107 Scheme of the Lasgit in situ test (Cuss et al. 2010), showing the position of: (1) 

compacted bentonite cylinders: C1…C5; (2) compacted bentonite rings: 
R1…R10; (3) hydration filter mats: 2 IFM, in blue (rectangular, top: 0.75 m × 5.5 
m, bottom: 0.35 m × 5.5 m) and 2 FM, in cyan (discs, 0.40 m in radius); and (4) 
injection filters: 12 IF, with 4 distributed over each of the 3 red lines. 
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Modelling approach 
The modelling approach is based in Olivella et al. (1994), and has been implemented in CODE_BRIGHT 
(a finite element code developed at the Geotechnical Engineering Department of the UPC). All materials 
will be considered to be porous media, with a solid phase (with one species), a liquid phase (with two 
species: water and air) and a gas phase (with two species: water and air). In principle, balance of mass, 
momentum and energy should be established for the various species in the various phases present in the 
porous medium. However, equilibrium restrictions and constitutive relations will allow dropping some of 
them.  
Exchanges of both species water and species air between the liquid phase and the gas phase will be 
allowed. However, it will be assumed that they are always in equilibrium. It will be assumed that motions 
are slow so that terms involving accelerations and products of velocities may be neglected. Finally, it will 
be assumed that temperature remains constant everywhere. 
Combining the balance equations, the equilibrium restrictions and the constitutive relations, we get the 
field equations with the solid phase displacement su , the liquid phase pressure lp  and the gas phase 
pressure gp  as unknown functions of the space position and time. 

6.1.1 Balance equations for a porous material with two fluid phases 
Balance equations are general equations (independent of constitutive assumptions) stating fundamental 
physical principles concerning mass, momentum and energy. 
• Balance of mass 
As explained later, due to the assumption of phase change equilibrium, the balance of mass needs only be 
considered for the solid phase, for the species water and for the species air 
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where sρ  is the density of the solid phase, lρ  is the density of the liquid phase, gρ  is the density of the 

gas phase, φ  is the void ratio, lS  and gS  are the degree of saturation of the liquid phase and of the gas 

phase ( 1l gS S+ = ), sv  is the velocity of the solid phase,  w
lω  and a

lω  are the mass fractions of species 

water and of species air in the liquid phase ( 1w a
l lω ω+ = ), w

gω  and a
gω  are the mass fractions of species 

water and of species air in the gas phase ( 1w a
g gω ω+ = ), lq  and gq  are the volume fluxes of the liquid 

phase and of the gas phase with respect to the solid phase ( ( )l l l sS= −φq v v  and ( )g g g sS= −φq v v , 

where lv  and gv  are the velocities of the liquid phase and of the gas phase), w
li  and a

li  are the mass 
fluxes with respect to the liquid phase of the species water in the liquid phase and of the species air in the 
liquid phase ( ( )w w w

l l l l l lS= −ρ ω φi v v  and ( )a a a
l l l l l lS= −ρ ω φi v v , where w

lv  and a
lv  are the velocities of 
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gi  and a
gi  are the mass fluxes with respect to the gas phase of the species water 
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g g = 0i + i ). 
The balance of mass of the solid phase (6.1) may be integrated, obtaining 

0 0(1 ) (1 )s s sJ ρ φ ρ φ− = − , (6.4) 
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where sJ  is the Jacobian of the motion of the solid phase, 0
sρ  is the density of the solid phase at the 

corresponding point in the reference configuration and 0φ  is the porosity at the corresponding point in the 
reference configuration. Using the relation (small strains) 

,1s s volJ ε= +  (6.5) 
we arrive to 

0 0
,(1 ) (1 ) (1 )s vol s sε ρ φ ρ φ+ − = − . (6.6) 

Because of the assumption of equilibrium of the exchange of the species water and of the species air 
between the liquid phase and the gas phase, the balance of mass for the species water in the liquid phase, 
the balance of mass for the species air in the liquid phase, the balance of mass for the species water in the 
gas phase and the balance of mass for the species air in the gas phase are not needed. However, they 
allow calculating the mass rates of exchange of the species water and of the species air between the liquid 
phase and the gas phase, as shown below. 
 
• Balance of momentum 
If motions are slow, then the balance of momentum for the porous medium as a whole reads 

+div ρ = 0gσ , (6.7) 
where σ  is the (total) stress tensor of the porous medium, ρ  is the (total) density of the porous medium 
( (1 ) s l l g gS S= − + +ρ φ ρ φ ρ φ ρ ) and g  is the gravity acceleration vector. 
The balance of momentum for the liquid and the gas phases will be replaced by generalized Darcy’s laws 
appropriate for unsaturated materials. These laws correspond to the balance of momentum for the liquid 
phase and for the gas phase and to constitutive assumptions for the stress tensors of each of these phases 
and for the exchange of momentum of each of these phases with the other phases. They are presented 
with the constitutive relations. The balance of momentum of the solid phase may be obtained by noting 
that the sum of the balance of momentum for the solid phase, for the liquid phase and for the gas phase is 
the balance of momentum for the porous medium as a whole (6.7), whereby the assumption of slow 
motions is taken into account. 
The balance of momentum for the species water and for the species air in the liquid phase and in the gas 
phase will be replaced by Fick’s laws. These laws correspond to the balance of momentum for the species 
water and the species air in the liquid phase and in the gas phase and to constitutive assumptions for the 
stress tensors of the species water and the species air in the liquid phase and in the gas phase and for the 
exchange of momentum of each of these two species in each of these two phases with the other species in 
the other phases. 
The sum of the balance of momentum of the species water and of the species air in the liquid phase is the 
balance of momentum of the liquid phase, taking into account the assumption of slow motions. Similarly, 
the sum of the balance of momentum of the species water and of the species air in the gas phase is the 
balance of momentum in the gas phase, taking into account the assumption of slow motions. 
• Balance of energy 
Because of the assumption that temperature is everywhere constant, the various balances of energy are 
not needed. 

6.1.2 Equilibrium restrictions 
The processes considered are restricted by certain constraints placed on some variables of the porous 
medium implied by the assumption of slow motions. The equilibrium conditions considered are: 
mechanical equilibrium, thermal equilibrium and phase change equilibrium. 
• Mechanical equilibrium 
Due to the assumption of slow motion, inertial terms and terms involving the product of velocities are 
neglected in the balance of momentum equations.  
• Thermal equilibrium 
We assume that the exchanges of energy between the various species in the various phases are much 
faster than the evolution of the porous medium, thereby implying that at any space point and time instant 
their temperatures are equal. Furthermore, we assume that the evolution of the porous medium takes 
places under isothermal conditions. 
• Phase change equilibrium 
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We assume that species water and species air are in equilibrium with respect to phase changes between 
the liquid phase and the gas phase. In this regard, we will assume that the psychrometric law and Henry’s 
law hold 
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where 0.018wM kg mol=  is the molar mass of water, 0.02895aM kg mol=  is the molar mass of 

air, 6 38.3144521 10 ( )R MPa m K mol−= × ⋅ ° ⋅  is the ideal gases constant,  T  is the temperature in °C, 
410H MPa=  is Henry’s constant and 0 ( )w

gp T  is the  water vapour pressure in equilibrium with liquid 
water through a planar surface, whose expression has been taken to be 

0
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T
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, (6.10) 

 
where 0 ( )w

gp T  is in MPa and T  is in °C. 
Due to the assumed phase change equilibrium, the exchanges of the species water and of the species air 
between the liquid phase and the gas phase may be computed by establishing the balances of mass of 
species water in the liquid phase, the balance of species air in the liquid phase, the balance of species 
water in the gas phase and the balance of species air in the gas phase 
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where w

lf  and w
gf  are the mass rates of species water being converted to the liquid and gas phases 

(equations (6.11), (6.12), and the balance of the species water (6.2) imply 0w w
l gf f+ = )  and a

lf  and 
a

gf  are the mass rates of species air being converted to the liquid and gas phases (equations  (6.13), (6.14) 

and the balance of the species air (6.3) imply 0a a
l gf f+ = ). 

6.1.3 Constitutive relations 
Constitutive relations characterize the material properties of the components of the considered porous 
medium as well as their interactions. 
• Constitutive relations for the porous medium 
The water retention curve determines the degree of saturation lS  of the porous medium as a function of 
the pressure of the liquid phase lp  and the pressure of the gas phase gp . We have used van Genuchten’s 
water retention curve 
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where λ  ( 0 1λ< < ) is a model parameter and 0P  ( 0 0P > ) depends on the intrinsic permeability tensor 
k  according to the expression 
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where k  is the maximum of the eigenvalues of the intrinsic permeability tensor k  and  C  ( 0C > ) is a 
constant. In order to determine this constant, we use the expression 
 

3
0 matrix matrixC P k= , (6.17) 

where 0 matrixP  and matrixk  are the values of 0P  and k  for the matrix of the material, that is, without cracks 
(see equation (6.23) below). 
We use a generalization of Darcy’s law to unsaturated conditions for the motion of the liquid and gas 
phases with respect to the solid phase. 
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where ( )volεk  is the intrinsic permeability tensor, ( )rl lk S  is the relative permeability of the liquid phase 
and ( )rg gk S  is the relative permeability of the gas phase. 
The relative permeability of the liquid phase is given by the following law 
 

( ) ln
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(6.20) 

where ln  and lA  are model parameters. The relative permeability of the gas phase is given by the 
following law 
 

( ) gn
rg g g gk S A S=    (generalised power law), (6.21) 

where gn  and gA  are model parameters. 

The intrinsic permeability tensor ( )volεk  is given by one of the following laws 
 

( )volε =k k     (constant) or (6.22) 

31( ) [ ( )]
12vol matrix volb

a
ε ε= +k k I  (deformation-dependent, Olivella et al. (2008)). (6.23) 

In the first law, k  is the intrinsic permeability tensor such that, at a given space point, remains constant. 
In the second law, the intrinsic permeability tensor is the sum of the contribution from the matrix 
(uniform flow) and an isotropic contribution from the cracks (Poiseuille flow depending on the crack 
aperture), where matrixk  is the matrix intrinsic permeability tensor such that, at a given space point, 
remains constant, I  is the identity tensor, a  is the mean spacing between cracks and ( )volb ε  denotes the 
crack aperture as a function of volε  defined by  
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0 0

0 0 0 0 0

0 0

( ) ( ) ( ) /
( ) /

vol vol

vol vol vol vol vol vol max

max vol max vol

b
b b a b b a

b b b a

ε ε
ε ε ε ε ε ε

ε ε

≤
= + − ≤ ≤ + −
 + − ≤

 (6.24) 

 
where 0volε  is the volumetric deformation at which the crack aperture starts increasing, 0b  is the 
minimum crack aperture, maxb  is the maximum crack aperture and a  is the mean spacing between cracks. 
Note that, if 0 0b =  and 0maxb = , then ( ) 0volb ε =  and the second law reduces to the first law with 

matrix=k k . 
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Figure 108 Crack aperture (left vertical axis) and intrinsic permeability (right vertical axis, 

logarithmic scale) as functions of volumetric deformation ( 17 210matrix m−=k I , 
7

0 10b m−= , 5
max 10b m−= , 310a m−= , 3

0 10volε −= − ). Circles indicate the initial 
state, at 0ε = . 

 
The dependency of the intrinsic permeability on the crack aperture, which is related to the 

volumetric deformation of the porous medium, is very important for the 
modelling of the liquid and gas flows in the Lasgit test. Figure 108 shows an 
example of the dependency of the intrinsic permeability (in logarithmic scale) and 
of the crack aperture with the volumetric deformation. Note the large variations in 
the intrinsic permeability induced by the volumetric deformations. 

Finally, we use Fick’s law for the motion of the water and air species with respect to the liquid and gas 
phases. 

( ) ( )w w w
l l l l l lS D gradρ φ ω′= − +i I D  (negligible term with respect to conduction) (6.25) 

( ) ( )a a a
l l l l l lS D gradρ φ ω′= − +i I D  (important term) (6.26) 

( ) ( )w w w
g g g g g gS D gradρ φ ω′= − +i I D  (6.27) 

( ) ( )a a a
g g g g g gS D gradρ φ ω′= − +i I D , (6.28) 

 
where the diffusion coefficients of the water species in the liquid and gas phases are given by 
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exp
(273.15 )

w a l
l l l

QD D D
R T

 −
= =  + 

 (6.29) 

(273.15 ) gQ
w a
g g g

g

TD D D
p

+
= =  (6.30) 

where lD  and lQ  (resp. gD  and gQ ) are model parameters for the liquid (resp. gas) phase and the 
dispersion tensors are given by 
 

1| | ( )
| |

t l t
l l l l l l l

l

d d d′ = + − ⊗D q I q q
q

 (6.31) 

1| | ( )
| |

t l t
g g g g g g g

g

d d d′ = + − ⊗D q I q q
q

 (6.32) 

where l
ld  and t

ld  (resp. l
gd  and t

gd ) are the longitudinal and transversal dispersivity coefficients of the 
liquid (resp. gas) phase. 
• Constitutive relations for the solid phase 
It has been assumed that the solid phase has only one species. The solid phase has been assumed to be 
incompressible 

s constρ = . (6.33) 
• Constitutive relations for the liquid phase 
The liquid phase has also been assumed to be a mixture of two species (liquid water and dissolved air). 
However, their properties have been assumed to be independent of the amount of dissolved air. 

5 4( ) 1002.6exp(4.5 10 ( 0.1) 3.4 10 )l lT p Tρ − −= × − − ×  (6.34) 
12( ) 2.1 10 exp(1808.5 / (273.15 ))l T Tµ −= × +  (6.35) 

where lρ  is in kg/m3 , ( )l Tµ is the dynamic viscosity of the liquid phase in MPa·s, lp  is in MPa and T  
is in °C. 
• Constitutive relations for the gas phase 
The gas phase has been assumed to be a mixture of two species (water vapour and dry air). It has been 
assumed that each species (water vapour and dry air) is an ideal gas and that Dalton’s law holds. 
 

12( ) 1.48 10 (273.15 ) / (1 119 / (273.15 ))g T T Tµ −= × + + +   (6.36) 
a w

g g gp p p= +    Dalton’s law (6.37) 
(273.15 )a a

g g g
a

R Tp
M

ω ρ +
=  ideal gas law for dry air (6.38) 

(273.15 )w w
g g g

w

R Tp
M

ω ρ +
=  ideal gas law for water vapour (6.39) 

where ( )g Tµ  is the dynamic viscosity of the gas phase in MPa·s and T  is in °C. 
• Constitutive relations for the solid skeleton 
Finally, we will also assume that a generalized form of Terzaghi’s effective stress principle holds and the 
deformation stress tensor of the solid phase ε  depends on the total stress tensor σ , the liquid phase 
pressure lp  and the gas phase pressure gp  through the effective stress tensor ′σ , defined (using the 
continuum mechanics sign convention) by the expression 
 

*p′ = + Iσ σ , (6.40) 
where the effective fluid pressure *p  is defined by 

* max( , )l gp p p= , (6.41) 
and possibly on suction s , defined by the expression 

g ls p p= − . (6.42) 
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Note that, according to van Genuchten’s water retention curve (6.15), saturation occurs if and only if 
0s = , in which case lp′ = +σ σ I  (Terzaghi’s effective stress). 

• Isotropic linear poroelasticity 
The variation of the strain tensor 1 3 vε= +ε I e  ( ( )v trε = ε  is the volumetric strain and e  is the 
deviatoric strain tensor) is related to the variation of the effective stress tensor p′ ′= − +σ I s  (

1 3 ( )p tr′ ′= − σ  is the effective pressure and s  is the deviatoric stress tensor) by the following 
expressions 
 

3(1 2 ) 'vd dp
E

νε
′−

= −
′

 

1d d
E

ν ′+
=

′
e s  

(6.43) 

where E′  is the effective Young’s modulus and ν ′  is the effective Poisson’s ratio. 
• Isotropic logarithmic poroelasticity 
The variation of the strain tensor 1 3 vε= +ε I e  ( ( )v trε = ε  is the volumetric strain and e  is the 
deviatoric strain tensor) is related to the variation of the effective stress tensor p′ ′= − +σ I s  (

1 3 ( )p tr′ ′= − σ  is the effective pressure and s  is the deviatoric stress tensor) and the variation of 
suction s  by the following expressions 
 

1 1

minmax , '
(1 ) (1 )

atm

v
s

p s pd K dp dsε
κ φ κ φ

− −
   ′  +

= − −    + +    
 

1
2

d d
G

=e s  

(6.44) 

 
Where atmp  is the atmospheric pressure, minK  is a lower bound for the (pressure-dependent) bulk 

modulus ( ) (1 )K p p κ φ′ ′= + , G  is the (constant) shear modulus, κ  is the slope of the oedometric 
unloading-reloading line in the 1(1 ) : ln( )pφ − ′+  plane and sκ  is the slope of the oedometric unloading-

reloading line in the 1(1 ) : ln( )atms pφ −+ +  plane. Note that 1(1 )φ −+  is the specific volume. 
• Barcelona Basic Model (BBM) 
For isotropic unsaturated clayey materials, a strain hardening poroelastoplastic model based on the 
Barcelona Basic Model (BBM) proposed by Alonso et al. (1990) has been used. It is a generalization to 
unsaturated conditions of the modified Cam-clay model, whereby the elastic strains, the yield surface and 
the plastic potential depend on the effective stress ′σ  defined in (6.40) and on suction s . For saturated 
conditions, essentially it reduces to the modified Cam-clay model. The four ingredients of this model are 
the following. 
Elastic deformations. The variation of the elastic strain tensor 1 3e e e

vε= +ε I e  ( ( )e e
v trε = ε  is the 

elastic volumetric strain and ee  is the elastic deviatoric strain tensor) is related to the variation of the 
effective stress tensor p′ ′= − +σ I s  ( 1 3 ( )p tr′ ′= − σ  is the effective pressure and s  is the deviatoric 
stress tensor) and the variation of suction s  by the following expressions 
 

1 1

minmax , '
(1 ) (1 )

atm
e
v

s

p s pd K dp dsε
κ φ κ φ

− −
   ′  +

= − −    + +    
 

1
2

ed d
G

=e s  

(6.45) 

Where atmp  is the atmospheric pressure, minK  is a lower bound for the (pressure-dependent) bulk 

modulus ( ) (1 )K p p κ φ′ ′= + , G  is the (constant) shear modulus, κ  is the slope of the oedometric 
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unloading-reloading line in the 1(1 ) : ln( )pφ − ′+  plane and sκ  is the slope of the oedometric unloading-

reloading line in the 1(1 ) : ln( )atms pφ −+ +  plane. Note that 1(1 )φ −+  is the specific volume. 
Yield surface. Is given by the expression 0( , , *) 0F s p′ =σ , with 

2 2
0 0 0( , , *) 3 [ ( )][ ( , *) ]sF s p J M p p s p s p p′ ′ ′= − + −σ  (6.46) 

where 0 *p  is the hardening variable, M  is the critical state line parameter, 1 3 ( )p tr′ ′= − σ  is the 

effective pressure, 1 2 ( )J tr= ⋅s s  ( p′ ′+= σs I  is the deviatoric stress tensor) and the functions 

0 0( , *)p s p  and ( )sp s  are defined by 
(0)
( )

0
0 0

*( , *)
s

c
c

pp s p p
p

λ κ
λ κ

−
− 

=  
 

  with

 0( ) [(1 )exp( ) ]s r s rλ λ β= − − +  

0( )s sp s p ks= +  

(6.47) 

 
where cp  is a reference pressure 0λ  is the slope of the oedometric normal compression line in in the 

1(1 ) : ln( )pφ − ′+  plane in saturated conditions, 0sp−  the minimum negative pressure in saturated 
conditions and r , β  and k  are model parameters. 
Plastic potential. The plastic potential function used to define the plastic flow direction has the same 
expression as the function used to define the yield surface.  

2 2
0 0 0( , , *) 3 [ ( )][ ( , *) ]sG s p J M p p s p s p p′ ′ ′= − + −σ  (6.48) 

The variation of the plastic strain tensor pε  is 
 

0( , , *)p Gd s p dλ∂ ′= ⋅
′∂

ε σ
σ

 (6.49) 

where dλ  is the (non-negative) plastic multiplier. 
Hardening rule. The evolution of the hardening variable 0 *p  is related to the evolution of the plastic 

volumetric strain ( )p p
v trε = ε  according to 

 
1

0 0
0

(1 )* * p
vdp p dφ ε

λ κ

−+
= −

−
. (6.50) 

Note that (if 0 0sp = ) ν ′ , κ , 0λ , M  and 0 *p  are the parameters of the modified Cam-clay model to 
which the BBM reduces at 0s = . 

6.1.4 Field equations 
Combining the balance equations, the equilibrium restrictions and the constitutive relations we get a 
system of differential equations with the displacement vector of the solid skeleton su , the pressure of the 
liquid phase lp  and the pressure of the gas phase gp  as unknown functions of the space position and 
time. 
The balance of mass of the solid phase (using s constρ = ) and the balance of water mass read 

+ ( ) ( )s sdiv div
t
φ φ∂

=
∂

v v  (6.51) 

( + ) ( + ) + ( )

+( ) ( )+( ) ( ) 0

w w w w w w w w
l l l g g g l l l g g g l l l l g g g g

w w w w
g g g l l l s s g g g l l l

S S S S div
t t

S S div grad S S

φφ ω ρ ω ρ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ φ φ ω ρ ω ρ

∂ ∂
+ + + +

∂ ∂
+ + =

i q i q

v v
 (6.52) 

Combining these equations, we get 
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( + ) ( + ) +

( + ) ( )+ ( ) 0

w w w w
l l l g g g s l l l g g g

w w w w w w
l l l g g g s l l l l g g g g

S S grad S S
t

S S div div

φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ ω ρ ω ρ

∂ + ∂ 
+ + + + =

v

v i q i q
 (6.53) 

 
Neglecting the second term and using the relation (small strains) 

,( ) s vol
sdiv

t
ε∂

=
∂

v  (6.54) 

we arrive to 
 

,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (6.55) 

Similarly, the balance of mass of the solid phase (using s constρ = ) and the balance of air mass, yield 
 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (6.56) 

On the other hand, using s constρ =  in the integrated form (6.6) of the balance of mass of the solid 
phase, we arrive to 
 

0

,

11
1 s vol

φφ
ε

−
− =

+
. (6.57) 

This relation allows to express the porosity φ  as a function of the derivatives of the displacement vector 
of the solid phase skeleton su . 
Therefore, upon using the rest of the balance equations, the equilibrium restrictions and the constitutive 
relations, the balance of mass of the species water, the balance of mass of the species air and the balance 
of momentum of the porous medium 
 

,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (6.58) 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(6.59) 

( * )+div p ρ′ − = 0I gσ , (6.60) 
may be written in terms of the displacement vector of the solid phase skeleton su , the pressure of the 
liquid phase lp  and the pressure of the gas phase gp  and their partial derivatives.  
 
This system of differential equations in the unknown functions su , lp  and gp  will be referred to as the 
system of field equations. In order to solve this system of differential equations, suitable initial and 
boundary conditions reflecting the conditions of the Lasgit test must be provided. Once the unknown 
functions are determined as a function of the space point and of time, all the functions of interest are 
found from them. 
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6.1.5 Transition between saturated and unsaturated states 

As already mentioned, the unknown functions su , lp  and gp  are defined at every point of the geometric 
domain and at all times and are found by solving the system of field equations with suitable initial and 
boundary conditions. 
On the other hand, using the psychrometric law and Henry’s law as equilibrium restrictions (stating the 
phase change equilibrium of water species and of air species between the gas phase and the liquid phase 
made of these two species), the ideal gases law for the water vapor, the ideal gases law for dry air and 
Dalton’s law, it is possible to express gp , gρ , w

gω  and a
gω  as a function of lp , lρ , w

lω  and a
lω  or, 

conversely, to express lp , lρ , w
lω  and a

lω  as a function of gp , gρ , w
gω  and a

gω . 

We note that the water retention curve is a continuous function ( )l g lS f p p= −  such that 1lS =  

(saturated state) if and only if g lp p≤  and 1lS <  if and only if g lp p> . This has the following 
consequences 
• Mechanical. The effective fluid pressure * ( , )l gp f p p=  is a continuous function of lp  and gp , 

such that * lp p=  if and only if g lp p≤  and * gp p=  if and only if g lp p≥ . Consequently, the 

effective stress tensor ′σ  is Terzaghi’s effective stress tensor lp+ Iσ  if and only if g lp p≤  and is 

the net stress tensor gp+ Iσ  if and only if g lp p≥ . 

• Hydraulic. The relative permeability of the gas phase is a continuous function (1 )rg lk f S= −  of lS  

such that 0rgk =  if and only if 1lS = . If 1lS = , then Darcy’s law for the gas phase yields g = 0q . 

The mechanical dispersion tensor of the gas phase is a continuous function ( )g gf=D' q  such that 

g = 0D'  when g = 0q . Finally, if g = 0q  then Fick’s law for the water species and for the air species 

in the gas phase yield w
g = 0i  and a

g = 0i . Consequently, if g lp p≤  then 0gS =  and 
w a

g g g= = = 0q i i . In this case, all terms pertaining to the gas phase disappear from the balance of 
mass equations. 

The water retention curve determines whether the porous medium is saturated or unsaturated, but in the 
field equations some terms vanish if the porous medium is saturated. More precisely 
• Saturated porous medium. If g lp p≤ , then the porous medium saturates ( 1lS = ) and the terms gq , 

w
gi  and a

gi  disappear from the field equations, which reduce to the field equations of a saturated 
porous medium (recall that the liquid phase is made of the species water and the species air) with 

lp′ = + Iσ σ  being Terzaghi’s effective stress 

,( ) ( ) + ( ) 0s volw w w w
l l l l l l l ldiv

t t
ε

φ ω ρ ω ρ ω ρ
∂∂

+ + =
∂ ∂

i q  (6.61) 

,( ) ( ) + ( ) 0s vola a a a
l l l l l l l l lS div

t t
ε

φ ω ρ ω ρ ω ρ
∂∂

+ + =
∂ ∂

i q  (6.62) 

( )+ldiv p ρ′ − = 0I gσ  (6.63) 
 
Using (6.11) and (6.13) in the two first equations, it follows that 0w

lf =  and 0a
lf = . That is, there are 

no mass contributions from the non-existent gas phase. As explained earlier, the pressure of the gas phase 
gp  at a point of the porous medium and at a time instant is the pressure of a gas (made of species water 

and species air) which is in equilibrium (with respect to exchanges of species water and of species air) 
with the liquid phase (made of species water and species air) at the considered point of the porous 
medium and at the considered time instant. 
• Unsaturated porous medium. If g lp p> , then the porous medium desaturates ( 1lS < ), the terms 

gq , w
gi  and a

gi  appear in the field equations, which are the field equations of an unsaturated porous 
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medium (the liquid phase and the gas phase have the species water and the species air) with 
gp′ = + Iσ σ  being the net stress 

 
,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(6.64) 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(6.65) 

( )+gdiv p ρ′ − = 0I gσ . (6.66) 
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6.2 2D axisymmetric model 
In view of the high stiffness of the host rock (good quality rock mass, mainly Äspö diorite) as compared 
with the stiffness of the buffer materials (compacted bentonite bricks and bentonite pellets), it was 
decided to restrict the modelled region to the interior of the deposition hole and take the effect of the rock 
around the deposition hole as mechanical and hydraulic boundary conditions. The geometry of the Lasgit 
test (deposition hole, concrete plug, steel canister, compacted bentonite bricks) is axisymmetric about the 
axis of the deposition hole. Although some of the actions exerted on the Lasgit test (water hydration) are 
axisymmetric about the axis of the deposition hole, some other actions (water injection tests, gas injection 
tests, pressure relief boreholes) are not axisymmetric about the axis of the deposition hole, but the in situ 
measurements (liquid and gas pressures) show that their effects are rather local. Taking into account these 
considerations, and with the aim to reduce both the model complexity and calculation times, a 2D 
axisymmetric model of the Lasgit test was made using CODE_BRIGHT. 

6.2.1 Geometry and coordinate system 
Taking into account the assumed axisymmetry about the axis of the cylindrical deposition hole, a 
rectangular region with a height of 8.5 m (length of the cylindrical deposition hole) and a width of 0.875 
m (radius of the cylindrical deposition hole) was considered. Fel! Hittar inte referenskälla. shows the 
finite element mesh used (the left boundary coincides with the axisymmetry axis, taken as the y -axis), 
with 3591 elements (linear 4-noded quadrilaterals, with 4 degrees of freedom per node, namely, radial 
displacement xu , vertical displacement yu , liquid phase pressure lp  and gas phase pressure gp ), 3784 
nodes and 15136 degrees of freedom. 
The main components of the Lasgit test, namely, compacted bentonite bricks, steel canister and concrete 
plug were taken into account by assigning appropriate constitutive laws to the corresponding 2D regions 
in the mesh. It should be mentioned that, despite the high stiffness of the steel canister as compared with 
the stiffness of the buffer materials, the steel canister was taken into account as a convenient way to 
model the mechanical boundary conditions corresponding to a (nearly) rigid material. This is an important 
aspect of the modelling, since the steel canister experienced vertical displacements. 
The anchors and the steel lid were taken into account as a mechanical boundary condition on the top of 
the concrete plug. The host rock was taken into account as mechanical and hydraulic (liquid and gas) 
boundary conditions on the surface of the deposition hole. The two conductive fractures in the host rock 
located at 2.75 m and 1.85 m from the bottom of the deposition hole were taken into account as point 
sinks. As there were uncertainties on their hydraulic activity, several options were explored. 
Interface zones were considered at the surfaces of the compacted bentonite brick elements (cylinders and 
rings) in contact with other compacted bentonite brick elements (bentonite-bentonite), with the steel 
canister (bentonite-canister), with the rock (bentonite-rock) and with the concrete plug (bentonite-
concrete). An interface zone was considered at the surface of the concrete plug in contact with the rock 
(concrete-rock). Note that all interfaces have been modelled using volume finite elements (rather than 
surface finite elements), whereby a true thickness of 0.05 m has been used in all of them. 
 
Finally, the various inputs of liquid (artificial hydration and liquid injection tests) and gas (gas injection 
tests) at injection filters (IF) and filter mats (FM) have been taken into account as boundary conditions on 
the surface of the modelled region. 
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Figure 109 Mesh of 2D axisymmetric finite elements, showing: (1) bentonite cylinders (blue) 

and bentonite rings (light green); (2) steel canister (olive green); (3) concrete plug 
(dark red); (4) horizontal bentonite-bentonite, bentonite-canister and bentonite-
concrete plug interfaces (pink) and bentonite-rock interface (dark grey); and (5) 
vertical bentonite-rock (brown), concrete plug-rock (dark brown) interfaces and 
bentonite-canister (cyan) interfaces. The axisymmetry axis coincides with the left 
vertical boundary. 

Initial and boundary conditions 
Initial conditions describe the initial state of the Lasgit test, after installation of the various components. 
Boundary conditions model the rock, the anchors and the steel lid, the hydration phase and the test input 
protocol of liquid and gas. 
 
The installation of the components of the Lasgit test was simulated with an auxiliary calculation stage of 
106 days (see Table 6-1), whereby gravity was activated and a state of mechanical and hydraulic (liquid 
and gas) equilibrium was approached, corresponding to the situation just before the hydration of the 
Lasgit test. 
• Initial conditions 
The initial values considered for the unknown functions are (all pressures are absolute, rather than relative 
to the atmospheric pressure) 
liquid pressure 0.81lp MPa= −  
gas pressure  0.1gp MPa=  
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displacements: 0s =u  
The initial value considered for the stress state is  
total stress   0.15 MPa= − Iσ  (isotropic compression stress) 
• Boundary conditions 
Boundary conditions at the rock surface 
The rock surface was considered to be rigid, 0s =u , and impervious, except for two zones where a 
pressure history allowing liquid and gas flow has been imposed. The fractured zones in the rock are 
represented by a prescribed pressure boundary condition with the value of 0.364 MPa (for fractures at z = 
2.725 m) and 0.373 MPa (for fractures at z = 1.8 m) (z measured from bottom of the test hole). In 
addition, gas can outflow on these zones when the gas pressure in the bentonite becomes higher than 
these values. 
Anchors and steel lid 
On the top of the concrete plug, a stress of 1 MPa was applied, equivalent to the force exerted by the 
anchors and to the weight of the steel lid. 
Test input protocol 
During the gas injection tests, either the displacement of the syringe piston or the gas pressure was 
prescribed during certain time intervals. In the first case, since the injected gas mass flux is not known a 
priori, the model should include the variable volume of the syringe. However, a boundary condition with 
time intervals of prescribed gas mass flow and time intervals of prescribed gas pressure was used, 
approximating the measured evolution of the gas pressure at the injection point. Figure 110 shows the 
measured evolution of the gas pressure at the injection point during the first gas injection test compared 
with the corresponding modelled evolution. 
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Figure 110 Evolution of the gas phase pressure gp  at the injection 
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point during the first gas injection test: a) measured; 
and b) modeled. Note that different scales have been 
used. 

 
Table 6-1 shows the main actions on the Lasgit test (test input protocol) and the corresponding actions on 
the 2D axisymmetric model (model input protocol). Pressure histories have been imposed for the liquid, 
whereas both pressure and flux histories have been imposed for the gas, as explained earlier. Note that the 
second hydraulic testing was not reproduced, since the state of the Lasgit test before and after this testing 
is essentially the same, and the focus of the Lasgit test is on the gas flow. 
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Table 6-1 Test input protocol and model input protocol. (*) at the other injection filters (IF) and 
all filter mats (FM), hydration goes on, with lp  held at 2.35 MPa. 

Test Stage Test comments Test time 
begin (d) 

Test time 
 end (d) 

Model stage 

constr. + eq.  0 106  

hydration 1 
lp  increase by steps 

to 1.5 MPa 

106 169 
lp  ramp to 1.5 MPa at 

all IF+FM 
  169 415 

lp  const. at 1.5 MPa at 
all IF+FM 

 packer inflated at 
pressure relief holes 

415 418 deactivation lower filter 
mat 

  418 657 
lp  const. at 1.5 MPa at 

all IF+FM except lower 
FM 

 increase lp to 2.35 MPa 
in one step. 

657 666 
lp ramp to 2.35 MPa at 

all IF+FM 
  666 842 

lp  const. at 2.35 MPa at 
all  IF+FM except lower 
FM 

hydr. test 1 isolation of lower canister 
filters 

842 870 deactivation lower 
canister filter 

 
lp  to 4.3 MPa at FL901 870 898 

lp  ramp to 4.3 MPa at 
FL901 (*)  

 
lp  to 0.56 MPa at 

FL901 

898 917 
lp  ramp to 0.56 MPa at 

FL901 (*) 

gas test 1 gas pumping at FL901 917 930 
gp  ramp 1.9 MPa at 

FL901 (*) 
 

gp  held at 1.9 MPa at 
FL901 

930 953 
gp  const. to 1.9 MPa at 

FL901 (*) 
 gas pumping at FL901 953 1010 gas mass flow ramp to 

1·10-5 kg/s at FL901 (*) 
  1010 1080 gas mass flow const. at 

1·10-5 kg/s at FL901 (*) 

hydr. test 2 not modeled 1080 1606 No gas injection (*) 

gas test 2  1606 1670 gas mass flow ramp to 
1·10-5 kg/s at FL901 (*) 

  1670 2000 gas mass flow const. at 
1·10-5 kg/s at FL901 (*) 
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6.2.2 Material models 
To the various model regions corresponding to the considered components of the Lasgit test, appropriate 
constitutive models have been assigned, whose definitions have been detailed in a previous section. A 
summary of these assignations follows.  
• Compacted bentonite rings and cylinders: (1) mechanic model: BBM; (2) water retention curve: van 

Genuchten; (3) intrinsic permeability: deformation-dependent; (4) relative permeability to liquid: 
generalized power law; (5) relative permeability to gas: generalized power law. 

• Steel canister: (1) mechanic model: isotropic linear elastic; (2) water retention curve: van Genuchten; 
(3) intrinsic permeability: constant; (4) relative permeability to liquid: generalized power law; (5) 
relative permeability to gas: generalized power law. 

• Concrete plug: (1) mechanic model: isotropic linear elastic; (2) water retention curve: van Genuchten; 
(3) intrinsic permeability: constant; (4) relative permeability to liquid: generalized power law; (5) 
relative permeability to gas: generalized power law. 

• Bentonite pellets at interfaces with bentonite bricks bentonite-bentonite, bentonite-canister and 
bentonite-concrete plug: (1) mechanic model: isotropic logarithmic elasticity; (2) water retention 
curve: van Genuchten; (3) intrinsic permeability: deformation-dependent; (4) relative permeability to 
liquid: generalized power law; (5) relative permeability to gas: generalized power law. 

• Bentonite pellets at interface concrete plug-rock: (1) mechanic model: isotropic linear elasticity; (2) 
water retention curve: van Genuchten; (3) intrinsic permeability: constant; (4) relative permeability to 
liquid: generalized power law; (5) relative permeability to gas: generalized power law. 

• Bentonite pellets at interface bentonite-rock: (1) mechanic model: isotropic logarithmic elasticity; (2) 
water retention curve: van Genuchten; (3) intrinsic permeability: deformation-dependent; (4) relative 
permeability to liquid: generalized power law; (5) relative permeability to gas: generalized power law. 

The values assigned to the parameters of the aforementioned constitutive models are summarized in the 
three following tables. 
Notes 
• For bentonite bricks and interfaces between them and other materials, 1lA =  and 10gA =  have been 

used, because in clays the intrinsic permeability for gas is higher than for water. 
• Filter mats have been modelled as materials with the same properties as the interface to which they 

belong. For the bottom mat, however, an increased permeability of 10-18 m2 has been used.  
• In all materials to which a BBM model was assigned, the initial value of the hardening variable 0 *p  

has been 13 MPa. 
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Table 6-2 Parameters used for the isotropic linear elasticity model. 

symbol concrete interf. 
rock- 
concrete 

canister units 

w.r.c.     

λ  0.3 0.3 0.3 −  

0P  5 5 5 −  

i.perm.     

matrixk  1·10-18 1·10-18 1·10-45 2m  

0b  −  −  −  m  

maxb  −  −  −  m  
a  −  −  −  m  

0ε  −  −  −  −  

r.perm.     

lA  1 1 1  

ln  3 3 3 −  

gA  1 1 1 −  

gn  1 1 1 −  

diff./disper     

lD  5.45·10-10 5.45·10-10 5·10-12 2m s  

lQ  0 0 0 3MPa m mol⋅  

gD  0 0 0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 0 0 −  

ld  0.1 0.1 0.1 m  

td  0.01 0.01 0.01 m  

mech.     

E′  1·104 1·104 2.1·105 MPa  
ν ′  0.25 0.25 0.3 −  
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Table 6-3 Parameters used for the isotropic logarithmic elasticity model. 

symbol interf. 
bentonite- 
rock 

interf. 
bentonite- 
canister 

interf. 
bentonite- 
bentonite 

units 

w.r.c.     

λ  0.2 0.3 0.3 −  

0P  0.5 5 5 −  

i.perm.     

matrixk  1·10-18 5·10-19 5·10-19 2m  

0b  1·10-8 1·10-8 1·10-8 m  

maxb  2·10-6 2·10-6 2·10-6 m  
a  1·10-5 1·10-5 1·10-5 m  

0ε  –0.002 –0.002 –0.002 −  

r.perm.     

lA  1 1 1 −  

ln  3 3 3  

gA (*) 10 10 10 −  

gn  1 1 1 −  

diff./disper     

lD  5.45·10-10 5.45·10-10 5.45·10-10 2m s  

lQ  0 0 0 3MPa m mol⋅  

gD  0 0 0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 0 0 −  

ld  0.1 0.1 0.1 m  

td  0.01 0.01 0.01 m  

mech.     

G  10 10 10 MPa  
κ  5·10-3 4·10-3 4·10-3 −  

minK  10 10 10 MPa  

sκ  5·10-4 4·10-4 4·10-4 −  
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Table 6-4 Parameters used for the Barcelona Basic Model (BBM). 

symbol bentonite 
bricks 

units 

w.r.c.   

λ  0.3 −  

0P  20 −  

i.perm.   

matrixk  5·10-20 2m  

0b  1·10-7 m  

maxb  1·10-6 m  
a  0.12 m  

0ε  –0.01 −  

r.perm.   

lA  1 −  

ln  3  

gA (*) 10 −  

gn  1 −  

diff./disper   

lD  5.45·10-10 2m s  

lQ  0 3MPa m mol⋅  

gD  0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 −  

ld  0.1 m  

td  0.01 m  

mech.   

G  10 MPa  
κ  4·10-3 −  

minK  10 MPa  

sκ  6·10-3 −  

0λ  0.25 −  

r  0.75 −  
β  0.1 1MPa−  

cp  0.5 MPa  

0sp  0.02 MPa  
k  0.03 −  
M  1.2 −  
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6.2.3 Results 
In this section, the geomechanics sign convention is used: (1) strain components and volumetric 
deformations are positive for contraction and negative for expansion; and (2) stress components and 
pressures are positive for compression and negative for tension. 
In order to provide an understanding of the processes that take place in the bentonite buffer due to the 
application of the test protocol, a set of Figures has been prepared: 
• Figure 111 to Figure 115 show the distributions of gas pressure, liquid pressure, degree of saturation, 

volumetric deformations, volume flux of gas and volume flux of liquid at 5 time instants. 
• Figure 116 to Figure 119 show the evolutions of stresses, strains, liquid pressure, gas pressure and 

intrinsic permeability at 3 points located on interfaces. 
• Figure 120 shows the evolutions of gas pressure at several points located both in the bentonite and in 

the interfaces. 
• Figure 121 shows the evolutions of horizontal stresses at several points in the bentonite. 
• Figure 122 shows the evolutions of normal stresses and gas pressure at several points located both in 

the bentonite and in the interfaces. 
• Figure 123 shows the evolutions of the vertical displacements of the canister and of the steel lid. 
 
Comments to these Figures highlight the main processes taking place in the bentonite buffer due to the 
application of the test protocol.  
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a)  b)  c)  

d)  e)  f)  

Figure 111 Distributions at t = 169 days of: a) gas phase pressure gp  (MPa);  b) liquid 
phase pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); 
d) volumetric deformation vε  (–); e) volume flux of the gas phase gq  (m/s); 

and f) volume flux of the liquid phase lq  (m/s). 

 
At 169 days (Figure 111), water injection is in progress. Water pressure increases near the injection points 
and progresses along the interfaces. Volumetric deformations due to effective stress decrease (reaching 
tension in some places) show the effect of water pressure increase. Saturation of the buffer materials is in 
progress at this time. Water fluxes are significant and higher along the interfaces due to the increased 
intrinsic permeability due to dilatant deformations. Some gas fluxes are consequence of the displacement 
of the gas initially present in the pores that are progressively saturated. 
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a)  b)  c)  

d)  e)  f)  

Figure 112 Distributions at t = 500 days of: a) gas phase pressure gp  (MPa);  b) liquid 
phase pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); 
d) volumetric deformation vε  (–); e) volume flux of the gas phase gq  (m/s); 

and f) volume flux of the liquid phase lq  (m/s). 

 
At 500 days (Figure 112), water pressurization has produced/induced an almost full saturation of the clay 
elements. Only the interface between the blocks and the rock in the upper zone remains unsaturated. 
Deformations near the water injection points are dilatant in the buffer and compressive at the interface as 
the interfaces close during clay swelling. Interfaces undergo opening during the early stages of water 
injection (before 500 days). 
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a)  b)  c)  

d)  e)  f)  

Figure 113 Distributions at t = 1000 days of: a) gas phase pressure gp  (MPa);  b) liquid 
phase pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); 
d) volumetric deformation vε  (–); e) volume flux of the gas phase gq  (m/s); 

and f) volume flux of the liquid phase lq  (m/s). 

 
At 1000 days (Figure 113), the first gas injection event is taking place. Gas pressure develops in the 
vicinity of the injection zones. This produces desaturation of the interfaces and barrier, more pronounced 
along the interfaces as their retention curve is lower and decreases with aperture opening. Gas fluxes 
concentrate along the interfaces due to their higher permeability (because intrinsic permeability is higher 
and relative permeability is also higher. 
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a)  b)  c)  

d)  e)  f)  

Figure 114 Distributions at t = 1660 days of: a) gas phase pressure gp  (MPa);  b) liquid 
phase pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); 
d) volumetric deformation vε  (–); e) volume flux of the gas phase gq  (m/s); 

and f) volume flux of the liquid phase lq  (m/s). 

 
At 1660 days (Figure 114), is just before the second gas injection event. Gas pressure distribution 
indicates that there is an accumulation of dissolved gas in the lower part of the buffer. The gas is 
dissolved because the material is fully saturated. Deformations remain dilatant in the zone where gas has 
been injected during the first gas injection event. 
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a)  b)  c)  

d)  e)  f)  

Figure 115 Distributions at t = 2000 days of: a) gas phase pressure gp  (MPa);  b) liquid 
phase pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); 
d) volumetric deformation vε  (–); e) volume flux of the gas phase gq  (m/s); 

and f) volume flux of the liquid phase lq  (m/s). 

At 2000 days (Figure 115), there is a well-developed gas injection during the second gas injection event.  
Gas pressure has propagated along the barrier and only remains low near the rock. Desaturation of the 
interfaces is significant in both the contact with the canister and the contact with the rock, and along the 
horizontal interfaces as well. Gas fluxes show the paths of gas migration. Water fluxes are much smaller 
in magnitude and also show the movement along interfaces. Water movement is also due to water 
displacement as gas is injected, because no water is injected during gas injection. 
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a)  

b)  

Figure 116 a) Evolutions at the lower injection filter (FL901) (  indicates its position) of: 
(1) gas phase pressure gp (MPa); (2) liquid phase pressure lp  (MPa); (3) 
horizontal (normal to the bentonite-canister interface) total stress xxσ  (MPa); 
(4) horizontal effective stress xxσ ′  (MPa); and (5) horizontal strain xxε  (–). b) 
evolutions at the same point of: (1) horizontal effective stress xxσ ′  (MPa); and 
(2) intrinsic permeability k  (m2). 

Near the injection points (Figure 116) sharp variations of variables take place as a consequence of water 
or gas pressure sharp variations. At early times (before 200 days) water pressurization induces a peak of 
dilatant deformations normal to the interface combined with a sharp increase of intrinsic permeability. 
This process is reversed by the swelling of the clay as it is hydrated. This implies that intrinsic 
permeability reduces back to the original values. During the first event of gas injection (day 917 to day 
1080), dilatant irreversible deformations normal to the interface take place which cause intrinsic 
permeability increase. This is not recovered as the swelling of the clay blocks is no longer available. 
During the second gas injection test (day 1606 to day 2000), only a small variation of the intrinsic 
permeability is observed as the interfaces have already been damaged during the first gas injection event. 
Though effective stresses normal to the interface sometimes reach values in tension, they are mainly 
compressive. Note that, according to the isotropic logarithmic elasticity model (6.44) used, the volumetric 
deformation depends on the effective pressure and on suction, which explains why deformations normal 
to the interface can be dilatant in spite of stresses normal to the interface being compressive. 
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a)  

b)  

Figure 117 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint 
of the contact between a compacted bentonite ring (R3) (  indicates its 
position) of: (1) gas phase pressure gp (MPa); (2) liquid phase pressure lp  
(MPa); (3) horizontal (normal to the bentonite-canister interface) total stress 

xxσ  (MPa); (4) horizontal effective stress xxσ ′  (MPa); and (5) horizontal 
strain xxε  (–). b) evolutions at the same point of: (1) horizontal effective stress 

xxσ ′  (MPa); and (2) intrinsic permeability k  (m2). 

 
Along the vertical interface between the canister and the buffer (Figure 117) results are similar to the ones 
near the injection point, shown in Figure 116. 
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b)  

Figure 118 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint 
of the contact between two compacted bentonite rings (R2 and R3) (  
indicates its position) of: (1) gas phase pressure gp (MPa); (2) liquid phase 
pressure lp  (MPa); (3) vertical (normal to the bentonite-canister interface) 
total stress yyσ  (MPa); (4) vertical effective stress (MPa) yyσ ′ ; and (5) vertical 
strain yyε  (–). b) evolutions at the same point of: (1) vertical effective stress 

yyσ ′  (MPa); and (2) intrinsic permeability k  (m2). 

 
Along the horizontal interface between the injection zone and the rock (Figure 118) the increase in 
permeability due to interface opening during water injection is similar to what has been observed near the 
injection point. This increase of permeability is recovered as the clay blocks swell. During gas injection, 
permeability increases but decreases as the gas injection finishes. This is possibly caused by gas pressure 
reduction but also by the still in progress swelling process of clay blocks.  The second gas injection event 
causes again an increase of intrinsic permeability. Though effective stresses normal to the interface 
sometimes reach values in tension, they are mainly compressive. Deformations normal to the interface are 
dilatant, except in the period from around day 300 to around day 900, during which they are compressive. 
In this regard, recall the remark on the constitutive model used made in the paragraph below Figure 116. 
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a)  

b)  

Figure 119 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint 
of the contact between a compacted bentonite ring (R3) and the rock (  
indicates its position) of: (1) gas phase pressure gp ; (2) liquid phase pressure 

lp  (MPa); (3) horizontal (normal to the bentonite-rock interface) total stress 

xxσ  (MPa); (4) horizontal effective stress (MPa) xxσ ′ ; and (5) horizontal 
strain xxε  (–). b) evolutions at the same point of: (1) horizontal effective stress 

xxσ ′  (MPa); and (2) intrinsic permeability k  (m2). 

 
Along the vertical interface between the clay blocks and the host rock (Figure 119), there is not a 
significant variation of intrinsic permeability. Effective stresses normal to the interface are mainly 
compressive and extension is not reached. Deformations normal to the interface are mainly compressive, 
except for a short initial period during which they are dilatant. 
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a)     

b)     

c)     

Figure 120 Evolutions of gas phase pressure gp  (MPa) at points with vertical coordinates 
1.48y m= , 2.00 m , 2.50 m , 3.00 m , 3.50 m , 4.00 m , 4.50 m , 5.00 m  on 

vertical lines, located at: a) 0.55x m=  (canister wall); b) 0.70x m= ; and c) 
0.85x m=  (rock wall). 

 
The gas pressure development induced by gas injection shows a sharp front (Figure 120). The gas 
pressure evolution indicates that some points far from the injection zone do not show any response while 
other respond sharply as the gas front arrives. Actually, the arrival of the gas at certain points can be 
observed clearly and the sharp gas increase occurs at points at larger distances with a certain delay in 
time. This is observed in both gas injection events.  The process is similar in figures a), b), c) although the 
three figures correspond to points near the canister (a), points near the rock (c) and points at half distance 
between canister surface and borehole wall (b). 
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Figure 121 Evolutions of horizontal stresses xxσ  (MPa) at several points in the bentonite. 

Figure 121 shows the evolution of horizontal stresses. At early times, stresses develop induced by 
swelling of the clay blocks. At 650 days total stresses increase as the water pressure is increased under 
fully saturated conditions. Total stresses respond at the water pressure test at 870-900 days. The injection 
of gas and the corresponding gas pressure development induces some desaturation of the porous 
materials. This implies some suction development and the associated contraction. This contraction under 
nearly confined condition produces total stress decrease 
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 a)   

 

 

x= 0.50 , y=  4.00         
x= 0.50 , y=  3.00         
x= 0.50 , y=  2.00         
x= 0.50 , y=  1.00         

  

b) 

 

 

x= 0.70 , y=  4.50         
x= 0.70 , y=  3.50         
x= 0.70 , y=  2.50         
x= 0.70 , y=  1.50         

  

Figure 122 Evolutions of normal stresses nσ  (MPa) (continuous lines) and gas pressures gp  
(MPa) (dashed lines) at several points in the bentonite: a) near the canister; 
and b) at the center of horizontal interfaces. 

 
In Figure 122 gas pressure and total stress normal to interfaces are represented together for points near the 
canister a) and for points along the horizontal interfaces b). It can be observed that gas pressure evolves 
below the normal stress during most of the process but there are some exceptions. This happens when the 
gas pressure increases sharply and manages to overcome the normal stress values. 
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Figure 123 Evolutions of vertical displacements yu  (m) of the canister and of the lid. 

The vertical displacement of the canister (Figure 123) is a consequence of the different processes of water 
pressurization, gas injection, swelling and contraction of the blocks. In contrast the lid shows a small 
vertical movement as a constant stress on top has been assumed.     
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6.3 Conclusions 
The Large scale gas injection test (Lasgit) is located in the Äspö Hard Rock Laboratory (Sweden) at 420 
m of depth. After excavating a vertical cylindrical deposition hole (8,5 m in length and 1.75 m in 
diameter) in the rock, a modified SKB-3 canister (4.835 m in length and 1.05 m in diameter) was laid 
down, surrounded by compacted bentonite bricks and the existing gaps were filled with bentonite pellets. 
A concrete plug was poured to close the deposition hole and a steel lid anchored to the rock was placed to 
simulate the backfill of the gallery over the deposition hole. After an initial hydration phase, a series of 
both liquid and gas injection tests were conducted, the first allowing to determine properties of the buffer 
and the latter simulating gas generation due to canister corrosion. The response of the bentonite buffer 
and other test components measured by the multiple sensors installed was recorded over several years. 
 
The Lasgit test has been modeled using the framework of multiphase flow in deformable porous media, 
whereby a solid phase (with 1 species: clay mineral), a liquid phase (with 2 species: water and air) and a 
gas phase (with 2 species: water and air) were considered. Equilibrium with respect to phase changes of 
both water and air species were assumed to hold, and to be governed by the psychrometric and Henry’s 
laws. Saturation was governed by a van Genuchten water retention curve. Motions of the liquid and gas 
phases were governed by generalized Darcy’s laws and motions of the water and air species within the 
liquid and gas phases were governed by generalized Fick’s laws. A generalized form of Terzaghi’s 
effective stress principle was used. Whereas the buffer material (compacted bentonite bricks and 
bentonite pellets interfaces), concrete plug and the steel canister were modeled as continua, the 
surrounding rock, the steel lid and the anchors were taken into account as boundary conditions. For the 
bentonite bricks and the bentonite pellets interfaces, a version of the Barcelona Basic Model for 
unsaturated clayey materials with a deformation-dependent intrinsic permeability law was used. Finally, 
the test input protocol, including the hydration phase and the liquid and gas injection tests, was taken into 
account as boundary conditions. Calculations were made using CODE_BRIGHT, a FEM code developed 
at the Geotechnical Engineering Department of the UPC. 
 
Though the model involved some simplifications, the main coupled processes taking place in the 
bentonite buffer as a result of the application of the test protocol are believed to be properly taken into 
account. The deformation-dependent intrinsic permeability law allowed to model gas break-through along 
the buffer. The model was able to reproduce the opening and closing of the bentonite pellets interfaces. In 
general, the main features of the bentonite buffer recorded by the test instrumentation were reproduced.  
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7 Experimental investigation of migration of hydrogen 
through compacted bentonite  

7.1 Abstract 
This contribution describes the results of experimental investigation of migration of hydrogen through 
compacted bentonite conducted under conditions in which  compacted bentonite was used to close the 
corrosion cell in which hydrogen was generated by reaction of iron with water. These experiments were 
lately supplemented by experiments with migration of hydrogen from a hydrogen reservoir with constant 
pressure.   The flux of hydrogen through bentonite was determined from change of volume measured by 
LVTD Displacement Transducer. The experiments were conducted at elevated temperatures to accelerate 
hydrogen generation rates. In some of the experiments the backpressure was increased to values 
corresponding approximately to pressures in deep geological repositories (5 MPa). Most of the 
experiments were conducted with Czech bentonite acquired from deposit Rokle, but some of the 
experiments were performed with bentonites of Wyoming type (MX-80, Volclay KWK 20-80). The 
hydraulic conductivities of bentonites of Wyoming type were almost one order of magnitude lower than 
bentonites from deposit Rokle.  
It was found that hydrogen can pass through compacted bentonite first slowly by diffusion and after 
achieving some pressure by fast advection. The greater is density of bentonite the greater is pressure 
needed for hydrogen to break through compacted, saturated  bentonite. In most of the experiments the 
paths formed during breakthrough very quickly closed and the pressure started almost immediately to 
increase again. Usually the breakthrough pressures at the further breakthrough cycles were lower that the 
first breakthrough pressure. Sometimes the formed pathway did not close during the duration of the 
experiments which usually finished due to the consumption of water for reaction with iron powder. The 
pathways often did not close in experiments with back pressure. The breakthrough pressure in 
experiments with backpressure was greater than the breakthrough pressure without backpressure, but the 
increase was lower than the sum of these two pressures.  
 The diffusion coefficients were estimated from the phase just before breakthrough in which a sufficient 
hydrogen concentration gradient was created to detect the change of volume or from the flux of hydrogen 
through bentonite from a hydrogen reservoir with constant pressure. The effect of pressure gradient was 
neglected when estimating diffusion coefficients.  The values of diffusion coefficients of  Ca, Mg 
bentonite from Rokle deposit  were almost one order of magnitude lower than diffusion coefficients for 
Na bentonite of Wyoming type. The difference in diffusion coefficients corresponded roughly to the 
difference in hydraulic conductivities.  It can be assumed that the diffusion coefficients measured without 
pressure gradient would be lower.  
In experiments with constant pressure the flux of hydrogen through bentonite samples compacted to 
lower density (1400 kg/m3) decreased during the experiments. It suggests that the pressure of hydrogen 
can lead to the compaction of low density samples.  
It was impossible to get the same results in various experiments conducted otherwise under the same 
conditions. This suggests that the initial heterogeneities in bentonite samples can significantly affect the 
breakthrough of hydrogen through compacted bentonite. Probably these heterogeneities can contribute 
also to the observed fact that in some of the experiments opened pathways did not close immediately after 
breakthrough. The pressure from generated hydrogen was sufficient to maintain the pathway open for 
some time. This could lead under some conditions, after canister failure, to increased release of some 
radionuclides through bentonite from canister zone to the geosphere.  
 

7.2 Introduction 
One of the most important barriers in deep geological repositories, compacted bentonite, has different 
safety functions in various stages of repository evolution.    In the first stage it should prevent penetration 
of flowing water to waste packages and protect waste packages against mechanical disturbances.  In the 
second phase, after waste package failure, compacted bentonite should prevent fast migration of 
radionuclides into the rock environment. These safety functions can be jeopardized by hydrogen 
generated by anaerobic corrosion of waste packages. Hydrogen can accumulate between waste packages 
and highly impermeable bentonite and after increasing pressure exerted by hydrogen above some strength 
limits, it could   adversely affect the functional properties of bentonite. Understanding of hydrogen 
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migration through compacted bentonite is therefore very important for evaluation of safety of deep 
geological repositories.  
The first experimental investigation of gas migration through compacted bentonite was performed almost 
30 years ago by Pusch, 1983, 1985. He found that gases percolates through a number of narrow passages 
that are formed when the gas pressure is sufficiently high. The conductivity of nitrogen in compacted 
bentonite is lower than conductivity of hydrogen at the same bentonite density. But no definite 
conclusions could be made because only 1 experiment with hydrogen against 7 experiments with nitrogen 
has been carried out.  He also noticed that there is difference if the pressure of gas is increased 
successively or is constant. According to Push,1985 successively increased pressure with small 
increments produces a “pseudo-critical pressure” which is higher than the critical pressure obtained at 
large pressure steps. Since that time a large number of experiments and analyses (Vockaert, 1995,  Hokari 
et al., 1995, Tanai, 1997, Horseman et al, 1996, 1997, 1999,  Gallé, 2000, Graham,2002, Ortiz et al, 2002,  
Push, 1987, Harrington et al., 2003, Sellin and Harrington, 2006) were conducted, but no of the 
experiments were performed with hydrogen.  
UJV Řež, a.s. in the 7th framework EURATOM project FORGE decided to utilise the equipment 
developed first for measuring hydrogen generation rates to investigating hydrogen migration through 
compacted bentonite to contribute to a deeper understanding of this topic.  In the first experiments 
compacted bentonite was used to close the corrosion cell in which hydrogen was generated by reaction of 
iron with water. These experiments were lately supplemented by experiments with constant pressure of 
hydrogen from a hydrogen reservoir.     

7.3 Experimental 
The scheme of device used for investigating migration of hydrogen through compacted bentonite is 
shown in Figure 124. Hydrogen was generated by corrosion of  iron powder (Alfa Aesar A Johnson 
Matthey Company (< 10 micron, 99.9+% (metal basis), surface 0.205 m2/g)  at 70 °C.    The value of 
surface of 30 g of powder iron used for experiments is about 6 m2. Average hydrogen generation rate for 
the first 10 days was about 85 ml/m2/day and then decreased for averaged 22 ml/m2/day.  The change of 
volume caused by hydrogen evolution and its passing through compacted bentonite was measured by 
LVTD Displacement Transducer. The pressure source for holding a constant pressure was a heavy piston, 
moving in mutually interconnected pressurized cylindrical vessels with a rolling membrane (Brůha and 
Pelech, 1989). In some of the experiments the backpressure was increased to values corresponding 
approximately to pressure in deep geological repositories (5 MPa).  
 
  

 
Figure 124 Scheme of device for measuring hydrogen migration generated form corrosion 

of iron 
Scheme of the device for determining hydrogen migration through compacted bentonite under constant 
pressure from a hydrogen reservoir with constant pressure is shown in Figure 125. The constant pressure 
was hold by Haskel Pump, Model MS-21. The way of determining the rate of hydrogen was the same as 
described for the device shown in Fig. 1.   
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Figure 125 Device for measuring hydrogen migration from a hydrogen reservoir under 

constant pressure (P – pump, W –plexi window, NT – needle valve, V – 
volume gauge) 

 
The characteristics of bentonites used in experiments are given in the following Table 7-1. 
 

Table 7-1 Composition of bentonites (percentage of oxides) 
Oxide Rokle 

raw  
Rokle 
Sabenil 
75 

Volclay 
KWK 
20-80 

MX-807

SiO2 

 

48.06 51.91 61.75 59.58 
Al2O3 14.73 15.52 20.5 18.9 
TiO2 3.98 2.28 0.22 0.2 
Fe2O3 11.97 8.89 3.87 3.91 
FeO 1.50 2.95 1.02  
MnO 0.13 0.108 0.01 0.02 
MgO 2.21 2.22 2.58 2.56 
CaO 4.88 4.6 0.94 1.39 
Na2O 0.30 1.21 2.08 1.95 
K2O 1.09 1.27 0.59 0.60 
P2O5 0.80 0.4 0.22 0.085 
S 0.03 0.09 -  
CO2 1.12 5.15 0.33  
 
 
Most of the experiments were conducted with crushed raw Czech bentonite acquired from deposit Rokle, 
fraction 0 – 2 mm, compacted to density of 1600 kg/m3.  The hydraulic conductivities of bentonite 
samples measured  during  sample saturation are given in Table 7-2.  
 

                                                      
7 Svensson et al, 2011 
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Table 7-2 Hydraulic conductivities of bentonite samples 
Bentonite Dry 

density 
Saturation 
pressure 

Coefficient of 
permeability 

  [kg.m-3] [MPa] [m.s-1] 
Rokle raw 1600 15 1.4E-13 
Rokle Sabenil 
B-75 

1600 15 1.8E-13 

Volclay KWK 
20-80 

1600 15 3.0E-14 

MX 80 1600 15 4.2E-14 
 
Tested samples had diameter of 30 mm and thickness 15 mm.  Some of the samples in experiments with 
constant pressure described in Fig. 2 had dimension 100 mm diameter and 20 mm thickness.   

7.4 Results and discussion 
Typical dependences of pressure increase due to the accumulation of hydrogen over time for various 
types of bentonite (Rokle, Volclay KWK 20-80, MX-80) compacted to the same density are shown in 
Figure 126 and Figure 128.  It ca be seen that the pressure increases until some pressure value 
(breakthrough pressure) at which hydrogen can quickly proceed through saturated bentonite. The largest 
values of breakthrough pressure (14 MPa) were reached for MX-80 bentonite.   
The time of the first breakthrough depends on density of bentonite (Figure 129). For bentonite of dry 
density of 1600 kg/m3 the first breakthrough is reached after 5 to 7  days. The times for further 
breakthroughs is usually much shorter (1 to 2 days). The pressure at the first breakthrough is usually the 
highest and decreases in further breakthrough cycles.  Some experiments were repeated under the same 
conditions, but it was difficult to obtain precisely the same results.  It supports the hypothesis that the 
character of gas penetration depends on heterogeneity of bentonite and the nature of initial defects in 
bentonite samples (Delahay and Alonso, 2002).   
The experiments were finished usually either due to the consumption of water in corrosion cells or by 
formation of some stabile pathways through bentonite.  After dismantling the experiments it was possible 
to see that the layers of bentonite in contact with hot hydrogen were dry.   Sometimes even the iron in the 
corrosion cell was almost dry. For some samples (e.g. Figure 127)   some pressure plateau before the 
breakthrough was formed.  It indicates an increase of volume before breakthhrough caused either by the 
deformation of bentonite  and/or desaturation of bentonite in layer in contact with hydrogen.     
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Figure 126 Hydrogen breakthrough pressure curves for samples of bentonite Rokle  of 

density 1600 kg/m3 

 
Figure 127 Breakthrough curve for Wyoming type bentonite (Volclay KWK 20-80) with 

dry density 1600 g/cm3  
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Figure 128 Breakthrough curve for Wyoming type bentonite (MX-80) with dry density 

1600 kg/m3 
 

 
Figure 129 Hydrogen breakthrough curves for bentonite Rokle raw of various density 
 
In some of the experiments back pressure of 5 MPa simulating the hydrostatic pressure 500 m 
underground was applied (Figure 130).  
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Figure 130 Breakthough curve for bentonite Rokle (1600 kg/m3) with backpressure 5 MPa 

((The first increase of pressure seen in Figure 129 was caused by increasing 
temperature in corrosion cell.) 

It can be seen that after the breakthrough, the pressure (blue line) decreased only very slowly due to slow 
release of hydrogen through some preferential pathway (violet line), which did not close after 
breakthrough during the time of the experiment. Gas generation was sufficient enough to maintain 
pressure within the pathways to prevent their closure due to swelling pressure.  
Details of slow penetration of hydrogen through bentonite Volclay KWK-20-80 compacted to density 
1600 kg/m3 and bentonite Rokle compacted to the same density before the first breakhrough are given in 
Figure 131 and Figure 132.  Hydrogen flux just before the breakthrough is probably caused by diffusion.   
If we suppose that before breakthrough, the concentration of hydrogen entering bentonite in water phase 
corresponds to the pressure of hydrogen according to Henry law. Then with the assumption of almost zero 
concentration of hydrogen at atmospheric pressure,   diffusion coefficient for Volclay KWK-20-80 is 2.9 
x 10-11 m2s-1 (Figure 130) and diffusion coefficient for Rokle bentonite  3.7 x 10-10 m2s-1 (Figure 131). The 
difference in diffusion coefficients corresponds roughly to differences in hydraulic conductivities 
measured during saturation of samples (Table 7-2). The estimates of diffusion coefficients are affected by 
neglecting advection part of migration of hydrogen caused by pressure gradient evolved before 
breakthrough.   
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Figure 131 The change of pressure and volume due release of hydrogen for Volclay KWK 

20-80 before the first breakthrough 
 
 

 
Figure 132 The change of pressure and volume due release of hydrogen for Rokle type 

bentonite before the first breakthrough 
 
Hydrogen flow for bentonite Rokle of density 1400 and 1600 kg/m3 under constant pressure for hydrogen 
reservoir can be seen in Figure 133 and Figure 134.  
 

0

20

40

60

80

100

120

140

0 2000 4000 6000 8000 10000 12000

t [min]

p 
[b

ar
]

-1

-0.5

0

0.5

1

1.5

2

2.5

V
 [m

l]

Pressure Volume Regression

-2

0

2

4

6

8

10

12

14

0 2000 4000 6000 8000 10000 12000

t [min]

V
 [

m
l]

0

20

40

60

80

100

120

p
 [

at
m

]

Volume Regression Pressure



  173  
 

 
Figure 133 Hydrogen flow through compacted, saturated bentonite (Rokle) at hydrogen pressure 

of 8 MPa 
 
The measurable hydrogen flux for a larger sample (yellow line in Figure 133) started immediately after 
the pressure of 8 MPa was applied. The rate of hydrogen flux through bentonite increased until 
breakthrough after 3 days. The average flux of hydrogen 2.5 x 10-8 m3/m2s derived from linear part of the 
curve corresponds to diffusion coefficient of 3.4 x10-10 m2s-1. This value is almost the same value as the 
value derived from the experiment shown in Fig. 9.   In the case of the smaller sample (green line) the 
measurable hydrogen flux started later, approximately after 2 days.  The flux of hydrogen 9 x 10-8 m3/m2s 
corresponded to diffusion coefficient 9 x 10-10 m2s-1. The time of breakthrough was in the case of smaller 
sample 4 days.  
It can be seen  in Figure 134 that the behaviour of bentonite  compacted to 1400 is different from the 
behaviour of samples of density 1600 kg m-3 or 1800 kg m-3. No detectable flow of hydrogen was reached 
for samples of dry density 1800  kg m-3. The bentonite of density 1400 kg/m3 is apparently further 
compacted by pressure of hydrogen so that  in the beginning after exerting the pressure,  the flux of 
hydrogen by diffusion through the sample was much higher than in further phase. No such effect was 
seen for the sample of density 1600 kg m-3. The flux   of hydrogen was almost linear over time. Small 
increase of hydrogen flux at the end of the experiment was connected with increase of pressure to 6 MPa 
and then to 7.5 MPa.  The breakthrough occurred immediately after increasing pressure at 7.5 MPa. The 
differences in diffusion coefficients for samples of various densities could suggest that diffusion is 
affected by advection due to pressure gradient.   
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Figure 134 Comparison of flow of hydrogen through bentonite compacted to 1400 and 1600 

kg/m3 at constant hydrogen pressure 5.5 MPa 
 
It was impossible to get the same results in various experiments conducted otherwise under the same 
conditions. This suggests that the initial heterogeneities in bentonite samples can significantly affect the 
breakthrough of hydrogen through compacted bentonite. Probably these heterogeneities can contribute 
also to the observed fact that in some of the experiments opened pathways did not close immediately after 
breakthrough. The pressure from generated hydrogen was sufficient to maintain the pathway open for 
some time. This could lead under some conditions to increased release of some radionuclides through 
bentonite from canister zone to the geosphere.  
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8 Contribution of CIEMAT to WP3 final report 
8.1 Acknowledgements 
The laboratory work was performed by Ramón Campos and Juan Aroz, from CIEMAT. Vanesa 
Gutiérrez-Rodrigo had a grant for research personnel training from CIEMAT.  

8.2 Introduction 
This report includes the work performed by CIEMAT in WP3.2 “Gas permeability and breakthrough 
pressure as a function of dry density, water content and pressure in buffer materials”, WP3.3 “Gas 
transport through joints between buffer blocks and between host rock/buffer” and WP3.4.3 “Concrete 
laboratory experiments”. All the laboratory work included was performed at CIEMAT facilities and the 
detailed results can be found in the following reports and deliverables: 
− Villar, M.V., Martín, P.L., Romero, F.J., Gutiérrez-Rodrigo, V. & Barcala. J.M. 2012. Gas and water 

permeability of concrete. Informes Técnicos CIEMAT 1261. Octubre 2012. CIEMAT, Madrid, 45 pp. 

− Villar, M.V., Gutiérrez-Rodrigo, V., Martín, P.L., Romero, F.J. & Barcala. J.M. 2012. Results of the 
tests in bentonite (Part 2). FORGE Deliverable 3.27. Technical Report CIEMAT/DMA/2G207/7/12. 
Madrid. 

The results have also been presented at the following Conferences:  
Villar, M.V.; Martín, P.L.; Romero, F.J., Barcala, J.M. & Gutiérrez-Rodrigo, V. 2012. Gas transport 

through bentonite: influence of dry density, water content and boundary conditions. In: Skoczylas, 
F.; Davy, C.A.; Agostini, F. & Burlion, N. (eds.): Propiétés de Transfert des Géomatériaux. 
Transfert 2012, Actes du Colloque: 379-389. 

Gutiérrez-Rodrigo, V.; Villar, M.V.; Martín, P.L. & Romero, F.J. 2012. Determinación de las 
propiedades de transporte de gas en bentonita. Macla 16: 126-127. 

Villar, M.V.; Gutiérrez-Rodrigo, V.; Martín, P.L. & Romero, F.J. 2012. Gas transport through saturated 
bentonite and interfaces. ANDRA 5th International Meeting Clays in Natural and Engineered 
Barriers for Radioactive Waste Confinemet. Abstracts, pp 704-705, GPTP/5. Montpellier, 22-25 
October 2012. 

Villar, M.V.; Gutiérrez-Rodrigo, V.; Martín, P.L.; Romero, F.J. & Barcala, J.M. 2013. Gas Permeability 
and Breakthrough Pressures of FEBEX Bentonite. FORGE Final Symposium. Luxembourg, 5-7 
February 2013. 

Villar, M.V.; Martín, P.L.; Romero, F.J.; Gutiérrez-Rodrigo, V. & Barcala, J.M. 2013. Gas and water 
permeability of concrete. FORGE Final Symposium. Luxembourg, 5-7 February 2013. 

Part of this work is a contribution to the understanding of the behaviour of concrete barriers in surface 
disposal facilities, in particular in the Spanish disposal facility of El Cabril, where the low and 
intermediate-level radioactive waste containers are placed inside concrete cells on the soil surface. The 
durability of concrete and its mechanical properties are intrinsically bound to moisture transport effects, 
especially when it is subjected to repeated wetting and drying regimes. Thus, gas permeability 
measurements were performed in concrete samples of different degrees of saturation under low gas 
pressure and gradient (<0.1 MPa) in an unsteady-state equipment and under variable confining, injection 
and backpressures (in the range 0.1-1.6 MPa) in a steady-state permeameter. 
The other aim of the participation of CIEMAT in WP3 of FORGE was the determination of the gas 
transport properties of saturated compacted bentonite and its interfaces as part of the engineered barrier 
system in a deep geological repository of radioactive waste. The buffer material used in the tests was the 
Spanish FEBEX bentonite. 

8.3 Material 

8.3.1 Concrete 
The concrete used was manufactured at the C.A. El Cabril in the form of cylindrical blocks casted in PVC 
molds of different sizes, following the procedures used to manufacture the disposal cells. The samples 
were cured at El Cabril at ambient temperature, and once at CIEMAT they were kept in a high-RH 
atmosphere (wet chamber) and at room temperature (Villar et al. 2009). The concrete had a characteristic 
strength of 350 kp/cm2, with a water/cement ratio of 0.43 and a consistency of 14 cm. Its average pore 
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size was 0.03 µm (Zuloaga 2008). The specific weight of solid particles of the concrete was 2.68. The 
concrete composition included OPC. 

The pore size distribution of the concrete was obtained by mercury intrusion porosimetry in some 
lyophilised fragments. The percentage of pores of diameter smaller of 2 nm (micropores) was 39±7 and of 
those larger than 50 nm (macropores) was 49±5. The pore mode was around 92±13 nm, and the porosity 
about 10 percent. 

8.3.2 Bentonite 
The FEBEX bentonite was extracted from the Cortijo de Archidona deposit (Almería, Spain) and the 
processing at the factory consisted of disaggregation and gently grinding, drying at 60°C and sieving by 5 
mm. The physico-chemical properties of the FEBEX bentonite, as well as its most relevant thermo-hydro-
mechanical and geochemical characteristics obtained during the projects FEBEX I and II are summarised 
in the final reports of the project (ENRESA 2000, 2006). 

The montmorillonite content of the FEBEX bentonite is above 90 wt.% (92±3 %). The smectitic phases 
are actually made up of a smectite-illite mixed layer, with 10-15 wt.% of illite layers. Besides, the 
bentonite contains variable quantities of quartz (2±1 wt.%), plagioclase (3±1 wt.%), K-felspar (traces), 
calcite (1±0.5 wt.%), and cristobalite-trydimite (2±1 wt.%).  

The cation exchange capacity is 102±4 meq/100g, the main exchangeable cations being calcium 35±2 
meq/100g, magnesium 31±3 meq/100g and sodium 27±1 meq/100g. The predominant soluble ions are 
chloride, sulphate, bicarbonate and sodium. 

The saturated hydraulic conductivity of compacted bentonite samples is exponentially related to their dry 
density. For a dry density of 1.6 g/cm3 the saturated permeability of the bentonite is about 5·10-14 m/s at 
room temperature, with deionised water used as percolating fluid. The swelling pressure of compacted 
samples is also exponentially related to the bentonite dry density, and when the bentonite at dry density of 
1.6 g/cm3 is saturated with deionised water at room temperature, the swelling pressure has a value of 
about 6 MPa. 

Some isothermal infiltration tests and heat flow tests at constant overall water content were performed 
during the FEBEX I project (ENRESA 2000, 2006) and they were backanalysed using CODEBRIGHT. 
The experimental data were fitted using a cubic law for the relative permeability and a value of 0.8 for the 
tortuosity factor. 

8.4 Methodology 
Different kinds of tests were performed: gas permeability tests in concrete and bentonite, breakthrough 
tests in bentonite and tests in interfaces (bentonite/bentonite and granite/bentonite). The gas permeability 
tests were performed in the same setup (steady-state permeameter) for the concrete and the bentonite. In 
addition, gas permeability tests in the concrete were performed in an unsteady-state permeameter. 

8.4.1 Gas permeability 
No sample used in this investigation was completely dry (0% water content) during the determinations 
and therefore the intrinsic permeability could not be directly obtained from the measurements performed, 
since to determine the intrinsic permeability with air flow the sample must be completely dry. In order to 
obtain completely dry samples it would have been necessary to dry them in the oven at 110°C and this 
would have caused changes in the microstructure and consequently in the hydraulic properties of the 
materials. When there are two fluids present in the porous material (gas and water in this case), the 
permeabilities of each fluid depend upon the saturation of each fluid: these are called effective 
permeabilities. Hence the value obtained in the determinations (apart from the gas permeability, kg) is the 
intrinsic permeability measured with gas flow, kig, multiplied by the relative permeability to gas, krg. The 
relative permeability to gas is the ratio of the effective permeability of gas at a particular saturation to the 
absolute permeability of gas at total gas saturation, i.e. in completely dry material, where the krg value 
would be 1. 
The cylindrical concrete samples casted at El Cabril were cut to fit the cell dimensions and to obtain 
perfectly parallel surfaces on top and bottom. The specimens thus prepared had diameters of 35 or 50 mm 
and heights between 40 and 70 mm. These samples were allowed to air dry and their gas permeability was 
measured in several moments along the drying process. The same samples were also water saturated to 
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determine in them the hydraulic conductivity and then allowed to air dry again, measuring the gas 
permeability at different moments during this second drying process. A total of 10 samples were used, 
whose average dry density value was 2.31±0.04 g/cm3.  
Gas permeability was measured in specimens of compacted FEBEX bentonite. Prior to compaction 
(several days earlier), the granulated bentonite was mixed with different quantities of deionised water, in 
order to obtain water contents of between 18 and 22%. Cylindrical samples of 3.8 cm diameter and 7.8 
cm height were obtained by uniaxial compaction of the wet bentonite. Compaction pressures of between 
30 and 152 MPa were applied to manufacture specimens of dry densities of between 1.4 and 1.8 g/cm3. 
The cylindrical samples (concrete or bentonite) were placed in a triaxial cell confined between two porous 
stones and wrapped in two latex membranes, between which vacuum grease was applied in order to 
prevent the loss of gas. The cells had methacrylate walls and were capable of withstanding pressures up to 
3 MPa. They had three inlets drilled in the base, one for the sample bottom drainage/backpressure, one for 
the sample top injection pressure, and another one for the confining pressure. The same cells were used 
with the steady-state and the unsteady-state permeameter. 
 
Unsteady-state method 
This method was only applied for the determination of gas permeability in concrete. A pressure was 
applied to the chamber of the triaxial cell, high enough to ensure perfect adherence of the latex 
membranes to the walls of the sample (this pressure may have an influence on the permeability value 
obtained, and was usually of 0.6 MPa). The inlet at the lower part of the sample was connected to an 
airtight tank of known volume, in which nitrogen gas was previously injected at a pressure slightly higher 
than atmospheric. The tank was instrumented with a pressure sensor, connected to a data acquisition 
system, which recorded the pressure of the fluid contained inside. The inlet at the upper part of the sample 
was left open to the atmosphere. The test consisted in allowing the air in the tank to go out to the 
atmosphere through the specimen, while the decrease in pressure in the tank was measured as a function 
of time. The tests were performed at constant, room temperature. 
The permeability to gas was calculated in accordance with the following equation (Yoshimi & Osterberg 
1963): 
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where kg is the permeability to gas (m/s), V the volume of the tank (m3), L the length of the sample (m), A 
the surface area of the sample (m2), ρg the density of the gas (kg/m3), Patm is atmospheric pressure (N/m2), 
P0 is the excess of pressure over atmospheric pressure in time t0 (s) and P(t) is the excess over 
atmospheric pressure in the tank in time t. The volume of the spherical tank used was 2.21·10-2 m3 and the 
gas used for the tests was nitrogen, for which a density of 1.12 kg/m3 was taken. The pressure of the tank 
on test initiation was fixed at values close to 103 kPa, since keeping the properties of the gas constant 
throughout the test requires that it not be subjected to high pressures. 
Taking into account the dynamic viscosity of nitrogen (µg, 1.79·10-5 Pa·s), the following relation between 
permeability to gas (kg, m/s) and the product of intrinsic permeability measured with nitrogen gas (kig, m2) 
times the relative permeability to gas (krg) is obtained: 
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Steady-state method 
The setup to perform gas permeability measurements was designed to work as a constant head 
permeameter under different gas pressures, allowing the change of the head value, the control of the 
confining pressure and the measurement of the gas inflow and outflow (Figure 135). The triaxial cell was 
filled with water and pressurised with nitrogen, which was separated from the water in the cell through an 
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elastic membrane contained in a pressure accumulator capable of withstanding pressures of up to 33 MPa. 
The injection and downstream pressures could be independently varied and kept constant by gas forward 
pressure controllers during the period of time necessary to get steady flow. Different range gas mass 
flowmeters measured the inward and outward flows. Nitrogen gas was used as fluid.  
The system applied the pressures to the sample and registered flow and pressures from the measurement 
devices. In and outflow gas rates, up and downstream pressure, temperatures and the confining pressure 
were monitored. 

 
Figure 135: Schematic diagram of the setup for the gas permeability tests before 

modification (CF: coalescing filter; FPC: forward pressure controller; BPC: 
back pressure controller; MFM: mass flowmeter (1000 mLn/min: 1&6; 100 
mLn/min: 2&5; 10 mLn/min: 3&4); black arrow: water line for confining 
pressure) 

After all the gas permeability measurements were performed, the setup was modified and divided into 
two separate measurement lines that were used for the breakthrough tests and for the tests in interfaces. In 
the new version of the setup, the backpressure was kept atmospheric and only the gas outflow was 
measured (by means of different range gas flowmeters). 
To compute the permeability the inflow or outflow measurements can be used, applying the following 
equation for incompressible media with compressible pore fluids (Scheidegger 1974): 
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where Qm is the measured flow (volume of fluid as a function of time), A is the sample surface area, µg is 
the fluid dynamic viscosity, L is the sample length and Pup and Pdw are the upstream and downstream 
pressures applied at the top (inlet) and the bottom (outlet), respectively, of the sample, and Pm is the 
pressure of the measured flow (in our case, due to the STP conditions of the gas mass flowmeters, the 
atmospheric pressure). In turn gas permeability, kg, can be computed taking into account the gas density 
and viscosity change with upstream or downstream pressures (P) and using Equation 2. 
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At the end of the tests, the specimens were measured and weighed and the water content was determined 
by oven-drying at 110°C for 48 h. 

8.4.2 Breakthrough tests 
To perform these tests cylindrical bentonite samples were obtained by uniaxial compaction and saturated 
with deionised water inside stainless steel cells (Figure 136). Saturation with deionised water was 
accomplished by applying injection pressures from 0.2 to 1.0 MPa (depending on the dry density). Once 
saturated the cells were weighed and the bentonite specimen indirectly measured, the filters on top and 
bottom of the samples were replaced by dry ones, the cells were again closed, and they were connected to 
a setup specially designed to measure breakthrough pressure (Figure 137). It consisted of two stainless 
steel deposits connected to the ends of the cell and equipped with pressure transmitters. Vacuum was 
applied to the downstream deposit (the one at the bottom of the sample) and the other one was pressurised 
with nitrogen gas to 400 kPa. If no changes in pressure were recorded during 24 h, the injection pressure 
was increased by 200 kPa and kept constant for 24 h. The process was repeated until gas started to flow 
through the sample, causing a decrease of pressure in the upstream deposit and an increase in the 
downstream one. 

 
Figure 136: Schematic cross-section and appearance of the breakthrough cells 

 
Figure 137: Setup for measurement of breakthrough pressure in bentonite 

Although, these tests were not intended to measure permeability, after breakthrough in the setup just 
described, the flow of gas under the imposed pressure gradient could be measured from the decay of the 
pressure difference across the sample with elapsed time, as in a variable head permeameter. The 
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computation of permeability from the pressure decrease was performed then applying Equation 3, which 
became (Villar et al. 2012b): 
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where ∆P is the pressure change, Pav is the average pressure (upstream or downstream) in the deposit 
(inlet or outlet) during the time interval considered, and Vv is the volume of the upstream or downstream 
deposits, which was about 50 cm3. In this kind of tests the pressure of the measurement Pm and the 
average pressure of the interval Pav are the same. 
At the end of the tests, the bentonite specimens were measured and weighed and the water content and 
dry density at three different levels along the cylindrical specimens was determined. To determine the dry 
mass the samples were oven-dried at 110°C for 48 h, and to compute the dry density, the volume of the 
same specimens was determined by immersing them in mercury prior to drying. 

8.4.3 Tests in interfaces 
These tests were carried out to check the gas transport performance of the interfaces between bentonite 
and between bentonite and granite once the materials were saturated. Consequently, the first step was the 
preparation of the interfaces and their saturation. 
 
Bentonite/bentonite interfaces 
The samples for tests on bentonite blocks interfaces were prepared by uniaxially compacting cylindrical 
specimens that were later longitudinally cut with a saw (Figure 138). The clay was compacted with its 
hygroscopic water content to dry densities between 1.6 and 1.8 g/cm3. After cutting the cylinders, the 
halves were put together inside stainless steel cells of 3.8 cm internal diameter and 5 cm height (Figure 
136) with geotextile on top and bottom. The cutting process implied mass loss, and consequently a 
reduction in overall dry density. Saturation took place with deionised water through both ends under 
injection pressures from 0.2 MPa to 1.0 MPa, depending on the bentonite dry density. 
After saturation, the procedure followed for the gas breakthrough tests was the same described in section 
8.4.2, and the experimental setup was that shown in Figure 137. 

   
Figure 138: Appearance of sample BTJ17_38 prepared for bentonite interfaces testing 

Granite/bentonite interfaces 
For the granite/bentonite interface a preliminary test was performed in a methacrylate cell (tests GB1). A 
granite core of 5.2 cm in diameter and 6.6 cm in height was longitudinally cut in two halves, what 
resulted in rough granite surfaces. One of the halves was glued to the cell with an epoxy adhesive (Figure 
139, left). Additionally, bentonite samples of 5.0 cm diameter and 2.2 cm height were obtained by 
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uniaxial compaction of the clay. They were longitudinally cut in two halves using a Brazilian test 
apparatus. Those halves of the most appropriate size and consistency were stacked inside the methacrylate 
cell (Figure 139, right). Porous stones were placed on top and bottom and the cell was closed with 
stainless steel covers. Saturation proceeded from the bottom with deionised water, initially under a low 
pressure. 
Once saturated the cells were dismounted and weighed, to check the final bentonite water content, the 
porous filters were replaced by dry ones, and the cell was closed again. The sample was tested for gas 
breakthrough in a modified version of the setup described in section 8.4.1. In the new version of the 
setup, the backpressure was kept atmospheric and only the gas outflow was measured (by means of 
different range gass flowmeters).  
The 5-cm internal diameter cells described in the previous section (Figure 136) were also used for the 
granite/bentonite interface tests. The samples were prepared following the same procedure as for the 
methacrylate cell (except that several layers of geotextile were used as saturating interface, instead of 
porous stones) and they were saturated with deionised water injected at pressures from 0.1 to 0.6 MPa. In 
test GB3 the bentonite was initially compacted with its hygroscopic water content at a dry density of 1.6 
g/cm3 and in test GB4 at a dry density of 1.8 g/cm3. The procedure followed for the gas breakthrough 
tests once the samples were saturated was similar to that described in section 8.4.2. 

  
Figure 139: Preparation of the preliminary test for granite/bentonite interface GB2 

8.5 Results in concrete 
Unsteady-state method 
The aim of these tests was to determine the influence of concrete water content and degree of saturation 
on its gas permeability. To this point the same specimen was measured several times after taking it out of 
the wet chamber, letting it dry at laboratory conditions between the different measurements. In this way 
the change of gas permeability during drying was evaluated. The same samples were later water saturated 
to determine in them the saturated permeability and then let air dry again while the gas permeability was 
measured. Conversely, some specimens were first water saturated and the gas permeability was measured 
afterwards during air drying, and later after a second water saturation and air drying. 
The results are shown in Figure 140 as a function of water content for all the samples tested. The gas 
permeability increased with the water content diminution and it was systematically lower (for the same 
water content) when the concrete had been previously saturated (up to an order of magnitude). Gas 
permeability of concrete was between 1.6·10-9 and 4.8·10-12 m/s or between 1.8·10-15 and 2.5·10-18 m2 if it 
is expressed as kig·krg, for water contents between 0.5 and 4.3 %, corresponding to degrees of saturation of 
between 9 and 86 %. Of course, the longer the drying time the higher the gas permeability, because the 
water content decreased on drying, but it appears that after approximately 300 days drying, the gas 
permeability did not change, probably because an equilibrium water content (Figure 141) and a chemical 
equilibrium with the atmosphere were reached. 
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Figure 140: Concrete gas permeability (kig·krg) as a function of water content during air 
drying (samples with an s in the reference were previously water saturated) 

 
Figure 141: Evolution of water content during drying of the concrete samples (samples 

with an s in the reference were previously water saturated) 
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Overall, the permeability of samples that were not previously saturated was higher than that of those 
previously saturated. After saturation, the gas permeability tended to decrease, although this decrease was 
not so clear if the samples had been air dried before saturation. This can be seen in Figure 142, where the 
results have been grouped according to the hydraulic history of the samples and fit to exponential curves 
that relate gas permeability (kg, m/s) and water content (w, %): 

Not previously saturated:  kg = 3·10-10 e-0.17w   
     [5] 

Saturated after air drying:  kg = 2·10-10 e-0.65w   
     [6] 
Previously saturated:  kg = 1·10-10 e-0.92w   
     [7] 

Also, the permeability increase on drying seemed more acute in samples that were previously saturated. 
In this figure the values under the reference “saturated after air-drying” correspond to samples that had 
been saturated after air drying once, twice or thrice. Nevertheless, the number of wetting/drying cycles 
did not seem to affect the value of gas permeability. 
The gas permeability is also usually related to the accessible void ratio of the material, which is computed 
as e(1-Sr). These values are plotted in Figure 143, where it can be observed that the accessible void ratios 
of the samples tested are below 0.15, which is high if we take into account that the average void ratio of 
these concrete samples was 0.16. The relationship between permeability and accessible void ratio in 
samples not previously saturated is not clear, but for the other samples, there is a clear trend for the 
permeability to increase as the accessible void ratio does. 

 
Figure 142: Change of gas permeability (kg) with water content for samples with different 

hydraulic history 
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Figure 143: Change of gas permeability (kg) with accessible void ratio for samples with 

different hydraulic history 

Steady-state method 
Some of the samples measured with the unsteady-state method were also measured in the steady-state 
equipment, in order to analyse the influence of boundary conditions such as injection, confining and 
backpressures, on the value of permeability. It was checked that for a given sample and test step the gas 
outflow was equal to the gas inflow, and thus the effective permeability calculated was the same 
irrespective of the flow (in or out) used to compute it. However, when gas permeability was calculated 
taking into account the fluid properties (i.e. the permeability in m/s), the gas permeability upstream was 
usually slightly higher than downstream, up to a maximum of one order of magnitude when the upstream 
and downstream pressures were very different. This was due to the variation of the fluid properties with 
pressure and gave an idea of the possible range of variation of gas permeability inside the sample due to 
the gas pressure gradient. 
The boundary conditions affected the gas permeability values, and they seemed to be mostly conditioned 
by the backpressure and the confining pressure, increasing as the former increased and decreasing as the 
latter increased, i.e. decreasing as the effective pressure increased. Overall the increase of pressure head 
or injection pressure –when the other conditions remain the same– implied a decrease in gas permeability, 
although this effect was less significant when the pressure head was high. Consequently, all the values 
obtained with the unsteady-state equipment were higher than those obtained with the steady-state one, in 
which the confining and injection pressures applied were higher. 
Figure 144 and Figure 145 show examples of the decrease of gas permeability as the injection and 
confining pressures increased for a given effective stress and Figure 146 of the change of permeability 
with confining pressure. 
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Figure 144: Evolution of gas permeability (kig·krg) for sample 3 (test PG3_7, ρd=2.36 g/cm3, 

w=2.2%) as confining and injection pressure increased while backpressure 
remained atmospheric 

 
Figure 145: Gas permeability (kig·krg)  obtained for sample 5 (test PG5_8, ρd=2.32 g/cm3, 

w=0.9%) under changing injection and confining pressures and atmospheric 
backpressure 
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Figure 146: Gas permeability (kig·krg) for sample 9 in Phase 2 of test PG9_2 (ρd=2.32 g/cm3, 

w=1.1%). Atmospheric backpressure, confining and injection pressures 
decreased simultaneously 

8.6 Results in bentonite 

8.6.1 Gas permeability 
Gas permeability was measured in samples compacted at dry densities of between 1.4 and 1.8 g/cm3 with 
water contents between 18 and 22%, corresponding to  initial degrees of saturation between 62 and 97%. 
The gas pressures applied during the tests were those shown in Figure 147, with a maximum injection 
pressure of 0.8 MPa and a maximum confining pressure of 1.0 MPa, which was well below the expected 
swelling pressure. It was checked that for a given sample and test step the gas outflow was equal to the 
gas inflow, and thus the gas permeability calculated as kig·krg was the same despite the flow (in or out) 
used to compute it. However, when gas permeability was calculated taking into account the fluid 
properties (i.e. the permeability in m/s), the gas permeability upstream was usually slightly higher than 
downstream, up to a maximum of one order of magnitude when the upstream and downstream pressures 
were very different. This was due to the variation of the fluid properties with pressure and gives an idea 
of the possible range of variation of gas permeability inside the sample due to the gas pressure gradient. 
Test FBX16 was performed in a stainless steel cell in order to be able to apply higher injection pressures, 
since the sample had a very high water degree of saturation. The backpressure was kept atmospheric all 
through the test, while the confining and injection pressures followed the path shown in Figure 148. 
A summary of the characteristics of the tests performed is given in Table 8-1, where the initial and final 
dry density (ρd), water content (w), degree of saturation (Sr) and accessible void ratio (e(1-Sr)) are shown, 
along with the average permeability value obtained with the gas outflow for all the steps in which 
backpressure was atmospheric. The differences between the initial and final conditions were due to 
progressive decompression of the samples (since they were compacted applying very high pressures). 
These values are plotted in Figure 149 grouped by the initial water content. The decrease of gas 
permeability with dry density was substantial, several orders of magnitude for an increase of dry density 
from 1.5 to 1.8 g/cm3. The effect of water content was not very noticeable due to the fact that the range 
tested was not broad, however, higher water content samples tended to have lower permeabilities. In fact, 
the samples could be separated in two widespan groups: those with water contents around 18% and those 
with water contents around 20%, which is the separation considered in the rest of the report.  
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Figure 147: Pressure paths followed during the gas permeability tests PGFBX3 to 

PGFBX14 

 
Figure 148: Pressure path followed during the gas permeability test FBX16. Backpressure 

was kept atmospheric 
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Table 8-1: Summary of the gas permeability tests performed in bentonite 

Reference Initial ρd 
(g/cm3) 

Initial w 
(%) 

Initial Sr 
(%) 

Final ρd 
(g/cm3) 

Final w 
(%) 

Final Sr 
(%) e(1-Sr) kg (m/s) 

kig·krg 
(m2) 

PGFBX1 1.51 13.1 45  14.1 48 0.43 7.3·10-9 1.1·10-13 
PGFBX2 1.40 21.3 62  21.4 62 0.36 8.8·10-8 8.6·10-14 
PGFBX3 1.68 18.2 81 1.68 16.7 74 0.11 1.4·10-9 2.0·10-15 
PGFBX4 1.76 18.4 93 1.73 17.7 89 0.04 1.2·10-10 1.7·10-16 
PGFBX5 1.80 17.7 96 1.73 19.4 93 0.02 2.3·10-12 3.4·10-18 
PGFBX6 1.78 18.6 97 1.74 18.9 93 0.01 4.7·10-12 7.0·10-18 
PGFBX7 1.76 17.8 90 1.72 18.1 86 0.05 4.2·10-11 6.2·10-17 
PGFBX8 1.78 18.1 94 1.72 19.3 91 0.03 2.2·10-12 3.4·10-18 
PGFBX9 1.76 19.0 96 1.71 19.9 92 0.02 5.5·10-12 8.3·10-18 
PGFBX10 1.62 22.7 92 1.55 22.1 80 0.06 3.4·10-9 4.7·10-15 
PGFBX11 1.65 18.4 78 1.62 17.9 73 0.14 1.5·10-9 2.3·10-15 
PGFBX12 1.70 18.3 85 1.68 18.4 81 0.09 1.9·10-10 2.8·10-16 
PGFBX13 1.76 17.6 89 1.73 17.7 85 0.06 2.3·10-11 3.6·10-17 
PGFBX14 1.78 18.5 97 1.72 19.7 93 0.02 8.4·10-12 1.3·10-17 
PGFBX16 1.78 18.7 97 1.61 21.4 85 0.01 1.1·10-13 1.9·10-19 

 
The permeability values obtained during Stage 1 (Figure 147) are plotted in Figure 150. The effect of dry 
density, and particularly degree of saturation, on gas permeability was very clear, both for the samples 
with water content 18% and 20%. The same comment could be made for the values obtained during Stage 
3, in which the confining pressure was 1.0 MPa instead of 0.6 MPa. For the samples with water content 
20%, the increase in the degree of saturation from 80 to 90% gave place to a decrease in permeability of 
three orders of magnitude. In the range of pressures tested, no effect of the injection pressure on the 
permeability value obtained was observed. 

 
Figure 149: Average gas permeability (shown in Table 8-1) for different water contents as a 

function of bentonite dry density 
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Figure 150: Gas permeability measured during Stage 1 for samples of average water 

content 20% (left) and 18% (right). The dry density of the samples is 
indicated in the legends in g/cm3 

The effect of the confining pressure on permeability was checked during Stage 2, in which the confining 
pressure was increased from 600 to 1000 kPa, while the injection and backpressure were constant. In test 
FBX14 the confining pressure was increased up to 1200 kPa. For the range of pressures tested in this 
series of tests, the confining pressure did not affect the permeability value, probably because it was well 
below the swelling pressure.  
Test FBX16 was performed in a cell that allowed the application of higher confining and injection 
pressures, since the initial degree of saturation was very high (97%) and the permeability expected very 
low. It was observed that each time the confining pressure was increased, the permeability value 
decreased slightly. This decrease could be attributed to the increase in effective pressure resulting from 
the confining pressure increase while injection pressure was unchanged. In fact, for each confining 
pressure, as the injection pressure was increased, the permeability value increased also, due to the 
decrease in effective pressure. In any case, the changes observed were small. Since the initial degree of 
saturation of tests FBX14 and FBX16 were the same, the permeability values, which were obtained under 
very different pressure conditions (lower for test FBX14 than for test FBX16), can be compared (Figure 
151). Gas permeability tended to decrease with the increase in effective pressure, without major changes 
as confining pressure was varied. However, the change from the low to the high range of confining (and 
consequently effective) pressure, did imply an almost 2-order of magnitude decrease in gas permeability. 
The effect of backpressure on permeability was tested during Stage 4 and 5 of the tests (Figure 147). The 
gas permeability values obtained during these stages are shown in Figure 152. The increase in 
backpressure implied a decrease in effective pressure and consequently an increase in gas permeability. 
As explained above, this effect is not observed when the gas permeability is expressed as kig·krg, i.e. 
without taking into account the fluid properties. 
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Figure 151: Comparison of gas permeability obtained in tests FBX14 and FBX16 (initial 

Sr=97%) for different effective pressures. Backpressure was atmospheric 

  
Figure 152: Effect of effective pressure on gas permeability measured during Stages 4 and 

5 for samples of average water content 20% (left) and 18% (right). The dry 
density of the samples is indicated in the legend in g/cm3 

8.6.2 Breakthrough tests 
The breakthrough tests were performed in samples previously saturated in stainless steel cells to which 
progressive higher gas pressures were applied at one end while the other end was under vacuum. Once the 
breakthrough was achieved, gas flow through the sample was allowed until the pressures in the two 
deposits stopped changing. There was no further water supply once the gas pressures started to be 
applied. Test HP18_38 was performed in a different setup following a slightly different procedure, and 
that is why the summary of results is presented in two parts. 
 
Test HP1.8_38 
A sample of 7.8 cm in height and 3.8 cm in diameter was saturated with deionised water inside a stainless 
steel jacket by applying injection pressures on top and bottom of 600 kPa for 225 days. The initial dry 
density and water content of the sample were 20% and 1.72 g/cm3, respectively. The water content at the 
end of the saturation phase was 28.2%, and the density probably decreased, due to the vertical 
deformation allowed which was not measured. 
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For the gas breakthrough test the jacket with the sample inside was placed in a frame to avoid vertical 
deformation of the bentonite. The gas injection pressure on top was increased from 2.2 to 10 MPa in 0.2-
MPa steps while backpressure at the bottom was atmospheric. Each step was held for between 24 and 72 
h. No outflow was recorded in any of the steps. An injection pressure of 10 MPa was kept for 40 days 
without any outflow being recorded. The sample was then inverted, so that to apply the gas pressure 
through the opposite end. Again a gas pressure of 10 MPa was applied and kept for 98 days with no 
measurable flow on the opposite end. The injection pressure was then increased from 10 to 15.5 MPa in 
0.5-MPa steps applied every 24 h. At this pressure value breakthrough was achieved and the outflow 
suddenly increased as the injection pressure decreased. The whole pressure and flow evolution during the 
test is shown in Figure 153, and the detail of the breakthrough episode in Figure 154. 
After breakthrough permeability could be computed either from the outflow, using Equation 3, or from 
the pressure decrease in the upstream vessel (volume 300 cm3), using Equation 4, and both calculations 
coincided quite well. The values obtained are plotted in Figure 155. The increase of permeability over 
time can be attributed to the progressive drying of the sample due to the gas flow. In fact, the final water 
content of the bentonite was 22.6% and the dry density 1.67 g/cm3. 

 
Figure 153: Injection pressure and outflow during test HP18_38 
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Figure 154: Injection pressure and outflow during the breakthrough episode in test 

HP18_38 

 
Figure 155: Evolution of gas permeability after breakthrough as computed from the gas 

outflow (Equation 3) and from the pressure decrease in the upstream deposit 
(Equation 4) 
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Tests in small samples 
In addition to the test just presented, a series of stainless steel cells were used to perform gas 
breakthrough tests in 5-cm high specimens of saturated bentonite (Figure 136). The bentonite was 
compacted inside the cell with its hygroscopic water content to different nominal dry densities. The tests 
followed these phases: 
1. Saturation of the bentonite with deionised water by applying injection pressures of 0.2 or 0.6 MPa. 

This pressure was sometimes increased to values of up to 1.0 MPa. The water intake during the 
saturation phase was checked by weight difference. Once saturated the filters through which 
saturation had been accomplished were removed and replaced by dry filters before moving the cells 
to the setup shown in Figure 137. 

2. An initial pressure of 0.4 MPa was fixed in the upstream deposits, while a vacuum of 260 mbar-a was 
applied to the downstream deposits. The pressure in the upstream deposit was increased every 24 h by 
0.2 MPa until breakthrough occurred. Then flow through the sample was allowed until the pressures 
in both deposits stopped changing or the rate of pressure decrease stabilised. Gas permeability could 
be computed from these pressure changes using Equation 4. Once flow stopped, the pressure in the 
downstream deposit was decreased every 24 h by 0.2 MPa, in order to increase the hydraulic head. 
Once breakthrough occurred again the pressures in the two deposits were again let stabilise. This 
process was sometimes repeated or either the pressure in the upstream deposit was increased to 
provoke a new breakthrough. 

3. After flow stopped, the cells were removed from the setup, weighed and set for resaturation. After 
this phase the samples were weighed and measured and the filters replaced by dry ones. 

4. The cells were moved to the gas breakthrough setup and the procedure described in bullet 2 repeated. 

Finally the cell was dismounted, the samples extracted, weighed, measured, and the dry density and water 
content were determined in three levels along them. 
The details of the tests finished so far are given below. In the Tables, the gas permeability values given 
correspond to the average of the values computed from the pressure increase and decrease once they were 
stable. 

Table 8-2: Results of test BT1.5_50 

Phase Duration 
(days) w (%) ρd 

(g/cm3) Sr (%) Saturation/BT 
P (MPa) kg (m/s) kig·krg 

(m2) 
1. Saturation 154 30.5 1.39 88 0.6-0.8-1.0  154 

2. Gas breakthrough 64 29.3 1.39 84 7.1 7.6·10-20 64 

3. Resaturation 153 31.3 1.39 90 1.0  153 

4. 2nd gas breakthrough 68 29.4 1.40 86 
7.5 6.1·10-19 - 

1.9·10-21 68 

0.3 7.2·10-20- 
4.3·10-20  

aPermeability did not stabilise after breakthrough, the range of values computed is given 
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Table 8-3: Results of test BT1.5_38 

Phase Duration 
(days) w (%) ρd 

(g/cm3) Sr (%) Saturation/BT 
P (MPa) kg (m/s) kig·krg (m2) 

1. Saturation 174 27.9 1.51 95 0.6-1.0  1. Saturation 

2. Gas breakthrough 200 27.5 1.51 94 

9.1 
1.7·10-18 - 
3.8·10-21 

2. Gas 
breakthrough 

9.3 
3.0·10-20 - 
2.6·10-23  

8.2 
2.9·10-21 - 
1.3·10-22  

3. Resaturation 100 29.2 1.53 103 1.0  3. 
Resaturation 

4. 2nd gas breakthrough 172 28.8 1.51 99 

7.0 
4.6·10-16 - 
4.8·10-19 

4. 2nd gas 
breakthrough 

7.0 
1.7·10-16 - 
9.8·10-20  

6.7 
3.0·10-18 - 
3.1·10-21  

 

Table 8-4: Results of test BT1.4_50 

Phase Duration 
(days) w (%) ρd 

(g/cm3) Sr (%) Saturation/BT 
P (MPa) kg (m/s) kig·krg 

(m2) 
1. Saturation 79 35.2 1.36 97 0.6  79 

2. Gas breakthrough 64 35.0 1.36 97 1 2.0·10-20 64 

3. Resaturation 54 37.1 1.36 102 0.8-1.0  54 

4. 2nd gas breakthrough 132 35.9 1.36 99 

2.9 
6.7·10-20 - 
7.6·10-22 132 

1.5 
1.9·10-21 - 
5.0·10-22  

1.6 
3.6·10-21 - 
1.4·10-21  

 

Table 8-5: Results of test BT1.4_38 

Phase Duration 
(days) w (%) ρd 

(g/cm3) Sr (%) Saturation/BT 
P (MPa) kg (m/s) kig·krg 

(m2) 
1. Saturation 82 31.0 1.42 93 0.6  82 

2. Gas breakthrough 251 30.9 1.42 93 5.2 4.3·10-22 251 

3. Resaturation 113 32.2 1.47 103 0.6  113 

4. 2nd gas breakthrough 107 31.4 1.46 100 
6.6 1.1·10-18 - 

1.2·10-19 107 

4.2 3.1·10-21 – 
3.5·10-22  

 
Figure 156 shows the evolution of pressures in both deposits during Phase 2 of test BT1.5_50. The 
breakthrough was quite sudden. The evolution of gas permeability as computed with Equation 4 from the 
pressure changes in the deposits after breakthrough is shown in Figure 157. At the beginning of 
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breakthrough the permeability decreased quickly and stabilised, eventually increasing significantly, which 
can be due to the drying of the sample due to the gas flow. 

 
Figure 156: Evolution of pressure in the upstream and downstream deposits during Phase 

2 of test BT1.5_50 
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Figure 157: Evolution of pressure in the upstream and downstream deposits after 

breakthrough in Phase 2 of test BT1.5_50 and permeabilities computed from 
it 

Figure 158 shows the evolution of pressures in both deposits during Phase 2 of test BT1.5_38 and the 
evolution of gas permeability as computed with Equation 4 from the pressure changes in the deposits after 
breakthrough. After the first breakthrough the pressures in both deposits stabilised in less than two hours, 
and afterwards the pressure in the downstream deposit was stepwise reduced down to 140 kPa. Since no 
flow was detected, the pressure in the upstream deposit was progressively increased until flow was 
established again, what happened for the same hydraulic head as before. The flow gradually decreased 
and remained very low for a long time, indicating that the gas pathways remained partly open. In order to 
increase the hydraulic head and foster flow, the pressure in the downstream deposit was reduced until 
flow occurred again. Figure 159 shows an enlargement of the changes in pressure in both deposits during 
the first and second breakthrough episodes. The water content had only slightly decreased, probably 
because flow only occurred for short periods of time. 
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Figure 158: Evolution of pressure in the upstream and downstream deposits during Phase 

2 of test BT1.5_38 and permeabilities computed from it 

 
Figure 159: Evolution of pressure in the upstream and downstream deposits during the 

first and second breakthrough episodes in Phase 2 of test BT1.5_38 

Figure 160 shows the evolution of pressures in the upstream and downstream deposits during Phase 2 of 
test BT1.4_38 and the evolution of gas permeability as computed with Equation 4 from the pressure 
changes in the deposits after breakthrough. The dispersion of data can be explained by the uncertainty of 
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the measurement systems when the flow is very low and affected by temperature changes. Figure 161 
shows an enlargement of the changes in pressure in both deposits during the breakthrough episode. 

 
Figure 160: Evolution of pressure in the upstream and downstream deposits during Phase 

2 of test BT14 _38 and permeabilities computed from it 

 
Figure 161: Evolution of pressure in the upstream and downstream deposits during the 

breakthrough episode in Phase 2 of test BT1.4_38 
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8.6.3 Tests in interfaces 
Bentonite/bentonite interfaces 
The samples for these tests were prepared according to the procedure described in section 0 and the 
detailed phases followed were the same described in 0. One of the samples was compacted at dry density 
1.7 g/cm3 (test BTJ17_38) and the other one at 1.8 g/cm3 (test BTJ18_38). Upon cutting and placing in the 
stainless steel cell, due to mass loss the dry density of the bentonite decreased considerably, to a value of 
1.51 g/cm3 in the first case and below 1.68 g/cm3 in the second one. Saturation brought a new density 
reduction, due to the swelling of the bentonite and the slight deformation allowed by the cell. Hence the 
density of the samples in which the breakthrough tests were performed could be as low as 1.42 g/cm3 and 
1.52 g/cm3, respectively. For test BTJ18_38 these values have to be checked upon dismantling. Figure 
162 shows the appearance of sample BTJ17_38 upon dismantling at the end of the test. The interface 
looked perfectly sealed, despite the fact that the initial opening was quite large (Figure 138). A lower 
density along the interface is to be expected, although this was not checked. 

  
Figure 162: Appearance of sample BTJ17_38 at the end of the test 

The evolution of pressure in the upstream and downstream deposits during the breakthrough test 
BTJ18_38 are shown in Figure 163. The breakthrough pressure value obtained was higher for the higher 
density sample (8.2 vs. 2.7 MPa). In both cases the second breakthrough took place at a lower pressure 
(6.1 and 1.4 MPa, for the high and low density samples, respectively), what could indicate that the 
interface remained a weakness zone even after gas flow almost stopped. It must be taken into account that 
the BT tests were performed without water supply, for which reason the interface could not completely 
seal after the first breakthrough. The Figure shows also the permeabilities computed with Equation 4, 
which decreased over time due to the flow reduction. 
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Figure 163: Evolution of pressure in the upstream and downstream deposits during Phase 

2 of test J18 _38 and permeabilities computed from it 

Granite/bentonite interfaces 
The preliminary test GB1 was carried out according to the procedure described in section 0. The dry 
density of the bentonite inside the cell was 1.56 g/cm3. The bentonite had initially a water content of 17% 
and after saturation for 181 days, under a very low pressure (a 21-cm water column) for the first 69 days 
and under a pressure of 0.2 MPa afterwards, the water content was of 31.1%. The progress of saturation 
can be seen in Figure 164. 
The cell was then dismounted to change the porous filters by dry ones and a gas breakthrough test started 
in the modified version of the setup described in section 8.4.1. A nitrogen gas pressure of 0.2 MPa was 
initially applied on the top surface, while the pressure at the bottom was atmospheric. The gas outflow 
was continuously monitored. Afterwards, the injection pressure was increased in 0.1-MPa steps. No gas 
outflow or pressure decrease was observed until the injection pressure reached 0.7 MPa. Then the gas 
outflow increased as the injection pressure decreased, indicating the breakthrough of the interface (Figure 
165). The outflow stopped because the gas deposit was exhausted. After a few hours the test was restarted 
and breakthrough took place for an injection pressure of 0.3 MPa. The water content at the end of the test 
was 29.7%, and the drying along the interface was clearly visible. 
After this gas breakthrough test the cell was resaturated through the bottom surface under a low water 
pressure (21-cm high column) for 50 days and tested again for gas breakthrough following the same 
pressure path as before. For a second time breakthrough took place at an injection pressure of 0.7 MPa. 
After breakthrough the air flowed through the sample for 48 h, what caused drying of the sample to an 
average water content of 21.1%. This flow took place under an average hydraulic head of 10 kPa, and the 
permeability computed from it considering that flow took place through the bentonite surface was 1.2·10-8 
m/s. However, the flow probably occurred along the interface. In fact, upon dismantling it was observed 
that the interface between the bentonite and the granite was particularly dry and the bentonite had slightly 
retracted along it (Figure 166). 
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Figure 164: Evolution of saturation in the granite/bentonite interface test GB1 (12 days, 

left; 153 days, right) 

 
Figure 165: Breakthrough measurement in the granite/bentonite interface test GB1 
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Figure 166: Appearance of the granite/bentonite interface after the second gas 

breakthrough in test GB1 

The bentonite used in test GB3 was compacted at a dry density of 1.6 g/cm3. The cylindrical specimen 
was cut longitudinally and put together with a semi-cylinder of granite inside a stainless steel cell. The 
granite/bentonite set was saturated for 342 days initially with a water column and then under an injection 
pressure of 0.4 MPa. Afterwards, the saturated sample –in which the granite/bentonite interface seemed 
perfectly sealed (Figure 167)– was moved to a triaxial cell in which a confining pressure of 1.5 MPa was 
applied. A pressure of 0.2 MPa was applied to the upwards deposit and increased by 0.1 MPa every 24 h. 
From the beginning of the test a very small flow occurred, but the actual breakthrough did not take place 
until the pressure head was of 0.9 MPa. Once flow was established, the increase of hydraulic head, either 
by decreasing the downstream pressure or by increasing the upstream one, gave place to an increase of 
the flow rate. The gas flow continued for 142 days, until the sample was removed from the gas BT setup 
for resaturation. The actual dry density of the bentonite during the test has to be checked upon 
dismantling, but it would surely be lower than 1.6 g/cm3, the density at which the bentonite cylinder was 
compacted. 

  
Figure 167: Appearance of bentonite/granite sample GB3 after saturation 
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8.7 Discussion 

8.7.1 Concrete results 
Analysis of the Klinkenberg effect 
In gas flow through permeable materials with small pores, the mean free path of the molecules (that is, 
the mean distance between kinetic collisions) may become comparable to the pore size. The viscous drag 
is no longer transferred completely to the pore walls and the flow behaves as though there were slippage 
at the gas-solid interface. It is acknowledged that this would lead to the measured permeability becoming 
a function of pressure and to an overestimation in the permeability known as the gas slippage or the 
Klinkenberg effect. It is corrected for by making permeability measurements with gas at multiple pressure 
differences and constructing a graph of the measured apparent permeability (kig·krg) against the reciprocal 
of the mean pressure in the samples. The mean pressure (Pmn) is the average of the upstream (Pup) and 
downstream (Pdw) pressures in Equation 3. The points should lie on a straight line which intersects the y-
axis at 1/Pmn = 0. This value effectively represents the permeability at which the gas is compressed by 
infinite pressure and becomes a near perfect liquid and is known as Klinkenberg apparent permeability. 
This method was applied for the tests performed with the steady-state equipment, in which different 
upstream and downstream pressures were applied to measure gas permeability. The results were grouped 
according to the effective pressure applied and an example of the relations found is shown in Figure 168. 
The Figure shows in addition the effect of effective pressure on permeability, which clearly decreased 
when it reached values around 1000 kPa. The apparent permeability values obtained applying the 
Klinkenberg method are plotted in Figure 169 and shown in Table 8-6, along with the average of all the 
permeability values measured for a given effective confining pressure and the value obtained for the same 
samples with the unsteady-state equipment. The Klinkenberg apparent permeability obtained for a given 
effective pressure was only slightly smaller (by an average factor of 1.5) than the average of all the values 
measured for the same effective pressure range. This would mean that the injection and backpressures 
applied did not have a large influence on permeability. For this reason it is considered that the 
Klinkenberg effect was not relevant in the range of pressures applied. 

 
Figure 168: Measured permeability versus inverse of mean pressure (Pmn) for tests PG3_7 

(left) and PG7_3 (right) 
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Figure 169: Gas permeability obtained applying different back and injection pressures for 

different ranges of effective pressure, calculated as an average of all the 
measurements or applying the Klinkenberg method. The measurements were 
performed in samples of different water contents and dry densities (Table 
8-6) 

Table 8-6: Average gas permeability values obtained with the steady-state method for 
different effective pressures and values corrected for the Klinkenberg effect. 
The values obtained with the unsteady-state method for the same samples are 
also indicated 

Test ρd (g/cm3) Final w 
(%) 

Effective P 
(kPa) 

Average 
kig·krg (m2) 

Klinkenberg 
kig·krg (m2) 

Low P 
kig·krg (m2) 

PG3_6 2.36 1.6 246-407 9.1·10-17 1.0·10-17  

PG3_7 2.36 2.2 
971-1124 1.7·10-17 1.4·10-17 

1.2·10-16 
1146-1363 1.7·10-17 2.0·10-17 

PG5_6 2.32 1.9 224-558 1.7·10-17 1.3·10-17 1.3·10-16 

PG5_8 2.32  0.9  
452-754 8.1·10-17 3.3·10-17 

3.5·10-16 
892-1347 3.0·10-17 1.9·10-17 

PG7_3 2.30 1.2 
466-967 5.7·10-17 2.4·10-17 

3.7·10-16 
1018-1587 4.9·10-17 2.9·10-17 

PG9_2 2.32 1.1 
379-883 2.0·10-15  

 
1034-1436 7.1·10-16 7.4·10-16 
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Intrinsic and relative permeability 
The intrinsic permeability depends just on the material characteristics, and its value can be obtained either 
with a liquid in the saturated material or with gas in the completely dried material, provided that the fluid 
does not interact with the material. However, if the fluid modifies the characteristics of the material, the 
value of intrinsic permeability obtained could be altered. The gas permeability measurements performed 
did not allow to derive the intrinsic permeability, since the specimens were not completely dry. Drying 
the samples in the oven down to zero water content would have implied modifying their microstructure, 
and this is why they were just air dried to get different water content values. An indirect method to derive 
intrinsic permeability from gas permeability measurements was presented in Villar (2002) and Villar & 
Lloret (2001), and was applied to the measurements shown above.  
Figure 142 showed the gas permeability change with water content for samples with different hydraulic 
history. This parameter presented a better correlation with the permeability values obtained than 
accessible pore volume or degree of saturation. If in Equations 5 to 8 the water content is taken as 0, the 
gas permeability of the dry concrete, which cannot be obtained through direct measurement because of 
the impossibility of drying completely the samples without modifying their microstructure, would be 
estimated. Then, the intrinsic permeability of concrete measured with air flow could be obtained through 
Equation 2, considering krg equal to 1, since the degree of liquid saturation would be 0. The values thus 
obtained are shown in Table 8-7. 
The intrinsic permeability obtained for the three groups of samples are of the same order of magnitude 
amongst them and two orders of magnitude higher than the value obtained in saturated samples with 
water flow (4·10-18 m2, Villar et al. 2012a), what is the expected result, since water reacts with the cement 
paste and can hydrate the anhydrated cement and change the chemical equilibria by dissolution, leaching 
and/or precipitation of calcite (if the latter is carbonated). This alteration is probably irreversible, since the 
gas permeability of previously saturated samples is lower than that of samples not previously saturated. 
Saturation after air drying implies a slight increase in gas permeability. The gas slippage or Klinkenberg 
effect is usually invoked as the reason for the difference between gas and water permeabilities but, as 
shown in the previous section, this effect was not relevant in our tests. Since the gas permeability depends 
on porosity, microstructure geometry and connectivity of pores, cracking during the drying process prior 
to gas permeability measurement was also invoked as an additional reason for the differences between gas 
and liquid water permeabilities (Baroghel-Bouny 2007). However, the modification of the microstructure 
during drying, with the formation of microcracking by shrinkage, seems to take place just on the surface 
of concrete, and would not contribute to a faster drying inside the concrete, on the contrary, the moisture 
would decrease extremely slowly deeper inward (Ryu et al. 2011, Asamato et al. 2011), as the time 
needed by the samples used in this study to reach an equilibrium water content at room conditions showed 
(Figure 141). Consequently, during the gas permeability tests, flow could take place preferentially along 
the potentially altered external surface of the samples. 

Table 8-7: Values of gas permeability and of intrinsic permeability deduced with gas flow 
from the correlations shown in Figure 142 (Equations 6, 7 and 8) 

Hydraulic history kg0 (m/s) kig (m2) 

Not previously saturated 3·10-10 5·10-16 

Previously saturated 1·10-10 2·10-16 

Saturated after air drying 2·10-10 3·10-16 

 
If we substitute the intrinsic permeability values of Table 8-7 in Equation 2 for each test we would obtain 
the relative gas permeability value for each measurement. The values thus computed are plotted in Figure 
170 as a function of the degree of saturation for the different hydraulic histories. The following potential 
correlations were found: 

Not previously saturated:   krg = 1.2 Sr
-0.16   

   [8] 

Previously saturated:    krg = 12.3 Sr
-1.24 

     [9] 



  208  
 

Saturated after air drying: krg = 39.5 Sr
-1.46  [10] 

It is clear that the change of relative gas permeability with degree of saturation is more acute for samples 
previously saturated, whereas for samples not previously saturated the change of relative gas permeability 
with degree of saturation is not so significant and their relative gas permeability is distinctly higher for 
degrees of saturation above 20%. 
The drying down to an equilibrium water content at room conditions for the samples used in this study, 
which had volumes between 40 and 130 cm3, took about 300 days (Figure 141), being faster when the 
water content was still high. This is usually attributed to the movement of water by capillarity when 
moisture is high in opposition to the slower diffusion-controlled movement of water for low water 
contents (Selih et al. 1996). 

 
Figure 170: Relative gas permeability of concrete as a function of degree of saturation for 

different hydraulic histories 

8.7.2 Bentonite results 
Analysis of the Klinkenberg effect 
The method described in the beginning of section 8.7.1 and applied for the measurements in concrete was 
also applied to the tests performed in bentonite with the steady-state equipment, in which different 
upstream and downstream pressures were applied to measure gas permeability. The results were grouped 
according to the effective pressure applied and an example of the fittings found is given in Figure 171. 
The slopes of the fittings were in general very small, because the influence of the mean pressure on the 
permeability value was not significant. In some cases the slope was even negative, which invalidates the 
apparent permeability value obtained with this method, since it would be higher than the average of all 
the measurements obtained under different pressure conditions. Nevertheless, the apparent permeability 
values obtained applying the Klinkenberg method have been plotted in Figure 172, along with the average 
of all the permeability values measured in each sample for a given effective pressure. The Klinkenberg 
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apparent permeability values obtained for a given effective pressure were on average the same as the 
average of all the values measured for the same effective pressure range. This would mean that the 
injection and backpressures applied did not have a large influence on permeability. For this reason it is 
considered that the Klinkenberg effect was not relevant in the range of pressures applied. 
Figure 171 shows in addition that the effect of effective pressure on gas permeability was not always 
remarkable, and in many cases the same fitting was valid for the different effective pressures, probably 
due to the fact that they were well below the bentonite swelling pressure. 

 
Figure 171: Measured permeability versus inverse of mean pressure (Pmn) for tests 

PGFBX9 (left) and PGFBX12 (right) 

 
Figure 172: Gas permeability obtained applying different back and injection pressures for 

different ranges of effective pressure, calculated as an average of all the 
measurements or applying the Klinkenberg method. The measurements were 
performed in samples of different water contents and dry densities (Table 
8-1) 
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Intrinsic and relative gas permeability 
During the FEBEX project, the gas permeability of samples of FEBEX bentonite compacted to different 
dry densities with different water contents was measured in a falling head permeameter under gas 
injection pressures just slightly above atmospheric, thus much lower than those used for the samples 
tested in FORGE. It was found that the gas permeability was best correlated to the accessible porosity. 
Those results are plotted in Figure 173, in which the new results have also been plotted (Table 8-1). The 
samples tested during FEBEX had lower degrees of saturation than those tested in FORGE, because the 
low injection pressures applied then did not allow for gas flow under high degrees of saturation. The new 
results obtained with highly saturated samples agree with those obtained in less saturated samples and 
with low injection pressure during FEBEX, and all of them fit in the new correlation shown in the Figure. 
A similar correlation can be found for the kig·krg value: 

kig·krg = 1.25·10-12 (e(1-Sr))3.22     
      [11] 

 
Figure 173: Gas permeability as a function of the accessible porosity for FEBEX samples 

tested during the FEBEX (low injection P) and the FORGE (high injection P) 
projects 

If we made the degree of saturation 0 in Equation 11, we would obtain the intrinsic permeability value as 
a function of void ratio for the dry bentonite (kig), since the relative permeability to gas (krg) in a dry 
sample would be 1: 

kig = 1.25·10-12 e3.22      
      [12] 

These values cannot be actually measured, because the drying of the bentonite to such low degree of 
saturation would imply the modification of its microstructure by shrinkage. During FEBEX it was 
demonstrated that these intrinsic permeability values are much higher (up to 8 orders of magnitude) than 
those found for the saturated bentonite using water as permeating fluid, since the pore size distribution is 
greatly modified during hydration (Villar 2002, Villar & Lloret 2001). 
The intrinsic permeability values thus obtained were introduced in Equation 2 for each test (last column 
in Table 8-1) and then the relative permeability value for each sample tested, of a given e, was obtained. 
The values thus computed are plotted in Figure 174 as a function of the void ratio. They are very low 
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because the degrees of saturation of the samples were very high, and it was found during FEBEX that the 
decrease of gas permeability for degrees of water saturation higher than a threshold value (between 65 
and 80%, depending on the dry density) was very sharp, due to the discontinuity of the gas phase (Villar 
& Lloret 2001). Although there were not many results for each density, the relative gas permeability 
tended to be lower for higher dry densities. The values of relative gas permeability thus obtained during 
FEBEX have been plotted along with the new ones in Figure 175. Since the range of dry densities tested 
was between 1.5 and 1.9 g/cm3, there is a large dispersion of relative permeability values when they are 
plotted as a function of the degree of saturation. However, if they are plotted as a function of the 
accessible porosity, the following empirical correlation (with a r2=0.83) has been found (Figure 175, 
right): 

krg = 2.98 (e(1-Sr))2.94      
      [13] 

 
Figure 174: Relative gas permeability deduced from the new measurements as a function of 

degree of saturation for different dry densities (in g/cm3) 
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Figure 175: Relative gas permeability computed from the tests performed with compacted 

FEBEX bentonite during the FEBEX and FORGE projects 

Breakthrough pressure and effect of interfaces 
The breakthrough pressure tests were performed in bentonite samples that had been completely saturated 
in stainless steel cylindrical cells. Through these samples a gas pressure gradient was applied, initially a 
low one, and then it progressively increased until flow through the sample took place, which was 
indicated by pressure decrease in the upstream deposit and simultaneous pressure increase in the 
downstream deposit. The hydraulic head at this moment was considered the breakthrough pressure. 
During the tests, the samples did not have any further water supply, and the swelling of the bentonite was 
considered enough to guarantee that gas did not flow between the bentonite and the cell walls. 
Although only five of the tests started were completely finished, some conclusions can be drawn from the 
results available so far. The breakthrough pressure values increased clearly with dry density, and they 
were always higher than the swelling pressure of the bentonite (Figure 176). Although the results are 
preliminary (because the tests are not finished and the actual dry densities have to be checked), it seems 
that, a sealed interface along the bentonite has no effect on the breakthrough pressure values. 
The breakthrough was usually indicated by a sudden change in the pressure value of the deposits. In some 
cases, particularly when the sample had already experienced a breakthrough episode, the pressure changes 
were not so sharp. In fact, the second and third breakthroughs tended to take place at a lower pressure 
(Figure 177), what can be explained by the fact that the samples did not receive any water supply during 
the gas test, and they could slightly dry during it. After resaturation, the breakthrough pressures were 
similar to those obtained after the first saturation. 
The pressure changes were usually simultaneous in both deposits, although in some cases the pressure 
decrease in the upstream deposit occurred some time before the beginning of the pressure increase in the 
downstream deposit. The first moment could be considered the air entry and the second one the actual 
breakthrough. The hydraulic head at both moments was very similar. Besides, in most of the tests the 
pressure in the downstream deposit increased very lightly from the beginning of the test, what could be 
explained by the evaporation of the water displaced (the equilibrium water vapour pressure at 25°C is 
approximately 3 kPa). 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

Degree of saturation (%)

R
el

at
iv

e 
ga

s 
pe

rm
ea

bi
lit

y
1.4 1.5

1.6 1.7

1.8 1.9

Dry density (g/cm3)

k rg=(1-S r)
3.22

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

0 0.2 0.4 0.6

Accessible porosity, e (1-S r)

R
el

at
iv

e 
ga

s 
pe

rm
ea

bi
liy

high injection P

low injection P



  213  
 

 
Figure 176: Gas breakthrough pressure values for saturated bentonite samples compacted 

at different dry density and theoretical swelling pressure (the dry densities 
for the samples with interface have to be confirmed) 

 
Figure 177: Subsequent gas breakthrough pressures measured after saturation (Phase 2 

and 4) for samples of different dry density (indicated in Table 8-2 to Table 
8-5) 
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The gas permeability values computed after breakthrough are plotted in Figure 178. They are not clearly 
related either to dry density or to water content. This could indicate that the flow took place through 
preferential pathways and not through the bentonite matrix. Indeed the values given are only an 
estimation done considering that the flow is a two-phase flow. In any case, the permeability values are 
much lower than those measured for degrees of saturation below 93% (Figure 149). 

 
Figure 178: Gas permeability after breakthrough computed with Equation 4 in saturated 

bentonite samples of different dry density 

8.8 Summary and conclusions 
The gas pressure of concrete samples was measured in an unsteady-state equipment working under low 
injection pressures and in a newly fine tuned steady-state setup working under different pressures. These 
measurements allowed the estimation of the intrinsic and relative gas permeability of the concrete and of 
the effect of boundary conditions on them. 
Permeability decreased with water content, but it was also greatly affected by the hydraulic history of 
concrete, i.e. if it had been previously dried or wetted. In particular, and for a given degree of saturation, 
the gas permeability of concrete previously saturated was lower than if the concrete had been just air 
dried or saturated after air drying. In any case, the gas permeability was about two orders of magnitude 
higher than the liquid water permeability (10-16 vs. 10-18 m2), probably due to the chemical reactions 
taking place during saturation (carbonation). The relative gas permeability of concrete increased sharply 
for water degrees of saturation smaller than 50%. In concrete, capillarity controls the water movement 
when moisture is high, and a slower diffusion-controlled movement predominates for lower water 
contents. 
The boundary conditions also affected the gas permeability, which seemed to be mostly conditioned by 
the backpressure and the confining pressure, increasing as the former increased and decreasing as the 
latter increased, i.e. decreasing as the effective pressure increased. The decrease in gas permeability was 
particularly significant for confining pressures above 1000 kPa. Overall the increase of pressure head or 
injection pressure implied a decrease in gas permeability. The influence of confining pressure on 
permeability could suggest the existence of external microcracks, since these would tend to close as the 
confining pressure increases and the permeability would then be reduced. In fact, external microcracking 
during air-drying could not be ruled out as responsible for the decrease of permeability with confining 
pressure. 
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The apparent permeability obtained applying the Klinkenberg method for a given effective pressure was 
only slightly smaller than the average of all the values measured for the same effective pressure range. 
For this reason it is considered that the Klinkenberg effect was not relevant in the range of pressures 
applied. 
The gas permeability of the Spanish FEBEX bentonite compacted at dry densities of between 1.4 and 1.8 
g/cm3 with high water contents was measured for different confining, injection and backpressures. The 
results were compared with results obtained in previous investigations for lower degrees of saturation. It 
was checked that gas permeability was greatly affected by dry density, decreasing about three orders of 
magnitude when it increased from 1.5 to 1.8 g/cm3 for similar water content. The increase of water 
content caused also a decrease in gas permeability. It was found that both gas permeability and the 
relative gas permeability were mainly related to the accessible porosity. These relationships could be 
fitted to potential expressions with exponents between 3 and 4, as well as the relationship between 
intrinsic permeability and void ratio. 
For gas pressures below 1.2 MPa no effect of the injection or confining pressures on the value of 
permeability was detected, although when confining pressure increased from 1.0 to 3.0 MPa, the 
permeability decreased almost two orders of magnitude. For a given confining pressure the permeability 
value decreased as the effective pressure increased, especially if the increase in effective pressure was due 
to a decrease in gas backpressure.  
It was checked that the Klinkenberg effect was not significant for this material in the range of pressures 
applied in the tests. 
The breakthrough pressure values in saturated bentonite increased clearly with dry density, and they were 
always higher than the swelling pressure of the bentonite. The fact that the permeabilities computed after 
breakthrough were not related to dry density or water content would indicate that the flow did not take 
place through the bentonite matrix, but through preferential pathways that sometimes closed quickly after 
breakthrough and others remained open allowing decreasing gas flow. After resaturation of the bentonite 
the same breakthrough pressures were usually found, pointing again to the perfect healing of these 
preferential pathways. 
Consequently, gas migration would involve both two-phase flow (without significant deformation of the 
pore space) and microscopic pathway dilation. Two-phase flow seemed to take place for degrees of 
saturation lower than about 93% in compacted bentonite. The threshold pressure for gas entry into the 
bentonite was higher than the swelling pressure and seemed to be much lower than the gas pressure 
required for fracturing (macroscopically) the material. The stability of the pathways would depend on the 
degree of saturation of the samples. For not completely saturated bentonite and concrete, the gas 
pathways seemed to be stable, since for a given hydraulic gradient there was a stable flow. However, in 
completely saturated samples of bentonite, in which it was necessary to apply a high pressure to induce 
flow (breakthrough pressure), when the pressure gradient dropped below a given value, flow stopped, 
what is interpreted as closing of the pathway. Upon increasing of the pressure gradient again, when the 
previous breakthrough pressure was reached once more, flow resumed. This can be interpreted as due to 
the reversibility of the closing-opening of paths. 
Although the results are preliminary (because the tests are not finished and the actual dry densities have to 
be checked), it seems that, a sealed interface along the bentonite has no effect on the breakthrough 
pressure values. A saturated granite/bentonite interface (bentonite dry density 1.56 g/cm3) kept under 
constant volume allowed the passage of gas under a pressure of 0.7 MPa. After resaturation of this 
interface, the same breakthrough pressure was found. If the interface is allowed to dry, the pressure 
needed for gas passage decreases. When a high confining pressure was applied, the gas pressure needed 
to force flow along a granite/bentonite interface was higher for a similar bentonite dry density than if the 
sample was just kept under constant volume. 
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9 Summary of Clay Technology’s work within FORGE 
9.1 Introduction 
This chapter summarizes the work performed by Clay Technology within the FORGE project. The 
work, performed at the request of SKB, has been aimed at getting a better understanding of the 
response in bentonite due to external fluid pressurization, and in particular due to gas pressurization. It 
should be emphasized that the results are specific for confined and water saturated bentonite. The 
study concerns both an experimental and a theoretical part. A more detailed presentation of the work 
can be found in (TR-13-XX) and (Birgersson and Karnland, 2013). 

9.2 Experimental 

9.2.1 Performed tests 
The main type of test performed in this study is schematically illustrated in Figure 179. A water 
saturated clay sample, confined in a constant volume test cell (also pictured in Figure 179) and 
contacted with (deionized) water from the top, was exposed to a pressurized fluid from below. While 
controlling the injection pressure of the fluid, the pressure response of the clay sample was recorded, 
as well as the induced fluid flow. In some cases also the density redistribution of the sample was 
investigated. 

 
 

Figure 179: Left: schematics of the main type of test performed within the present study. 
Right: Photograph of test cell. 

The strategy was to use small clay samples (diameter 35 mm, height 2 – 20 mm) in order to speed up 
response and sample preparation times. In this way a huge set of tests could be performed on quite a 
large set of different samples. 
 
Clay materials 
Within this study, tests were performed on 17 different clay samples, in total. The materials used for 
these samples were MX-80 Bentonite, pure Na-montmorillonite (extracted from MX-80 bentonite) and 
pure Ca-montmorillonite (extracted from MX-80 and Ashapura bentonite). The sample dry densities 
ranged from 126 kg/m3 – 1250 kg/m3. A description of these materials and how they are produced is 
given in /Karnland et al. 2006/. 
 
Pressurizing fluids 
The main pressurizing fluids used were water and air. In a special test, kerosene was used. 
 
Injection geometries 
Injection of fluid was done in two principally different geometries. In the first type, the injection filter 
covered the whole bottom area of the test cell giving a 1 dimensional pressure state (symmetric both 
with respect to axial angle and radius). The other type had injection performed in a small centered 
filter in the bottom area. In this case a 2 dimensional pressure state was achieved (symmetric only with 
respect to axial angle). The second injection type was in some cases supplemented by a circular filter 
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at the circumference of the bottom plate, which was used as a second outlet. By detecting whether a 
flow path ended up at the top filter or in the circumferential filter, it could be concluded if it had went 
through the sample (out in the top) or followed the interface between test cell and sample (out in the 
circumferential filter). 

 

 

Figure 180: Steady-state sample pressure and water flux for different water injection 
pressures. The water is injected through the full bottom area of the test 
cell. The material is natural MX-80 bentonite, at density 1166 kg/m3. The 
height of the sample is 5 mm. 

9.2.2 Main findings 
Pressure and flow response due to water pressure (full bottom area) 
Figure 180 show the typical steady-state sample pressure and flow response when water is 
pressurizing the full area of the injection side. At low injection pressure, the sample pressure response 
is approximately half the value of the change in injection pressure. At high injection pressure, on the 
other hand, the sample pressure basically changes by the same amount as the injection pressure. The 
corresponding water flow shows a linear dependence on injection pressure in the low pressure limit. 
This behavior is also expected from applying Darcy’s law in this 1D set-up. As the injection pressure 
increases, however, the flow response becomes non-linear, giving lesser change in flow for a given 
change in injection pressure. 
This flow and pressure response of bentonite is “universal” and has been observed in basically all 
samples with water injection through the full bottom area. 
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Pressure and flow response due to gas pressure below Ps
0 

The gas pressurization tests in this study were prepared with a small amount of water initially present 
at the interface to the clay on the injection side. Knowing the flow and pressure response due to water, 
the evolution of the sample pressure could then be used to assert when the water had flowed through 
and been replaced by air. Figure 181 shows the typical behavior of the sample pressure for three such 
tests made on MX-80 bentonite, Ca-montmorillonite, and Na-montmorillonite. In all three tests – as 
well as in all other tests of this kind performed within this study – the sample pressure drops from the 
initially water induced elevation, back to the same value of pressure as exerted when no external 
pressures are applied (Ps

0).  
Notice that the assertion that the pressurizing fluid at this point is air (and not before) could only be 
done if the response due to water pressurization is understood. It follows that the study of gas 
pressurization in these kinds of systems must be done in conjunction with the study of pressurization 
due to water. 
The corresponding flow evolution is shown in Figure 182 for the MX-80 bentonite sample. Initially 
the flow is in full correspondence with that measured in tests dedicated to response to water 
pressurization (Figure 180) – this is yet another assurance that the pressurizing fluid is water at the 
beginning of the test. When air is the established pressurizing fluid, the flow is reduced by 
approximately a factor of four (from 8∙10-9 m/s to below 2∙10-9 m/s). By assuming a Henry’s constant 
for dissolution of air in the bentonite equal to that for nitrogen gas in bulk water, this flow corresponds 
to a diffusion coefficient of 1.25 ∙10-10 m2/s – a very reasonable value. The size of the airflow thus 
strongly suggests that the only migration mechanism for gas under the conditions of these tests is that 
of dissolution and diffusion. 

 
Figure 181: Sample pressure (P) response as air is replacing water at the injection side 

(full bottom area) in three different clay samples. 
From these tests several conclusions can be drawn 

• With this type of injection geometry, there is a big difference in sample pressure and flow 
response depending on whether the pressurizing fluid is water or gas and the evolution of 
these quantities can be used to judge when air actually is pressurizing the clay. 

• It is experimentally very difficult not to have some residual water in e.g. the injection filter at 
the beginning of these types of tests. Unless the effect of water pressurization is known and 
handled, incorrect interpretations of such tests may result (e.g. ascribing effects to gas 
pressurization when actually water is the pressurizing fluid). If injection is done over an area 
much smaller than the area of the outlet, the effect of water pressurization on sample pressure 
is minor (see below) and then it may be impossible to use sample pressure evolution to 
determine when gas is pressurizing the clay. 
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• Sample pressure response is absent when pressurizing with gas below the value of Ps
0. This 

observation appears universally valid for confined bentonite exerting swelling pressure.  

• Note that the time scale of the pressure pulses in Figure 181, on the other hand, is not directly 
related to the sample material, but only reflects the amount of water initially left in the 
injection reservoir in each test. 

• For samples pressurized by gas below Ps
0, diffusion is the only transport mechanism for the 

gas. 

 
Figure 182: Sample pressure and flow evolution of an MX-80 bentonite sample, as air is 

replacing water at the injection side. The nominal density of the sample is 
1170 kg/m3 and the height is 5 mm. 

Pressure and flow response due to gas pressure above Ps
0 

For gas injection pressure below Ps
0, it could be concluded that no mechanical interaction occurs 

between the gas phase and the clay, and the only gas transport mechanism is diffusion in dissolved 
form. The present study has also showed that when the gas injection pressure does exceed Ps

0, 
mechanical interaction between the gas phase and the clay inevitably occur. This interaction may 
manifest itself in two rather different types of phenomena. 
 
Consolidation 
For gas pressurization done in filters covering the full bottom area, it was demonstrated in certain 
cases that a state could be achieved where the gas phase had entered the volume of the test cell by 
consolidating the clay body (i.e. decreasing volume by releasing water). The gas transport through the 
clay, however, still only occurred through dissolution and diffusion. The state is manifested by having 
mechanical equilibrium between the gas and the clay body – the sample pressure basically equal the 
gas pressure in these states. 
An example of a sample pressure evolution in a test where consolidation occurs is shown in Figure 
183. When the injection pressure is increased from 0.65 MPa (slightly below Ps

0, which here is 
approximately 0.79 MPa) to 0.9 MPa (slightly above Ps

0) the sample pressure does respond and 
acquires a value approximately equal to the injection pressure. The observed small difference between 
these quantities should be attributed to friction forces between the clay body and the wall of the test 
cell – the injection pressure is applied at the bottom; the sample pressure is measured at the top. 
Furthermore, when the injection pressure is slowly ramped up, the sample pressure follows closely 
(starting at 250 h). The measured flow in the consolidated state fits the description of a diffusive flux 
with one unique diffusion coefficient (1.25∙10-10 m2/s). 
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Figure 183: Sample pressure and flow evolution of an MX-80 bentonite sample 

pressurized with air. 
Figure 184 shows a picture of the test cell directly after the release of the injection pressure in a 
consolidated Ca-montmorillonite sample – a gap has appeared between the force sensor and the lid of 
the test cell, giving a visual proof of a consolidated clay body. 

 
Figure 184: After being pressurized with air on the inlet side at a pressure significantly 

above Ps
0, the piston of the test cell could be pushed down, opening a slit 

between the force sensor and the top of the cell. This is a visual 
demonstration that gas has the ability to (macroscopically) consolidate 
bentonite clay. 

Gas breakthrough 
In several of the tests where a gas injection pressure above Ps

0 was applied, consolidation of the clay 
sample did not occur (to any greater extent). Instead gas breakthrough events were induced. During 
such events, the system “breaks”, and the flow increases by an enormous factor as compared to 
diffusive flux rates (the injection reservoir is typically emptied within minutes). It is thus fully ensured 
that the breakthrough event represent a completely different transport mechanism, involving gas as a 
separate phase. 
From tests performed on the samples with point injection and circumferential filters it could be 
deduced that the flow paths in a gas breakthrough event usually follows the interface between test cell 
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and clay body rather than going through the clay. Apparently these interfaces constitute preferential 
paths for the gas phase. 
Correlation between sample pressure and gas breakthrough pressure 
In a special type of test, sample pressure was lowered by flushing a strong salt solution over the top 
filter (NaCl, 3 mol/kgw) while maintaining a constant gas injection pressure in a point-like filter in the 
bottom. In this way gas breakthrough events were induced without changing injection pressure. By 
making such tests at different injection pressures, it was concluded that gas breakthrough pressure is 
correlated with sample pressure. Figure 185 shows sample and injection pressure evolution in two 
such tests made on the same MX-80 sample. In the first, where injection pressure is 0.5 MPa, the gas 
breakthrough occurs only minutes after flushing with salt solution. In the second event, it takes about 
40 minutes before the breakthrough occurs. In both cases breakthrough occur when sample pressure is 
becoming comparable to injection pressure. 

 

 

Figure 185: Sample pressure and injection pressure evolution in two tests made on the 
same MX-80 bentonite sample. Initially a strong salt solution is flushed 
over the top-filter which causes the sample pressure to start to decline. As 
the sample pressure is becoming comparable in size to the injection 
pressure, gas breakthrough occurs in both tests. The time of the gas 
breakthrough is indicated by a temporary dip in injcetion pressure (the 
flow is so large during these events, that the equipment is not able to hold 
the prescribed pressure). The nominal density of the sample is 1180 kg/m3 
and the height is 5 mm. 
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Pressure and flow response due to water (point injection) 
While the (lack of) response due to gas pressurization is virtually independent of injection geometry, 
the response due to water pressurization is strongly dependent on this parameter. Figure 186 shows the 
pressure response in a sample of Na-montmorillonite injected by water in a point-like filter. Note how 
the sample pressure barely responds although the injection pressure is increased by 0.3 MPa (at ca 10 
h) – in sharp contrast to the behaviour when the full bottom area is pressurized (Figure 180 and Figure 
181). 

 
Figure 186: Injection pressure and sample pressure response of an Na-montmorillonite 

sample with water injected in a small point-like filter. At 38 h a water 
breakthrough event is induced. Nominal density 700 kg/m3, height 2 mm. 

In this injection geometry it is also possible to induce water breakthrough events. When these occur, 
the flow increases dramatically, much in the same way as happens during gas breakthrough events. A 
water breakthrough event occur in the tests presented in Figure 186 after the injection pressure was 
increased further by ramping up to 0.5 MPa (the breakthrough occur at 38 h) 
From observation, it is obvious that flow during water breakthrough represent a completely different 
mechanism as compared to the “ordinary” water flow (i.e. the kind presented in Figure 180), and may 
be compared to “piping” phenomena. Analogous to the gas phase in gas breakthrough events, the 
water in water breakthrough events was shown to preferably follow the interface between the clay 
body and the test cell wall. In contrast, water in “ordinary” flow goes through the clay – also in 
samples with circumferential filters (see section 0), the majority of the inflowing water end up on the 
top side. 
 
Density response due to water injection pressure (full bottom area) 
The response in sample pressure is very different depending on whether water or gas is the 
pressurizing fluid. While gas basically does not at all interact mechanically with the clay for pressures 
below Ps

0, the response due to water pressurization is strongly dependent on (injection) geometry and 
can be very pronounced. 
The nature of this response due to water injection was further investigated by also measuring density 
response in some samples. This was done by exposing samples to a (large) water injection pressure. 
After reaching steady-state, injection pressure was released, and very quickly (within minutes) the 
samples were dismantled and sectioned. The thereby achieved density profiles supposedly give a good 
representation of the conditions of the samples in the pressurized state. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50

Pr
es

su
re

 (M
Pa

)

Time (h)

Injection pressure
Sample pressure



 

 225 

 
Figure 187:Density distribution in two MX-80 samples exposed to external water 

pressure differences of 5.0 MPa and 4.9 MPa, respectively. The samples 
both have nominal average density 1166 kg/m3 and height 20 mm. 

Figure 187 shows the density profiles of two very similar MX-80 bentonite samples (height 20 mm, 
nominal density 1166 kg/m3, pressurization of the full bottom area) which were exposed to water 
injection pressures of 5.0 MPa and 4.9 MPa, respectively.  
These results clearly demonstrate that the sample pressure response experienced under these 
conditions is associated with a substantial redistribution of the clay itself – at the injection side the 
density is as low as 800 kg/m3, while it is approximately 1350 kg/m3 at the outlet. 
 
Pressure and flow response due to kerosene pressure 
It may be suspected that it is the response due to water which is “special”, while the response observed 
for gas (air) is general for any fluid which does not have the property of being able to intercalate 
montmorillonite interlayer spaces (see theory section). This notion was confirmed in a test where 
kerosene was used as pressurizing fluid. As in the gas injection tests, some residual water was present 
at the injection side at the beginning of the test. The pressure and flow evolution is presented in Figure 
188. A comparison with Figure 181 shows that the pressure response evolution is very similar for the 
two fluids, and it can be concluded that bentonite does not respond mechanically also to kerosene 
when the pressure is below Ps

0. In contrast to the case of gas pressurization, it is seen that the steady-
state kerosene flow basically vanishes, which is a consequence of that kerosene does not dissolve in 
the clay. 
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Figure 188: Sample pressure and flow evolution of an MX-80 sample, as kerosene is 

replacing water at the injection side. The nominal density of the sample is 
1170 kg/m3 and the height is 5 mm. 

9.3 Theory 
A theoretical framework for describing steady-state pressure- flow- and density response has been 
developed, entirely based on approximating confined water saturated bentonite system as an 
assemblage of montmorillonite interlayers (Birgersson and Karnland, 2013, Birgersson et al. 2008). 
Here we demonstrate the framework by applying it to the case of one-dimensional pressurization. 
The crucial assumption of the approach is that water saturated bentonite constitutes a single phase. 
This “clay phase” then consists of single montmorillonite particles, (interlayer) water, and 
exchangeable ions as components. The chemical potential of the water component is typically lowered 
in non-pressurized bentonite as compared to bulk water and it is the equilibration of this potential 
which governs the pressure, flow and density response. In this sense, the present approach thus treats 
bentonite as an “osmotic” system. 
A consequence of the model assumptions is that no separate water pressure can be defined within the 
clay – the “clay phase” is subject to a single stress state. 

9.3.1 Water pressurization 

We will consider a one-dimensional bentonite sample of length L  contacted on each side by two 
water reservoirs over which a pressure difference is sustained. Assuming a friction free system, the 
steady-state pressure in the clay, P , will remain constant. Instead a density (porosity) profile is 
induced. We now calculate the porosity profile, the pressure P , and the induced water flux through 
the bentonite in steady-state as a function of the applied external pressure difference.  
In the following it will be assumed that one of the external water reservoirs is pressurized with 
pressure wP  while the other is non-pressurized. Hence water will flow into the non-pressurized 
reservoir. The chemical potential of water in the two reservoirs can be written 

vPwI ⋅+= 0µµ  (1) 

0µµ =II  (2) 
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where v  is the molar volume of bulk water and 0µ  is a reference chemical potential of non-
pressurized bulk water. Schematics of the assumed pressure and water chemical potential profiles are 
plotted in Figure 189. 

 
Figure 189: Schematics of the steady-state situation in the presented model. 
Now, looking at the chemical potential of water in the clay, it can be expressed as (see e.g. Birgersson 
et al. 2008) 

( )[ ] vPPs ⋅−−= φµµ 0  (3) 

where ( )φsP  is the measured pressure in the bentonite when no water pressure is applied (access to 
external water is, however, required). ( )φsP , which is referred to as the “swelling pressure” of the 
material and depends strongly on density (here expressed in terms of porosity, φ ), should be 
considered as a material parameter describing its water retention property. At this level of 
approximation, then, hysteresis effects are neglected. 
At the interfaces between water reservoir and clay, the chemical potential must be continuous (Figure 
189). Assuming that the clay is situated between x=-L/2 and x=L/2, the boundary conditions then read 

( )( )
( )( )




=−
=−−

02/
2/

LPP
PLPP

s

ws

φ
φ

 (4) 

The steady state water flow as a function of applied external water pressure is known to follow 
Darcy’s law in the limit of small pressure 

( )
L
PKq w⋅= 0φ  (5) 

where K is hydraulic conductivity and φ  denotes the porosity of the sample (the notation 0φ refer to 
an average porosity). In the following, q  will be used to denote a “Darcy flux”, having the dimension 
m/s. Equation 5 should be viewed as the definition of ( )φK , which is an empirical input parameter in 
the present theoretical framework (the other being ( )φsP ). 
Using equations 1 and 2, wP  can be expressed using external chemical potentials 

v
P III

w
µµ −

=  (6) 

A natural generalisation of equation 5 is therefore 
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( ) µφ
∇⋅−=

v
Kq  (7) 

where the hydraulic conductivity is assumed dependent on the (local) clay density. Note that in the 
case of a linear chemical potential profile in steady-state, equation 7 reduces to equation 5. 
Combining equations 7 and 3, and using the assumption that P  is constant, gives 

( ) φ
φ

φ ∇⋅=
d
dPKq s  (8) 

In steady-state, the water flux is divergence free (the same amount of water entering a point is leaving 
the point, water does not accumulate) 

( ) ( ) ( ) ( ) φ
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∇⋅⋅∇=⋅∇=

d
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d
d

d
dPKq sss  (9) 

This is the main equation in the present framework. Its solution gives the steady state porosity profile 
and pressure (from the boundary conditions, equation 4). The flux, in turn, is given by equation 8. 
Equation 9 is a complicated non-linear equation for the steady-state porosity profile. It can however be 
hugely simplified by making use of the empirical observations that swelling pressure is an 
approximately exponential function of porosity and that the product of swelling pressure and hydraulic 
conductivity is approximately constant (Karnland et al. 2006) 

( ) ( )00 φφφ −−⋅≈ B
ss ePP , (10) 

( ) ( ) 00
ss PKPK ⋅≈⋅ φφ  (11) 

Here the notations ( )0
0 φss PP =  and ( )0

0 φKK =  have been adopted, and ( )φsP  has been expanded 

around the average porosity of the system ( 0φ ). The parameter B  is obtained from fitting equation 10 
to empirical data. With these approximations the quantity 

( ) ( ) ( ) ( ) 00
ss

s PKBPBK
d
dPK ⋅⋅−=⋅−⋅= φφ

φ
φ  (12) 

is seen to be independent of porosity, and equation 9 reduces to 
02 =∇ φ  (13) 

In the case of 1D and constant volume, solution to this equation is a straight line 

( ) φφφ ∆−=
L
xx 0  (14) 

where 
( ) ( )2/2/ LL φφφ −−≡∆  (15) 

is the porosity difference between the two ends of the sample. 
The boundary conditions, equation 4, can now be translated into (using equation 10) 
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By subtracting these two relations and making use of standard hyper trigonometric relations gives 
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Using this equation together with equation 8 and 12 gives the following expression for the steady-state 
flux of water 
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By instead adding the two relations in equation 16 gives an equation for P , with the solution 

( )20
2

22 s
ww PPPP ++=  (19) 

Figure 190 shows measured pressure and water flux in a sample of Na-montmorillonite at a dry 
density of approximately 750 kg/m3 together with corresponding predictions from the presented 
theory. The excellent agreement is a strong argument for the relevance of the present approach to 
modeling response in bentonite. 
Note that the results of equations 18 and 19 are independent of the details of the retention properties of 
any specific clay (i.e. they do not depend on the parameter B ). The expression for the porosity profile 
(equations 14 and 17), on the other hand, do depend on this parameter. Figure 191 shows a comparison 
between the calculated density profile and measurements in an MX-80 bentonite sample exposed to a 
water pressure difference of 4.9 MPa. Although the agreement is not as good as for the quantities in 
Figure 190, it is still another strong argument for the relevance of the present modeling approach. It 
should be kept in mind that several approximations were made in order to achieve analytical 
expressions for the pressure, flow and density (e.g. a friction free system and exponential dependence 
of porosity on “swelling pressure”) which are not essential for the fundamental assumption of the 
approach. The important lesson here is that the experimental observations of water pressurized 
bentonite are quantitatively explained by adopting a single “clay phase” description. 

 
Figure 190: Measured steady-state water flux and sample pressure in a sample of Na-

montmorillonite and comparison with the presented theory (equation 20) 
Ps

0 = 0.63 MPa, dry density ~ 750 kg/m3, K0 = 2.5∙10-13 m/s, L = 5 mm. 
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Figure 191: Density distribution in one MX-80 sample exposed to external water 

pressure differences of 4.9 MPa compared to the corresponding 
theoretical prediction (given by equations 14 and 17 and the relation 

( )φρρ −= 1sd , where dρ  is dry density and sρ  the grain density). The 
sample have nominal (average) density 1166 kg/m3 and height 20 mm. The 
theory assumes a “swelling pressure” dependence as 

( ) ( ) MPa 96.0 572.05.14 −⋅−⋅= φφ ePs  and sρ =2750 kg/m3. 

9.3.2 Gas pressurization 
In the previous section it was shown that modelling water saturated confined bentonite as an 
“osmotic” system satisfactorily explained the flow pressure and density response due to water 
pressurization. 
This approach also gives a natural explanation of the observed response due to gas pressurization. The 
“clay phase” description can easily be extended to also include a gas component. Note that gas as a 
separate phase does not have access to montmorillonite interlayers and can only enter the “clay phase” 
as a dissolved component. From these considerations it directly follows that the study of response in 
bentonite due to gas pressurization is only relevant if the system also have access to water and that 
pressure and density response is absent as long as the gas pressure is below the sample pressure. The 
flow response, in turn, is directly given by dissolution and diffusion of the gas. Furthermore, if the gas 
pressure exceeds the sample pressure, mechanical interaction inevitably occurs between the “clay 
phase” and the gas phase, which now enters the volume initially occupied by the “clay phase”. Note 
that gas as a phase still does not have access to the montmorillonite interlayers, and that these have to 
be (partially) de-watered in order to create volume for the gas (which may lead to consolidation or gas 
breakthrough events). 
All the above described effects follow directly from the osmotic nature of bentonite – the response due 
to gas pressurization is basically the same as in a more conventional osmotic system, e.g. an ordinary 
salt solution in contacted with water via a semi-permeable membrane. 
Note that the present theoretical framework in its current formulation only deals with the steady-state 
and therefore cannot describe the evolution of the gas phase during breakthrough events (neither can it 
describe the time evolution of the density redistribution during water pressurization). An extension to 
time-dependent phenomena is a major task and should involve a full mechanical description of all 
involved phases. 
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9.4 Conclusions 
A large set of non-trivial observations in flow- pressure- and density response due to fluid 
pressurization have been made. Furthermore, a theoretical framework for describing these responses 
has been developed, entirely based on viewing bentonite as an assemblage of montmorillonite 
interlayers. By combining the experimental observations with the explanatory power of the theoretical 
framework, a great deal have been learned about general response in bentonite due to fluid 
pressurization 

• The general behaviour of water saturated confined bentonite is governed by montmorillonite 
interlayer properties, and the system should be viewed as a one-phase system. This “clay 
phase” consists of e.g. water, montmorillonite particles and counter-ions (as well as possible 
excess salt and dissolved gas) and is “osmotic” in the sense that its pressure is caused by 
equilibrium with an external water phase. External water is thus essential for the system - 
“Swelling pressure” does not make sense without it. 

• The response in water flow, sample pressure, and density due to applied external water 
pressure conditions can be quantitatively explained. Qualitatively, the external conditions 
determine the value of water chemical potential at inlets and outlet and the “clay phase” then 
redistributes to obtain mechanical equilibrium (which gives a rather even pressure everywhere 
internally also when large external pressure differences prevail). 

• The sample pressure and density does not respond to applied gas pressures below the initial 
sample pressure (Ps

0 + possible contribution due to applied water pressures, salinity, etc.). This 
is a manifestation of the fact that the gas does not have access to the montmorillonite 
interlayer as a separate phase. The only flow that occurs in these situations is diffusion of 
dissolved gas. The theory also predicts that this behaviour should be similar for any fluid 
which does not have access (as a separate phase) to the montmorillonite – which was verified 
in a test with kerosene pressurization. 

• For gas pressures above the initial sample pressure, the sample responds in order to achieve 
mechanical equilibrium with the gas phase. This occurs by consolidation of the “clay phase” 
unless the system become unstable and a breakthrough event induced. The present theoretical 
framework cannot describe the evolution of the gas phase under such breakthrough events. 
Form experimental observation, however, it can be concluded that these processes are 
complex and that they (at minimum) depends on clay type (Na- or Ca-montmorillonite), 
density, injection geometry, sample geometry, and time (e.g. pressurization rates). The theory, 
however, predicts that the sample pressure should equal the gas pressure in the consolidated 
state – which to a large extent was confirmed by experiment. 

• Also water may induce breakthrough events if the injection pressure exceeds the sample 
pressure. This is similar to piping. It is clear that the behaviour of this water is very different 
from the “ordinary” clay water (i.e. the water belonging to the “clay phase”). For instance, it 
has been demonstrated that this water prefers flowing at the interfaces between test cell and 
sample – just like gas in a gas breakthrough event. 
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10 Gas migration in bentonite - fundamental issues 
10.1 Introduction 
The Swedish concept for geological disposal of radioactive waste involves the use of Mx80 bentonite 
as part of an engineered barrier system (SKB, 2011).  Vitrified waste material is enclosed within 
copper canisters, which are emplaced within a crystalline host-rock.  The void between the host-rock 
and the canister is then filled with blocks and pellets of pre-compacted bentonite, which provide a 
number of functions, including: (i) acting as a diffusional barrier surrounding the canister and (ii) 
swelling on hydration (leading to the closure of voids and joints within the deposition hole).  A full 
understanding of the swelling properties of the clay is crucial to the design of the system.  In addition, 
the impact of possible gas generation due to corrosion of the canister must be considered as part of the 
safety case.  In such a scenario, should the rate of gas production exceed the diffusional capacity of the 
bentonite, gas pressure may increase until some critical value is passed, at which an advective gas 
phase will enter the clay. 
 
To accurately predict the movement of gas in such a scenario requires knowledge of the relevant 
mechanism of flow, under realistic in situ conditions.  Whilst significant progress has been made in 
this area over the past 30 years, there are still a number of uncertainties which must be addressed.  In 
particular, this task within FORGE was focussed on providing: (i) improved understanding of the 
mechanism for advective gas flow and additional evidence relating to the conditions under which this 
is likely to take place, (ii) provision of quantitative data examining the relationship between total 
stress, pore-water pressure and swelling pressure in bentonite, particularly in relation to excursions 
from expected hydrostatic conditions, (iii) improved understanding of the influence of deviations from 
expected hydrostatic conditions and pore-pressure cycling on the swelling and gas transport properties 
of bentonite, (iv) and examination of the influence of low density zones at bentonite interfaces on the 
hydration, swelling and transport properties of the clay.  As planned for a Swedish repository, all test 
samples were: (i) carried out on pure Mx80 pre-compacted bentonite and (ii) fully saturated before gas 
testing (as is expected for the period at which gas generation is likely to occur).  Boundary conditions 
selected for testing were chosen in order to mimic repository conditions with: (i) constant hydration 
from the surrounding repository environment and (ii) a constant volume constraint applied to the 
bentonite (as would be provided by the crystalline host-rock in a deposition hole).  Here we give a 
brief overview of the experimental approach and findings.  This is followed by a discussion on 
experimental uncertainties and the implications of these laboratory results for engineered barrier 
concepts involving a bentonite buffer. 

10.2 General methodology 

10.2.1 Experimental apparatus 
A full description of the experimental methodology for this task is detailed in the final report (Graham 
et al., 2013a), but a brief outline is given in the following section.  In order to mimic realistic down-
borehole conditions, this task was focussed on laboratory testing of bentonite under a constant volume 
boundary condition.  The experiments described here were carried out using custom-designed constant 
volume and radial flow (CVRF) apparatuses (Harrington and Horseman, 2003).  Each CVRF system 
consists of: 1.) a thick-walled stainless steel pressure vessel, 2.) a fluid injection system, 3.) three 
backpressure systems, each consisting of an array of four filters acting as fluid sinks, 4.) five total 
stress sensors to measure radial and axial stress and (5) a  logging system.  The position of the sink 
arrays ([1], [2] and [3]) and the stress sensors (labelled PT1, 2,3, 5 and 6) are shown the final report 
(Graham et al., 2013a).  Each sink array can also be isolated from the backpressure system and used to 
provide an independent measure of the local pore fluid pressure. 
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Three CVRF apparatuses were used for the tests described, all of which are based on a similar design.  
The third vessel (ICVRF) was designed for gas testing of a dual-density bentonite interface and is 
described in relation to the associated results section 10.3.4.  The other primary difference between 
vessels is that stress measurements, for CVRF1 and ICVRF, were made using push-rods which 
compress a fluid reservoir in communication with miniature pressure sensors, whilst CVRF 2 used 
miniature load cells in direct contact with the push rods.   Further details of the approach to stress 
measurement are given in the final report (Graham et al., 2013a)  For all apparatuses, ISCO series D 
syringe pumps were used to control the pressure and/or flow rate of test fluids and all test data was 
recorded by a bespoke logging system, with a typical sampling interval of two minutes.  All stress and 
pore pressure sensors were calibrated against laboratory standards. 

10.2.2 Sample preparation and properties 
Mx80 bentonite is a fine-grained sodium bentonite, from Wyoming, which contains around 90% 
montmorillonite.  Blocks of pre-compacted Mx80 bentonite were manufactured by Clay Technology 
AB (Lund, Sweden), by rapidly compacting bentonite granules in a mould under a one dimensionally 
applied stress (Johannesson et al., 1995).   With the exception of the test presented in section 10.3.4, 
cylindrical specimens (60mm diameter, 120mm length) were sub-sampled from the blocks.  Samples 
were either prepared by hand-trimming using a tubular former with a sharpened leading edge or turned 
on a lathe.  A hole was then drilled into the centre of the material to accommodate a stainless steel rod 
used for the injection of gas, directly into the middle of the clay.  Standard geotechnical properties for 
the samples are shown in Table 10-1.  Void ratio, porosity and degree of saturation are based on an 
average grain density for the bentonite of 2.77 Mg.m–3.  Saturation of the samples were determined by 
weighing before testing, then oven-drying and weighing again, after each test was decommissioned. 

Table 10-1 Geotechnical properties of the test specimens. 

Sample 
No. 

Test 
apparatus 

Before testing After testing 

  Water 
content 

(%) 

Bulk 
density 

(Mg.m-3) 

Dry 
density 

(Mg.m-3) 

Void 
ratio 

Saturation 
(%) 

Saturation 
(%) 

Mx80-8 CVRF1 26.7 1.997 1.577 0.756 97.6 ≥100* 

Mx80-10 CVRF1 26.7 2.005 1.582 0.751 98.6 ≥100* 

Mx80-11 CVRF1 25.6 2.016 1.605 0.726 97.6 ≥100* 

Mx80-13 CVRF2 20.1 2.064 1.718 0.612 91.1 ≥100* 

Mx80-14 CVRF2 26.6 1.999 1.579 0.754 97.7 ≥100* 

* Measured value indicates sample was fully saturated, within uncertainty limits of the measurement. 
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10.3 Results 

10.3.1 Stress/pore-water coupling 
Introduction 
In the Swedish concept for disposal, one of the primary functions of the bentonite buffer is its ability 
to swell as it is hydrated by its surroundings.  As such, the interplay between applied water pressure 
and the resulting swelling pressure, Π, is of crucial importance to repository performance. One 
particular uncertainty has been the potential impact upon barrier safety functions of deviations in pore-
water pressure, pw, from expected in situ hydrostatic conditions.  During the lifetime of a repository 
such changes may be related to long-term variations in conditions, or they may be cyclic in nature, (for 
example, resulting from successive glacial loading and unloading events). 
As part of FORGE, laboratory experiments on Mx80 bentonite were carried out to investigate the 
nature and form of the relationship between swelling pressure and pore-water pressure, from low to 
elevated applied water pressure conditions. Experiments were conducted under a constant volume 
condition, as described in section 10.2, whilst simultaneously monitoring the evolution of the total 
stresses acting on the surrounding vessel during clay swelling.  In this section, we present observations 
from constant volume experiments on four bentonite samples (Mx80-10, -11, -13 and -14), which 
examine the relationship between pw and Π.  The data from testing specimens Mx80-10 and Mx80-11 
has been previously presented within technical reports by Harrington and Horseman (2003) and 
Harrington and Birchall (2007).  However, here we present these results in combination with those 
from two further tests (Mx80-13 and Mx80-14), providing a larger evidence base from which to draw 
conclusions.  These findings are also presented in further detail by Graham et al (submitted - 
Montpellier). 
 
Experimental approach 
For each test, hydration was carried out at an initial applied water pressure of 1MPa, which was 
applied through all filters using de-ionised water.  The associated rate of inflow was monitored, whilst 
the resulting stress development was recorded.  After initial stress development,  a drop off in water 
inflow is observed, as hydraulic equilibrium is approached and the rate of sample swelling reduces.  
This stage was reached for all water pressure increments before the sample was subjected to a new 
applied pressure.  Over the course of a test, all samples underwent a series of incremental constant 
pore pressure steps and a minimum of at least one loading and unloading cycle.  The test histories are 
described in further detail in the final report (Graham et al., 2013a).  
 
Results from pore-pressure cycling 
Typical loading histories for the four samples are shown in Graham et al. (2013a) and demonstrate the 
significant timescales required to carry out testing of this nature (of the order of hundreds of days).  
The measured dry and bulk densities for each sample are given in Table 10-1.  For all tests, the 
swelling pressure was clearly observed to decrease with increasing pore-water pressure (Graham et al., 
2013a).  This finding is consistent with those of previous studies in Mx80 bentonite at lower water 
pressures (Bucher and Müller-Vonmoos, 1989).  The data-set presented here allows the form of this 
relationship to be examined over a more extensive range of pressures, up to more elevated pressure 
conditions.  Observations from these tests indicate a marked reduction in sensitivity of Π, in response 
to increasing applied water pressures at higher values of pw.  Since data indicates that this relationship 
is non-linear in form, these findings imply that there may be a physical limit beyond which swelling 
pressure becomes insensitive to further increases in applied water pressure.  Possible explanations for 
this behaviour include the reduced mobility of water under these conditions, or a reduction in the 
compressibility of the clay.  These results highlight the need for care, if using a linear extrapolation 
from laboratory data acquired at lower applied pressures, in order to predict the generated swelling 
pressures at elevated pore-water pressure conditions. 
In addition, the test results also indicate a persistent elevation in the swelling pressure of the clay may 
result from pore-pressure cycling, even after a return to initial conditions.  Figure 192 shows the 
measured average total stress and the calculated swelling pressure as a function of applied water 
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pressure.  Changes in the slope of σ versus pw, (or incremental ‘alpha’ values) were also calculated 
and, as may be expected from prior studies in Mx80 bentonite (Bucher and Müller-Vonmoos, 1989), 
fall in the range of 0.8-1.0.  The notably elevated swelling pressures displayed by sample Mx80-13 are 
the consequence of a considerably higher initial dry density of the starting material (Table 10-1).    In 
the case of samples Mx80-10, Mx80-11 and Mx80-13, a clear hyseteris was observed, though this was 
not noted for Mx80-14.  For this anomalous test, the form of the Π versus pw curve presents a typical 
non-linearity in form, but no significant difference was observed between the initial swelling pressure 
and that measured after the first and second pore-pressure cycles.  The observed differences in 
behaviour for Mx80-14, do not appear to be explained simply by dry density alone.  One possible 
cause may be an experimental artefact resulting from the use of a different method of stress 
measurement in this test (CVRF2).  However, the same experimental apparatus was used for sample 
Mx80-13, which did display a markedly hysteric behaviour, suggesting that this is not a likely 
explanation.  It is also possible that time dependency may play a role, though no evidence was found 
to support this hypothesis (for example when comparing the length of each constant pressure step).  It 
seems likely that a combination of factors may be involved in this behaviour, although it is not yet 
possible to elucidate these controls without further test data. 

 

Figure 192 a.) Average total stress plotted against the applied water pressure 
(backpressure) from pore-pressure cycling tests.  Samples Mx80-11 and 
Mx80-13 show a clear departure from the predicted ideal behaviour.  
High density bentonite was used for test Mx80-13, explaining the 
noticeably higher total stresses observed. b.)  Swelling pressure plotted 
against the applied water pressure (backpressure).  Once returned to 
initial conditions, all samples except Mx80-14 displayed a significant 
retained swelling pressure.  The higher density sample Mx80-13 generated 
significantly higher swelling pressures, as would be expected.  However, 
hysteresis was still clearly observed at these higher pressures. 

 

Summary 
Pore-pressure cycling was carried out on samples of pre-compacted Mx80 bentonite, in order to 
investigate the relationship between applied water pressure and generated swelling pressure.  In all 
tests, swelling pressure was observed to decrease with increasing pw. The form of this relationship is 
non-linear, with swelling pressure becoming increasingly insensitive to applied water pressure as it 
increases in value.  Observations also indicate that an elevated swelling pressure may be retained 



 

 237 

within the clay, as a result of pressure cycling.  However, in one test no notable hysteresis was evident.  
The reasons for this remain unclear, though improved understanding of the controls on this behaviour 
should come from further future expansion of the data-set.  

10.3.2 Gas migration in bentonite under expected hydrogeological conditions 

In the Swedish concept, the wall of the deposition hole is likely to contain a number of conducting 
fractures, with the potential to act as sources of groundwater or ‘sinks’ for escaping gas.  The CVRF 
apparatus was designed to simulate the generation of gas from a canister in this scenario, with the 
injection rod representing a canister and the additional filter arrays simulating sinks in the borehole 
environment.  Findings from tests previous to and during FORGE provide the basis for a well-
developed conceptual model for gas flow in bentonite.  In this section we highlight key features of this 
conceptual model, which is described in greater detail by Harrington and Horseman (2003), Graham et 
al. (2012) and in Graham et al. (2013a).  It should be reiterated that this behavioural description relates 
specifically to pure, fully saturated bentonite, as expected at the gas generation stage of the Swedish 
disposal concept.  Findings relating to partially saturated bentonite and bentonite/sand mixtures are 
presented elsewhere in work package 3 of FORGE. 
 
Pre-gas entry (pg<σ) 
Before all gas flow tests, care was taken to ensure that the bentonite samples were fully saturated and 
at hydraulic equilibrium within the constant volume cell.  During the initial hydration stage, inflows 
were monitored and compared with the expected behaviour from the pre-test geotechnical data in 
order to provide additional certainty that saturation was fully achieved.  In all gas flow tests described 
in this report, no evidence (such as significant outflow at any of the filter arrays) was found for the 
visco-capillary8

In tests Mx80-8 and Mx80-13, a small outflow was detected during the early stages of gas testing, 
correlated with small, but long-term changes in local pore-water pressures.  However, in both tests this 
behaviour clearly exhibits characteristics associated with ‘slug-flow’ (see Graham et al., 2013a); a 
hydrodynamic pulse generated by water being forced out of the injection filter, as gas enters.  These 
results clearly demonstrate the care that must be taken to differentiate between the observation of a 
common-place experimental artefact and the displacement of water from the sample.  No evidence is 
found for visco-capillary flow as the primary mechanism for gas flow in any of the tests on pure, 
saturated bentonite.  This is consistent with gas entry and breakthrough observations (section 

 displacement of water from the clay, prior to gas entry. 

10.3.2), 
as well as observations relating to the scarcity of free water available under such conditions (Bucher 
and Müller-Vonmoos, 1989). 
 
Gas entry (pg≈σ) 

Gas entry is non-trivial to detect in the laboratory, but is taken to be the time at which gas is first 
observed to be mobile within the clay.  This is generally indicated as a deviation in increasing gas 
pressure from expected ideal gas behaviour, and is often concurrent or closely followed by observation 
of a rapid increase in measured pore-pressures in the vicinity of gas entry.  During gas injection testing 
under a constant backpressure condition, gas entry is only detected after the applied gas pressure, pg, 
exceeds the average total stress, σ, experienced by the bentonite (Figure 193).  Table 10-1 shows the 
saturation of the samples before and after each experiment.  These observations clearly indicate that 
the degree of saturation actually increased over the course of testing as a result of the hydration phase).  
This absence of notable desaturation after gas testing is in spite of significant quantities of gas being 
allowed to pass through the samples, over long periods of time at high pressure.  These findings are 
consistent with prior observations of little or no desaturation during gas flow testing of Mx80 
bentonite (Pusch and Forsberg, 1983; Harrington and Horseman, 1999) and indicate that very little 
water has been displaced out of the bentonite during gas flow.  This observation, combined with others 

                                                      
8 We prefer to use the term visco-capillary flow to ‘2-phase flow’, as other gas flow mechanisms (such 
as pathway dilation) may also include the migration of two phases, to some degree. 
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given in the following section, lead to the conclusion that the primary mechanism for advective gas 
flow is by dilatant pathway formation.  Such behaviour also explains the strong association between 
the excess gas pressure at entry and the average total stress experienced by the bentonite, which must 
be exceeded in order for pathways to propagate.  

 
Figure 193 Schematic representation of gas entry under a constant flow rate gas 

injection.  The internal porewater pressure, pp, is initial equal to applied 
water pressure, pw.  Entry only occurs once gas pressure exceeds the total 
stress, σ, experienced by the bentonite.  Localised increases in stress and 
pore pressure are often observed, in the near-field of propagating 
pathways.  During this stage, gas pressures may continue to rise to higher 
pressures, as gas fails to find a sink in a laboratory scale sample, under a 
constant volume condition.  Such high pressures may not be generated at 
the field scale, where the presence of multiple conductive sinks in the 
borehole, voids and localised compression of the bentonite allow gas to be 
accommodated.  Consolidation may also occur in the near-field of 
propagating pathways, leading to small-scale hydrodynamic effects in 
their vicinity. 

Gas entry is also accompanied by notable changes in the monitored stresses and pore-water pressures 
(Figure 193), which are attributed to being the direct result of pathway propagation events.  These 
changes often show time-dependent evolution, characteristic of propagation behaviour; for example, 
step-like stress responses during the approach to breakthrough.  It is also possible that localised 
consolidation may be ongoing in the near-field of opening gas pathways, resulting in small-scale 
hydrodynamic effects.  During this phase of gas injection it is possible to generate a significant excess 
gas pressure before breakthrough, as conductive pathways ‘seek-out’ a viable sink filter.  This 
behaviour is most likely the direct consequence of the constant volume boundary condition and also 
related to the number/geometry (or ‘availability’) of sink filters.  As such, it should be noted that 
whilst gas entry appears highly predictable, gas breakthrough pressure is much more variable and 
likely to be markedly influenced by experimental geometry/design.  Whilst high gas pressures may be 
observed before breakthrough in the laboratory, such extremes in behaviour are likely to be moderated 
at the field scale by the presence of interfaces, heterogeneities and the compressibility of the clay.  
However, these findings do highlight the importance of sink availability and homogeneity of the clay 
on gas migration behaviour, which potentially have a profound effect on the maximum gas pressure 
likely to be sustained by the bentonite buffer at the full canister scale. 
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Gas breakthrough (pg>σ) 
After a gas conducting pathway comes into contact with a sink filter, gas begins to outflow at the 
backpressure pump and ‘breakthrough’ is reached (Figure 194).  At this stage, a clear peak in pressure 
is observed, characteristic of first breakthrough events reported in previous studies (Harrington and 
Horseman, 1999; Horseman et al., 1999; Horseman et al, 2004).  Whilst high gas pressures may be 
generated before gas reaches a sink, after breakthrough has occurred gas pressure is observed to drop 
close to the value of the measured total stress.  At this stage σ is seen to be offset from the measured 
pw by an amount similar to the swelling pressure.  These findings suggest that the sharp pressure drop 
after the peak (Fig. 3) results from a breakdown in the tensile strength of the bentonite and implies that 
gas pressures observed above the total stress, prior to this, are the consequence of the constant volume 
boundary condition. 
In this phase of testing, pronounced coupling between pg, σ and pw is clearly evident, (Harrington and 
Horseman, 2003; Graham et al., 2013a; Graham et al. 2013b).  Monitored outflow of gas at this stage 
is generally non-uniformly distributed between the sink arrays, further highlighting the localised 
nature of its transport.   In addition, the distribution of flow is often seen to change abruptly and 
spontaneously, as localised flow ‘switches’ from one sink array to another.  These observations 
indicate that gas pathways are inherently unstable in nature and result in dynamic flow behaviour as 
their spatial distribution evolves.  In addition, previously utilised pathways may not necessarily 
become conduits for future flow, suggesting that they are non-unique and potentially arbitrary in 
nature. 

 
Figure 194 Schematic representation of the gas breakthrough response under a constant 

flow rate gas injection.  Breakthrough occurs when a propagating gas 
pathway intersects a sink, allowing major outflow to occur and causing 
the applied gas pressure to peak.  This characteristic response is followed 
by gas pressure falling to the value of the locally measured total stress as 
gas pathways stabilise and steady-state flow is achieved. 

Shut-in response 
After gas breakthrough has been reached, the shut-in response of the clay can be determined by 
stopping the injection pump; allowing the gas pressure to decay and the rate of outflow to decline with 
time.  As in- and out-flow cease, pg approaches an asymptotic value that is representative of the 
minimum pressure at which gas is mobile in the clay (Figure 195).  For samples Mx80-8 and Mx80-
10, the final gas pressure arrived at during shut-in was found to exceed the monitored pore-water 
pressure by an amount equal to the swelling pressure of the bentonite.  In the conceptual model laid 
out by Horseman et al. (1997) and Harrington and Horseman (2003), this behaviour results from the 
collapse of conducting pathways in response to declining pressure, leaving a series of discontinuous, 
‘remnant’ gas-filled zones within the clay (Figure 195). 
Results from test Mx80-10 also indicate that if a subsequent gas injection phase is carried out, a 
notable reduction in the peak gas pressure is observed, indicating a ‘memory’ of past injection 
(Harrington and Horseman, 2003).  It seems likely that this is an experimental artefact, as gas has no 
time to diffuse away on laboratory timescales, resulting in residual gas along prior flow paths 
impacting subsequent injection.  However, this ‘memory’ effect was seen to significantly reduce when 
the bentonite was subjected to an additional hydration phase before the second gas injection test.  This 
implies that pure bentonite has the capacity to self-seal after a gas migration episode and that 



 

 240 

continued hydration from the surrounding host-rock will promote self-sealing behaviour at a 
repository scale. 

 
Figure 195 Schematic representation of the shut-in response as constant gas flow is 

halted and pressure allowed to decline.  As gas pathways collapse, outflow 
downstream is seen to fall, whilst declining stresses and gas pressure 
asymptote towards a value which is close to the sum of the swelling 
pressure and the applied water pressure.  Residual gas is left in localised 
regions of the bentonite and may well impact the peak pressure required 
to achieve breakthrough in following gas injection episodes. 

 
Summary 
Laboratory findings from this project and previous studies (Horseman et al., 1997; Harrington and 
Horseman, 1999; Harrington and Horseman, 2003) indicate that for saturated Mx80 bentonite, under 
expected in situ conditions, the primary mode of gas transport is by dilatant pathway formation.  
Observations that lead to this conclusion include: (i) no evidence for water displacement resulting 
from gas entry into the clay, (ii) a strong association between the stress state of the sample and the gas 
pressure required for entry into the clay (iii) strong coupling between σ, Π and Pp after gas 
breakthrough, (iv) localised changes in σ, Π and Pp, associated with the migration of gas, (v) unstable 
flow, indicating the spatial evolution of gas pathways with time, (vi) localised outflows during gas 
breakthrough, which appear non-unique and may evolve with time, (vii) no measurable desaturation in 
of any samples (post-gas testing), indicating that gas has not passed through the bulk of the clay. 
These findings are consistent with other recent studies involving argillaceous materials (Ortiz et al., 
2002; Angeli, et al. 2010; Cuss et al., 2010; Skurtveit et al. 2011; Harrington et al., 2012a; 2012b), as 
well as earlier studies in bentonite (Pusch et al., 1985; Harrington and Horseman, 2003; Horseman et 
al., 1999).  Whilst attempts have been made to lay out a theoretical framework for this mechanism of 
gas flow in bentonite, the capacity to generate numerical models which fully reflect the observed 
behaviours currently remains elusive.  Numerical modelling approaches, in light of these observations, 
are discussed further in section 10.3.7. 

10.3.3 Gas migration in bentonite under elevated pore-water conditions 
Introduction 
As discussed previously, the pressure at which gas entry occurs is a function of the swelling pressure 
of the clay (section 10.3.2).  During the lifetime of a repository, a number of possible mechanisms 
may lead to noticeable deviations from expected hydrostatic conditions.  In section 10.3.1, 
observations were presented indicating that such deviations may lead to a persistent impact on 
swelling pressure.  As such, it is important to determine whether this phenomenon is liable to change 
the gas-transport characteristics of the buffer material and in what way.  Within FORGE, data was 
collected from two constant volume laboratory tests investigating this scenario.  Geotechnical 
properties for samples Mx80-13 and Mx80-14 can be found in Table 10-1.  Before gas testing, both 
these samples were subjected to a phase of pore-pressure cycling, which has been previously described 
in section 10.3.1. A full description of the experiments is given in Graham et al. (2013a), but key 
features are discussed in this section.  In contrast to earlier tests, gas injection was carried out at 
elevated pore-pressure conditions and breakthrough was instigated by dropping the applied 
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backpressure, simulating a decline in pore pressure after prior elevation.  In this report we summarise 
the gas migration behaviour observed and make comparison to that seen at expected pore-water 
conditions. 
 
Pre-gas entry (pg<σ) 
The application of an elevated water pressure to samples Mx80-13 and Mx80-14, resulted in the 
generation of high total stresses before gas injection was initiated.  It should be noted that under these 
elevated stress conditions, an exceptionally high gas pressure can be applied to the sample without any 
evidence of gas entry occurring and no evidence of displacement of pore water by visco-capillary 
action.  This behaviour is consistent with the conceptual model described in section 10.3.2, rather than 
one governed by visco-capillary flow concepts.  It is also intuitive in the sense that relatively little free 
water is likely to be present in the bentonite under these conditions (Bucher and Müller-Vonmoos, 
1989). 
 
Gas entry (pg≈σ) 
In both tests, gas entry was achieved by maintaining a constant gas pressure at the injection rod filter 
and dropping the applied backpressure, leading to a fall in locally measure pore pressures in the 
sample and an associated decline in total stress.  Gas entry was only observed once the measured 
average total stress dropped below the applied pg (Figure 196).  In this respect, the behaviour of 
saturated Mx80 bentonite appears to be remarkably consistent with findings under hydrostatic 
conditions, in spite of the presence of elevated pore-water conditions. 
As with the tests described in section 3.2, the experimental data indicate that gas entry is a highly 
localised process.  This phase of the experiments is characterised by marked deviations from pw of the 
monitored local pore pressures, which are interpreted as being perturbations in the vicinity of 
propagating pathways.  Observations from these experiments are best explained as gas migration by 
dilatant pathway formation.  Post-test geotechnical measurements (Table 10-1) indicate that no 
significant desaturation of the samples occurred, in spite of the high applied gas pressures and 
extensive periods of gas flow during later stages of gas testing.  This further confirms the localised 
nature of the phenomenon, and explains the absence of significant water outflow in advance of gas 
entry. 
Gas breakthrough (pg>σ) 
A few notable differences in the gas breakthrough behaviour of the two experiments were observed.  
In the case of Mx80-13, gas breakthrough occurred shortly after a step down in the applied 
backpressure and resulted in an immediate continuous outflow from the clay.  Whilst a peak in the 
flow rate was observed, the characteristic peak in σ and local pore pressure was not observed.  For 
Mx80-14, breakthrough was spontaneous (with boundary conditions having been held constant for a 
significant period of time beforehand) and resulted in small transient outflow, followed by rapid self-
sealing.  These differences may be related to (i) the notable discrepancy in dry density between the 
two samples, (ii) the clear difference in sample responses during the pore-pressure cycling phase (see 
section 10.3.1), (iii) the selected geometry of the hydration and outflow sinks, (iv) pre-existing 
weaknesses or heterogeneities within the clay.  Alternatively, these differences may simply 
demonstrate the variable nature of the gas breakthrough process.  Data from all tests to date indicate 
that, whilst gas entry appears predictable, repeatability in gas breakthrough pressures is much less 
certain. 
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Figure 196 Schematic representation of gas entry under a constant applied pg condition 
and at elevated pw conditions.  Gas entry is instigated by dropping the 
applied pw and allowing generated stresses to decline.  Entry only occurs 
once the local total stress falls below the applied gas pressure.  As gas 
pathways begin to form, localised fluctuations in stress and pore pressure 
are often observed, in the near-field of propagating pathways.  During this 
stage, pressure cycling and episodic behaviour may be observed as the 
clay is ‘worked’ to form stable pathways.  This behaviour is most likely 
akin to the stepped stress responses seen under constant flow gas testing.  
Localised consolidation may also occur in the near-field of propagating 
pathways, leading to small-scale hydrodynamic effects in their vicinity.  
No evidence was found for elevated pore-water conditions impacting on 
the gas entry behaviour of the bentonite. 

Whilst clear differences were apparent between these two tests, in both experiments very high 
differential pressures were required in order to instigate breakthrough.  This may, in part, be the result 
of the selected sink geometry, but may also be a consequence of instigating breakthrough by reducing 
a previously elevated applied water pressure.  In spite of this behaviour, when gas pressure was 
allowed to decay after breakthrough of sample Mx80-13 it was observed to asymptotically approach a 
value close to the average total stress.  This behaviour is consistent with the conceptual model for gas 
flow at expected hydrostatic conditions (section 10.3.2) and suggests that gas breakthrough at elevated 
pressures is similarly closely linked with the stress state of the sample. 
In the case of Mx80-14, steady-state flow proved significantly harder to achieve (Graham et al., 
2013b).  Instead, gas flow was observed to be highly episodic and unstable in nature, switching from 
one state to another in an apparently spontaneous fashion.  A high propensity to self-seal was also 
apparent in the post-entry behaviour of the clay.  This phase of episodic events exhibited a highly 
cyclical, pressure-controlled response (Figure 197).  In spite of this behaviour, an overlying time 
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dependent evolution was also observed, which is interpreted as being the result of a continued 
‘working’ of the clay, before a more stable outflow was finally achieved.   
Observations of similar behaviour have also been obtained in a parallel test programme (Harrington, 
January 2013) confirming that an elevated pore-water pressure condition is not the primary cause.  
Instead, it seems likely that this is the consequence of the sink filter geometry in these tests (only one 
filter array was made available as a sink for gas escape), reducing the likelihood of a gas pathway 
intersecting a sink and resulting in an inherently unstable system.  The results represent an ‘end-
member’ behaviour – what happens if gas is unable to find a sink.  Such behaviours are likely to 
occur, to some degree, in less extreme situations.  However, the controls which dictate the likelihood 
and duration of this form of behaviour, before steady-state flow is achieved, require further 
examination. 

 
Figure 197 The initial gas breakthrough event in test Mx80-14.  A transient outflow occurred at 

approximately day 413.5, in a spontaneous fashion whilst the system was 
apparently unperturbed.  However, the clay almost immediately began to self 
seal and outflow ceased.  This was followed by a phase of pressure cycling, with 
associated transient outflows and subsequent self-sealing.  Observed gas 
migration during this phase was highly episodic, displaying extreme cyclicity 
combined with continued temporal evolution as the time interval between cycles 
increased and the rate of pressurisation and depressurisation gradually altered. 

Summary 
One of the primary objectives of this task was to elucidate the impact of sustained periods of pore 
pressure elevation and decline upon the swelling and gas flow properties of the buffer.  Two constant 
volume experiments (Mx80-13 and Mx80-14) were carried out on Mx80 bentonite.  Both samples 
were taken through a phase of pore-pressure cycling then returned to an elevated pore pressure 
condition before gas injection was started.  The resulting observations indicate that the consequent gas 
entry behaviour appears remarkably similar to that in tests conducted at lower applied water pressures.  
As with the conceptual model set out in section 10.3.2, gas only enters the clay once the total stress 
experienced by the material is close to, or less than, the applied gas pressure.  As such, the pressure at 
which the onset of gas entry occurs appears to be relatively predictable.  Once the gas has entered the 
clay, migration is highly localised and appears inherently unstable; switching from one conducting 
pathway to another.  The observations from these tests cannot be explained by standard visco-capillary 
concepts of two-phase flow, but is highly consistent with dilatant pathway formation as a primary 
mode of migration. 
Observations from both tests highlight the ability of the bentonite to sustain very large stress gradients 
for significant periods of time.  For Mx80-14, gas flow was observed to be highly episodic and 
unstable in nature, switching from one state to another spontaneously.  The results imply that whilst 
the system remains energised, gas will continue to seek a sink.  As such, the path the gas takes to exit 
(and hence the time to breakthrough) appears highly unpredictable and potentially unique.  New 
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observations of similar behaviour have recently been made in a parallel testing programme, where 
Mx80 bentonite is also being tested, under constant volume conditions, but at hydrostatic pore water 
pressures (Harrington, January 2013).  This suggests that such behaviour is not a result of the elevated 
pore pressure conditions and indicates that it is, instead, symptomatic of continued inability of gas to 
find a suitable sink.  Meta-stability is a likely feature of such conditions in bentonite, where the 
propagation front of a gas pathway is the most unstable part of the system (Harrington and Horseman, 
2003).  In the case of Mx80-14, this behaviour may have been further exacerbated by the elevated pore 
water pressure, but is not limited to such conditions. 

10.3.4 Introduction of a dual-density interface 
Introduction 
As pre-existing discontinuities, interfaces within a repository are likely to play a significant role in the 
migration behaviour of gas.  In the Swedish design concept, interfaces of particular interest in the 
engineered barrier system (EBS) include those between bentonite/copper and bentonite/host-rock.  In 
addition, the introduction of bentonite pellets between the deposition wall and the pre-compacted 
bentonite rings, will result in a temporary, if not permanent, dual-density bentonite/bentonite interface.  
Results from field-scale testing at the Lasgit experiment in Äspö, have highlighted the potential 
significance of this interface on the migration of fluid (Cuss et al. 2010; 2011; 2012).  Laboratory 
testing has been carried out within FORGE to investigate the influence of such an interface on (i) the 
hydration phase and associated stress development, (ii) the gas entry pressure and associated flow 
behaviour, (iii) the longer-term system evolution and the transience/degree of permanency of such an 
interface. This section describes the introduction of a dual-density bentonite interface into a standard 
constant volume experiment (ICVRF-1).  In particular, findings from the hydration phase and first gas 
test are discussed.   A second gas test is currently on-going.  However, the results will not be available 
within the timeframe of this project. 
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Figure 198 a.)  The Interface Constant Volume Radial Flow apparatus (ICVRF). b.)  A 
schematic profile through the ICVRF, showing the top and bottom 
injection rods (filters are coloured orange and yellow), the end closure 
filters (top and bottom axial filters are coloured dark green and dark blue 
respectively) and the three arrays of filters (top array = light green, mid-
array = red and bottom array = light blue).  The filter colours are used to 
highlight the associated pore pressures shown in figure 8 below.  The 
bottom and middle pre-compacted bentonite blocks are highlighted within 
the vessel in dark brown, whilst the region filled with bentonite powder is 
highlighted in light brown. 

Experimental approach 
For the purposes of this experiment, a bespoke apparatus was constructed, based on the CVRF design 
described in section 10.2, but with the additional introduction of a second gas injection rod (Figure 
198).  Mx80 bentonite was provided by Clay Technology AB (Lund, Sweden) in powder form and as 
pre-compacted blocks.  Two blocks were lowered into the pressure vessel, before an additional 30% of 
the vessel chamber was filled with Mx80 bentonite powder (Figure 198).  The injection rods were 
positioned such that gas could be injected directly into either the lower or the higher density clay. This 
arrangement also provides the opportunity to examine the development of both a single-density and a 
dual-density interface during hydration.  Gas entry properties can also be determined under identical 
test conditions for both the powder and pre-compacted clay forms.  Of particular interest is the long-
term system evolution and the degree of permanency of the property/behavioural contrasts across the 
powder/interface.  Further details relating to the experimental approach are presented in Graham et al. 
(2013a). 
 
Hydration of a dual-density interface 
The flexible filter arrangement used in the interface CVRF apparatus, allowed the independent 
monitoring of pore pressure evolution, whilst simultaneously hydrating through other filters at a 
constant pressure.  A full description of the hydration experiment can be found in Graham et al. 
(2013a).  Figure 199 shows the pore-pressure evolution during saturation of the bentonite and 
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highlights the exceptionally slow rate at which this occurs.  Such behaviour may be, in part, the result 
of localised saturation occurring in the vicinity of the injection filters and, hence, inhibiting the 
migration of water to the remainder of the sample.  However, recent data from hydration of a pre-
compacted bentonite block in a parallel test programme indicate that the saturation phase is relatively 
rapid in comparison (Harrington, December 2012).  This would imply that the addition of a simple 
dual density interface is primarily responsible for the significant slower hydration rates observed in 
test ICVRF-1.  Whilst the measured rate of inflow into the clay had reduced substantially by the 
second month of testing, independent pressure measurements demonstrated that pore pressures within 
the bentonite were still far from equilibrated.  These observations also highlight the ability of the 
bentonite to maintain significant heterogeneity in the pore-water pressure distribution over long 
periods of time.  The magnitudes of the pressure gradients sustained during this period were also 
unexpectedly large. 
In addition, the hydration process occurred in a staggered fashion, favouring different regions of the 
sample over time.  Declining local pore pressures are also observed at times, as hydration of other 
regions of the clay are favoured.  In spite of this behaviour, the resultant inflow curve appears 
relatively insensitive to local fluctuations (see Graham et al., 2013a), which would go unobserved 
without independent pore-pressure measurements.  In addition, the bentonite was observed to sustain 
notable stress gradients over lengthy periods of time (see Graham et al., 2013a; 2013b).  The load 
sensors in contact with the Mx80 slurry registered significantly lower stress values than those in 
contact with the pre-compacted bentonite blocks.  Findings from this test indicate that even in this 
simple (initially dual-density) system, stress development and pore-pressure evolution are not uniform 
and evolve in an inconstant manner.  These observed features are remarkably similar to those seen at a 
much larger, multi-component system, at the Lasgit field test. 
 
Gas testing on low density side of interface 
After hydration and equilibration at an applied backpressure of 1MPa, gas was injected at a constant 
flow rate through the top injection rod into the lower density clay.  The results indicate that, in spite of 
the non-ideal behaviours observed during hydration, the onset of gas entry in the lower density clay 
still appears to be relatively predictable from the total stress measurements.  Evidence of gas entry into 
the clay was only observed once gas pressure had exceeded the value of total stress measured closest 
to the top injection rod (Figure 200).  As expected for the lower density clay, gas entry was observed 
to occur at lower values (approximately 3-3.5MPa) than CVRF tests on pre-compacted bentonite 
blocks (Graham et al., 2013a) and much closer to those observed at Lasgit (Cuss et al. 2010; 2011; 
2012) 
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Figure 199 Pore-pressure development during hydration in the dual density interface 
test.  Initial hydration was at a constant pressure of 0.5MPa, applied 
through the large filters in the top and bottom end-closures of the 
pressure vessel (highlighted in dark blue and dark green).  Saturation of 
the bentonite was incredibly slow with significant pore pressure 
heterogeneity being sustained over a period of many weeks.  At 
approximately day 79, the array filters were also opened to the 
backpressure pump in order to increase the rate of hydration.  At 
approximately day 160 the applied water pressure was increased again to 
1MPa.  The resulting pore-pressure evolution within the clay was 
independently monitored through the top and bottom injection rod filters. 

As with other tests in this task, observations after gas entry (eg. localised changes in pg, pw and σ, and 
close coupling between these parameters) are indicative of gas flow by dilatant pathway formation.  
After entry occurs, gas pressure continues to build, with monitored stresses apparently growing in 
response (Figure 201).  This implies that during this phase stress development is driven by gas 
pressure, as episodes of pathway development result in perturbations in the local stress field.  As with 
test Mx80-14 there is a clear time dependent evolution to these events, which show a decreasing peak 
amplitude as the applied gas pressure is approached.  It seems highly probable that these stepped 
responses (also seen in test Mx80-10), observed during a ramp in gas pressure, are equivalent to the 
cyclic pressure responses noted in test Mx80-14, whilst under a constant applied gas pressure 
condition.  This would imply that their observed temporal evolution is the result of the clay being 
repeatedly deformed until a more stable pathway network can be achieved. 



 

 248 

 

Figure 200 Gas testing through the top rod of the interface vessel.  Gas pressure was 
applied to the middle of a bentonite slurry in a dual-density interface 
(ICVRF-1). The observed deviation of gas pressure (at the top injection 
rod) away from the predicted ideal gas behaviour (shown in black), 
provides an estimate of the approach to gas entry.  This is followed by a 
sudden increase in pore pressure at the top platen filter, to a value close to 
the average total stress, indicating that gas has entered the clay.  Entry 
only occurs once gas pressure has exceeded the measured total stresses in 
the top region of the bentonite. 
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Figure 201 Gas pressure continues to build (at the top injection rod) after entry into the 
clay, with monitored stresses growing in response to changes in the local 
pore pressure close to the top platen filter.  As gas pathways grow, gas 
pressure drives continued stress development.  The amplitude of these 
changes decreases with time, indicating time-dependent deformation of 
the bentonite. 

10.3.5 Summary 
An experimental apparatus has been designed and constructed within FORGE, specifically to 
investigate the impact of a simple dual-density bentonite on swelling and fluid flow behaviour.  Initial 
testing has demonstrated the marked complexity of the saturation process.   Under these conditions, 
hydration of the bentonite is incredibly slow and occurs in a staggered fashion, favouring different 
regions of the sample at different time periods.  These behaviours, as well as periods of sustained 
decline in local pore-water pressures, are remarkably similar to observations from the field scale at 
Lasgit.  Whilst hydration of a single density bentonite sample under similar laboratory condition, has 
previously shown relatively uniform and predictable behaviour, the introduction of this simple, 
initially dual-density interface results in marked changes in the pore pressure evolution, which is 
clearly not uniform and evolves in an inconstant fashion.  Further testing is required tol examine the 
permanency of any observed influence. 
Results from gas injection into the bentonite slurry indicate that, in spite of the heterogeneity of the 
hydration process, once the sample is saturated the gas entry behaviour appears remarkably similar to 
that observed for samples prepared entirely from pre-compacted bentonite blocks (sections 10.3.2 and 
10.3.3).  In particular, gas entry only occurred once the applied pg exceeded the local stresses 
measured in the top of the clay.  Localised fluctuations in pg, pw and σ were observed, with changes in 
gas pressure driving perturbations in the local stress field.  These changes are interpreted as being the 
result of gas filled pathways developing within the cay, indicating that gas migration was achieved by 
dilatant pathway formation through the bentonite slurry.  Whilst this behaviour is concurrent with that 
observed in previous tests, it should be noted that the observed entry pressure of the slurry was 
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significantly lower (~3-3.5MPa) and at a value much closer to that observed at Lasgit (Cuss et al. 
2010; 2011; 2012).  The observations from this test are providing insight and confirmation of 
expected/untested behaviours and demonstrate the complexity of processes involved even at a 
laboratory scale. 

10.3.6 Discussion 
Experimental uncertainty 

A large number of experiments have been carried out on bentonite within WP3 of FORGE.  In order to 
interpret and utilise these findings appropriately, it is important to highlight the conditions under 
which the experiments were undertaken and which part of the repository environment they relate to 
and how that was achieved.  This information is given within each section on experimental set-up.  
However, there are a few general points relating to this experimental programme which should be 
reiterated for the sake of clarity. 
All tests described in this task relate to the following context: 
• Pure Mx80 bentonite 
• 100% saturation 
• Constant applied pore-water pressure 
• Constant volume condition 
Certainty of the saturation state of the material was achieved by monitoring inflow and independently 
monitored pore pressures, until equilibration was achieved.  Further verification was obtained by 
matching total inflow values with expected values calculated from measured geotechnical 
characteristics.  Finally, saturation was confirmed by post-test geotechnical measurements which 
indicated that the samples remained at, or very close, to full saturation (Table 10-1), even after gas 
flow testing had taken place. 
These experiments were designed to simulate conditions in a bentonite buffer, bounded by a 
surrounding host rock, with conductive fractures allowing continued rehydration of the bentonite.  
This is the expected state of the buffer in the Swedish concept at the estimated time of gas generation 
(should this occur).  Attention to the boundary conditions of a given laboratory experiment is crucial 
when using laboratory findings to inform model selection of an appropriate process or when applying 
experimental data to numerical simulations. 
This is also true when considering the upscaling of results from the laboratory, both in space and time.  
Lab tests allow us to understand processes on a small scale, under carefully controlled conditions and 
suitably defined boundary conditions.  Such understanding underpins experimental work at the 
Underground Research Laboratory (URL) scale (for example using laboratory testing to inform 
interpretation of observations at Lasgit, where similar behaviour is observed on both scales).  Findings 
from lab and URL scale can then be used to inform the selection of the correct model and aid in its 
calibration/validation.  This may be an iterative process, but provides a full and accurate understanding 
of the likely processes involved.  Assuming the bentonite is homogeneous, laboratory observations 
must be directly scalable to field conditions for regions of bentonite that are at similar levels of 
maturity. 
Tests are run as slowly as possible, so as to solicit the underlying physics.  Care has been taken to 
equilibrate samples and achieve steady-state behaviour wherever possible (eg. holding pressures steps 
for several weeks or more, until flow and stress changes are minimal, during pore-pressure cycling).  
The behaviour observed in experiments for this task, indicates a distinct threshold for gas entry 
(related to the sum of Π and pp).  The evidence clearly suggests that this threshold is independent of 
rate and should scale well to longer time-scales.  However, the potential for other effects to become 
significant at longer timescales may also need to be considered (for example, the long-term impact of 
consolidation of the bentonite, due to an excess gas pressure). 
The potential for other experimental artefacts has also been discussed within FORGE, in particular, the 
possibility of interfacial flow impacting on experimental data.  However, the CVRF apparatuses used 
in this task are specifically designed so that interfacial flow would be detected, should it occur during 
a test.  Gas is injected through a central rod, directly into the middle of the bentonite, and can either: i.) 
enter into the bentonite and migrate to one of the sink arrays, or ii.) migrate down the rod/bentonite 
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interface and drain out through the axial injection filter.  If ii.) were to occur, a notable elevation in the 
monitored pore-fluid pressure (above the applied pore-water pressure) would be observed at this filter.  
It is, therefore, clear from the test data when gas entry within the bentonite has occurred, as opposed to 
an interfacial effect.  Another uncertainty is the criteria for defining ‘gas entry’ and ‘gas 
breakthrough’; the interpretation of each can vary from one experimental set-up to another.  These 
phases, as they relate to the tests in this task, are described in greater detail within the final report 
(Graham et al., 2013a), as well as the particular observations used to determine their onset.  This is of 
particular importance when making comparisons between findings of different laboratory 
programmes, particularly since experimental geometry has been observed to impact the conditions and 
time of gas breakthrough. 

10.3.7 Implications 
Laboratory evidence presented here, demonstrates that the primary mechanism for migration in pure, 
saturated bentonite, is dilatant pathway formation, which is not well represented within classic porous-
media flow models.  Standard two-phase flow models are particularly suitable for clay-poor, medium 
to high permeability materials.  In contrast, for clay-rich, low and ultra-low permeability materials, 
such an approach may not be suitable.  Whilst it is tempting to mimic the bulk behaviour of the system 
by utilising such models, this approach fails to address the underlying physical processes.  If it is 
necessary to model these processes in detail, then to fully represent this process a realistic numerical 
model must capture the complicated hydro-mechanical coupling between σ, Π and Pp.  Such a model 
should also include the potential for feedback processes during gas flow. 
Whilst current dilatancy-based models represent the processes involved more accurately, the current 
lack of data (specifically the spatial distribution and evolution of gas pathways) and the inherent time-
dependency of the process, currently limits further numerical model development.  However, a well-
informed conceptual model has been developed, which relates gas entry to total stress within the clay 
(section 10.3.2; Graham et al. 2012; Graham et al., 2013a) and is consistent with findings in this, and 
numerous previous, studies (Pusch et al., 1985; Pusch and Forsberg,1983).  A preliminary cross-plot 
showing key parameters for several gas injection tests is shown in Figure 202.  Further points will be 
added to this graph as the data-set is expanded and the final value of parameters may alter slightly in 
order to achieve consistency in selection of specific parameters across the data-set. 

 

Figure 202 A preliminary cross-plot showing key parameters for several gas injection 
tests.  Care needs to taken when comparing values estimated from 
different tests, with varying methods used to characterise the point of 
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entry.  However, the general coupling between gas pressure and total 
stress is clearly evident. Once steady-state flow is achieved, pg falls closer 
to σ. 

With the large amount of laboratory testing carried out in WP3 of FORGE, a significant amount of 
experimentally generated data and process understanding is now available to numerate this conceptual 
model.  It is possible to draw on such a model to understand the potential consequences, should gas 
migration occur in a repository.  Findings from laboratory testing of bentonite show that such 
migration is unlikely to lead to the displacement of large volumes of water.  One possible exception to 
this is the possibility that the application of high gas pressures, over significant periods of time, could 
conceivably result in compression and drainage of the clay.  However, this phenomenon is currently 
not well understood, particular over the long-timescales at which it may become of relevance.  
Laboratory results also highlight the propensity for bentonite to ‘self-seal’.  This characteristic is aided 
by rehydration, which significantly reduces any ‘memory’ of past gas flow events and restores the clay 
close to its original state. 
During laboratory testing it is possible to maintain notably high excess gas pressures, before gas entry 
into the clay takes place.  Such pressures might conceivably have the potential to damage repository 
infrastructure/performance.  However, laboratory testing also demonstrates that the value of peak 
pressure is not a material constant, but is instead dependent upon the number and geometry of sinks 
available.  Whilst the constant volume boundary and sink availability are strictly controlled in the 
laboratory, at the field scale the presence of discontinuities and heterogeneities (such as 
faults/fractures/compressibility variations in the bentonite/interfaces) mean that these high gas 
pressures are unlikely to be achieved.  To date, this hypothesis is supported by observations at Lasgit 
(Cuss et al. 2010; 2011; 2012), although this may also be a consequence of the current ‘maturity’ of 
the bentonite.  It should also be noted that scenarios involving multiple factors will be more likely to 
have impact on repository functions (eg., the generation of high excess gas pressures being coincident 
with glacial loading). 
The effects of pore-pressure elevation, for example as the result of glacial loading, were also 
investigated within this WP3 task.  The results demonstrate that swelling pressure reduces non-linearly 
with increasing pore-water pressure, becoming less sensitive to changes at elevated pressures.  
Observations indicate that pore-pressure cycling can lead to a persistent elevation in the swelling 
pressure of the clay, in spite of a consequent reduction in the applied pore-water pressure.  These 
results suggest that the mechanical and transport properties of the buffer might, in some scenarios, be 
altered as the result of excursions from expected hydrostatic conditions.  However, further testing is 
required to better elucidate the controls on this behaviour.   
The potential impact on gas flow behaviour was investigated in two samples within FORGE.  
Observations from these tests indicate that gas entry behaviour is unlikely to be affected significantly 
by a prior, elevated pore-pressure history.   The results indicate that gas entry pressure, its relationship 
to locally measured total stresses and migrating gas via dilatant pathways, are all consistent with the 
conceptual model for gas entry at lower pore-pressures (section 10.3.2), irrespective of previous test 
history.  As such, it seems unlikely that excursions from expected hydrostatic conditions in the 
repository will impact on the gas entry behaviour of the buffer.  However, it is not yet known whether 
gas entry pressure would occur at the value of any residual trapped in stress, resulting from such an 
excursion.  Given the differences in the approach to gas breakthrough in these two tests it is, however, 
much harder to draw conclusions on the impact of prior pore-pressure cycling upon the post-entry 
behaviour of gas within the clay.  This is because repeatability of behaviour at this stage of gas flow is 
non-trivial to achieve, even in tests where initial conditions and materials are highly comparable. 
However, progressive time-dependent evolution of the system is likely during this phase, resulting 
from a ‘re-working’ of the clay until a more stable flow regime can be established.  If gas is unable to 
find a sink, a constant pressure condition is sufficient to continue to energise the system for significant 
periods of time, whilst gas continues to seek a sink, switching from one meta-stable state to another in 
a highly unpredictable fashion.  Any subsequent decline in ambient pore-water pressure also has the 
potential to further destabilise the system and lead to additional episodes of pathway propagation, 
though this is not a necessary condition for such behaviour.  These results indicate that, under both 
normal and elevated pw conditions, the presence of sinks (ie. conductive fractures/faults) within the 
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borehole will be of critical importance on the behaviour of gas, once it has been allowed to enter the 
bentonite. 
Finally, results from constant volume hydration of a bentonite powder/compacted block interface, 
highlight the complexity of the hydration process in clay.  Incredibly slow hydration, sustained 
pressure gradients and ‘locked-in’ heterogeneous stress distributions are all features observed at the 
field scale at Lasgit (Cuss et al. 2010; 2011; 2012).  These results all imply a need to better understand 
the fundamental processes that allow such heterogeneity to be sustained and the permanency of such 
features in relation to the repository timescale.  If such behaviour cannot be discouraged, and is long 
term in nature, then systems may need to be engineered to allow such features and might even be 
designed to utilise them to the advantage of the system design. 
As with other CVRF tests, onset of gas entry in the lower density clay still appears to be relatively 
predictable from the value of the locally measured total stress.  This value was found to be 
significantly lower within the slurry than the pre-compacted block and resulted in gas entry at 
pressures much closer to those observed at Lasgit (~3-3.5 MPa).  It is conceivable that at the field 
scale, should the density contrast along the slurry/block interface be sustained over longer timescales 
than those observed in the laboratory, then such interfaces are likely to act as paths for preferential 
flow, potentially at lower entry pressures than might be predicted for the pre-compacted blocks.  
Continued gas testing of dual-density interfaces will serve to further determine the degree of 
permanence of this interface and its role on gas migration.  Observations from these experiments 
demonstrate the complexity of the processes involved in gas flow through bentonite, even at the 
laboratory scale. 

10.4 Conclusions 
This task within FORGE has involved the completion of a programme of constant volume 
experiments, investigating fundamental uncertainties relating to the swelling, hydration and multi-
phase flow characteristics of Mx80 bentonite and soliciting information relating to the underlying 
processes involved.  As well as adding to our general understanding in relation to the fundamental 
process involved in gas flow through bentonite, these tests have examined the impact of elevated 
applied water pressures, pore-pressure cycling and the influence of density contrasts on the swelling 
and gas flow behaviour of the material. 
Laboratory observations of gas flow in pure Mx80 bentonite can be fully explained by a simple 
conceptual model, invoking dilatant pathways and relating gas entry pressure to total stress (Horseman 
and Harrington, 1997; Harrington and Horseman, 2003; Graham et al., 2012; Graham et al., 2013a).  
This conceptual model satisfies both gas entry resulting from increasing pg and that instigated by 
falling pw at elevated values. Conventional concepts of two-phase flow do not adequately represent the 
observed key features.  Progressive time-dependent evolution of the system is also often observed, 
which can be interpreted as a ‘re-working’ of the clay until a more stable flow regime can be 
established.  These results imply that if the system remains energised, gas will continue to seek a sink, 
switching from one meta-stable state to another in a highly unpredictable fashion.  Consequently, it is 
apparent that gas entry into the bentonite is reasonably predictable, but the time, location and 
conditions that lead to gas breakthrough are highly variable in nature. 
In addition, swelling pressure of the bentonite was found to be non-linearly sensitive to increasing 
pore-water pressures and sustained episodes of pw showed a lasting impact on swelling pressures when 
returned to previous conditions.  Whilst the controls that influence this behaviour require further 
investigation, such a pressure history was not found to significantly impact the gas entry behaviour of 
the material.  An influence on the consequent breakthrough process cannot be excluded, but this could 
not be determined with any certainty without further expansion of the data-set. 
Constant volume testing of a dual-density bentonite interface has also highlighted the complex nature 
of the hydration process and demonstrated features strikingly similar to those observed at the field 
scale at Lasgit (Cuss et al. 2010; 2011; 2012).  In particular, the bentonite was shown to maintain 
significant pressure gradients over long periods of time, as well as exhibiting a heterogeneity of the 
stress field which was sustained without notable translation through the body of the clay.  These 
results highlight the complexity of the maturation process which, if the effects are long-term enough 
may play a significant role in the migration distribution of gas in the repository.  Gas entry during 
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injection testing of the lower density part of the clay exhibited behaviour consistent with that seen in 
previous tests on intact pre-compacted bentonite blocks, except a much lower gas entry pressure (~3-
3.5MPa) was recorded.   
There are a number of questions relating to gas migration in bentonite that are not yet fully answered.  
These include uncertainty about repeatability of breakthrough, the impact of hetereogeneous saturation 
and stress ‘lock-in’ on the gas entry process, the stability of gas pathways once formed and the 
potential role of work-hardening behaviour and consolidation.  However, for a known stress-state, the 
generated excess gas pressure above which gas entry into the buffer is likely to occur can be estimated 
with reasonable confidence.  Observations from these experiments demonstrate the value of laboratory 
testing, which provides process understanding, under controlled conditions, that can give insight into 
behaviour at a larger scale. 
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11 INR results on gas migration through Romanian 
bentonite 

Two types of Romanian bentonite that could be used in the future geological repository were 
characterized in the frame of FORGE project. Gas injection tests were performed on these 
bentonites at different saturation degrees. 

10.1 Romanian bentonite characterisation 
Particle size, porosity distribution, and elemental composition of the two Romanian bentonites 
were determined: a bentonite from Parahova (bentonite A) and another one from Satu Mare 
(bentonite B).  The Prahova bentonite is coming from a small mine. The Satu Mare bentonite 
derives from the deposit of rocks altered to bentonite formed in ―Orasu Nou area. This 
deposit has resulted from the hydrothermal-deuteric alteration of the median perlite-
pyroclastic complex within the volcanic formation. In terms of quality, the bentonite 
resources are characterized by the presence of well crystallized calcium montmorillonite. The 
deposit‘s conditions are such that open-pit mining is favoured [1] and consequently could be 
used in the future Romanian geological repository for CANDU spent fuel and long-lived 
radioactive waste. 
The particle size distribution for the two bentonites powder was measured using Laser 
Scattering Particle Size Distribution Analyzer. The granulometric spectra of the two samples 
(Figure 192, left) indicate two granulometric classes with slightly different characteristics. 
The coarse particles (5-30 µm) of both powder bentonites have a similar range (Table 10-1), 
but their percentage in bentonite A (around 48%) is lower than in bentonite B (around 74%) 
indicating a finer structure of bentonite A.  
 
Table 10-1. Granulometric characteristics of the two Romanian powder bentonites 

 Bentonite A Bentonite B 
Range I 0.259-5.867 μm 0.584-5.122 μm 
maxim 1.981 μm 3.905 μm 
percentage ~ 52% ~ 28% 
Range II 5.867-39.234 μm 6.720-39.234 μm 
maxim 17.377 μm 19.904 μm 
percentage ~ 48% ~ 72% 

 
Figure 192 Left: Particle size distribution of bentonite A (top) and bentonite B (bottom) 

Right: Porosity distribution of powder bentonite A  
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The porosity distribution was investigated by mercury porosimetry using a Quantracrom 60 
porosimeter (Figure 192, right). The two bentonites have similar powder specific pore volume 
but the pore distribution shifted to the smaller pores for bentonite A (Table 10-2) as result of 
the finer structure indicated by the particle size distribution [2].   

 
Table 10-2. Porosity data summary 

Bentonite Total specific 
porosity (cm3/g ) 

Total surface area 
(m2/g) 

Mean pore 
volume (cm3/g) 

Median pore 
volume (cm3/g) 

A 0.4639 14.1177 0.388 at diameter 
of 0.131 µm 

0.231 at diameter 
of 1.31 µm 

B 0.4906 6.4689 0.396 at diameter 
of 0.303 µm 

0.245 at diameter 
of 1.45 µm 

 
The bentonite powders were also analysed for major element composition by Inductively 
Couplet Emission Spectrometry (ICP-AES) using iCAP 2500 emission spectrometer.  

The bentonite dissolution was achieved in an acid solution composed of sulphuric acid (3ml) 
and hydrofluoric acid (2.5 ml) using a Berghof microwave digestion system. 20 ml of 
saturated boric acid solution (H3BO3) was used to complex the excess of HF. The resulted 
solutions were diluted in nitric acid and filtered using 0.45 µm Millipore filters prior to its 
analysis.  

The results expressed as weight percentage of major oxides are presented in Table 10-3.  
 

Table 10-3. The chemical composition of the two bentonites (%) 
 Bentonite A Bentonite B 
SiO2 63.53 57.95 
Al2O3 6.25 5.56 
Fe2O3 4.22 4.14 
CaO 2.31 1.87 
Na2O 2.36 2.67 
MgO 0.41 2.00 
K2O 0.93 0.91 
P2O5 0.74 1.53 
LOI 10.14 11.06 
 

10.2 Swelling tests 

Swelling tests were performed using the procedure described by Henke et al., 1975 [3] in an 
oedometer type set-up (Figure 193).  This test consists of two steps experiment: the sample is 
wetted and the complete swelling displacement at a constant loading pressure of 4.5 kPa is 
recorded. In the second step the sample is progressively loaded and the swelling pressure is 
determined as the pressure needed to reduce the primary swelling displacement to zero.  
The swelling tests were performed both on pure bentonite (bentonite A) and on sand/bentonite 
mixture (50% bentonite A – 50% sand) under a load of 4.15 kPa. Both samples were 
compacted at a water content of 30% (wt) to a dry density of 0.98 g/cm3 (for pure bentonite) 
and 1.51 g/cm3 (for sand/bentonite mixture). 
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The swelling potential was 54% (Table 4) for pure bentonite and 33% for the sand/bentonite, 
corresponding to a swelling pressure of 1 MPa for pure bentonite and 2.5 MPa for 
sand/bentonite mixture (Figure 194).  
 

 
Figure 193. Experimental set-up for swelling pressure measurement 

 

 
Figure 194. Swelling/shrinkage curves pure bentonite and bentonite/sand mixture  
 

For a dry density of 1.46 g/cm3 the swelling test performed on bentonite B showed a much 
lower swelling potential (~5.4%) (Figure 195) and consequently a lower swelling pressure.  
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Figure 195. The swelling curve for bentonite B 

 
 
Table 10-4. Summary of swelling test on bentonite  
Bentonite Sand ρdry (g/cm3) Swelling potential 

(%) 
Swelling pressure 
(MPa) 

100% bentonite A 0 0.98 54 1 

50% bentonite A 50 % 1.51 33 2.5 

100 % bentonite B 0 1.46 5.4 - 

 

10.3 Gas migration tests  
Gas injection tests were performed at saturation degree between 50 and 80% on bentonite A. 
Tests were performed in a thick-walled pressure vessel imposing a constant volume boundary 
condition. In all tests, linear variation between gas flow rate and pressure gradient was 
observed (Figure 196), indicating that two-phase flow is applicable for these saturation 
degrees.  
 

 
 

Figure 196. Flow rate vs. pressure gradient for saturation degree of 50% (left) and 80% 
(right) 

 
The gas permeability decreased from 4.7x10-18 m2 for saturation degree of 50% and dry 
density of 1.1 g/cm3 to 1.9x10-20 m2 for higher saturation (80%) and density (1.4g/cm3). 
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Red spots almost uniform distributed on the sample surface were observed after the gas pass 
through the sample by adding a thin film of potassium permanganate solution on the sample 
surface (Figure 197). This is also an evidence of the two-phase flow at saturation degree 
under 80%.  
 

 
Figure 197. Distribution of potassium permanganate on the sample outlet surface  
 
To investigate the mechanisms involved in gas migration through saturated bentonite, a 
constant volume pressure cell designed for maximum 50 MPa was built (Figure 198). The 
bentonite sample (2.9 cm height and 5.5 cm diameter) is constrained between two porous 
plates imposing a constant volume boundary condition. Both water (for the saturation 
phase) and gas (He) are injected using an ISCO 250 Teledyne syringe pump allowing a 
maximum pressure of 25.85 MPa.  
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Figure 198. The experimental set-up for gas migration near saturation 
 
A sample of bentonite A was compacted to a dry density of 1.46 g/cm3 and saturated at 1 
MPa. Water permeability measured for injection pressures between 10 MPa and 17 MPa was 
around 1.6x10-21 m2. 
Helium was injected starting with 5 ml/min until the pressure increased at 5.5 MPa and the 
flow rate was stepwise decreased (Figure 199) to 0.05 ml/min and kept constant until the 
maximum pressure allowed by the syringe pump was reached (25.85 MPa). After that the 
pump was switched to the constant pressure mode and the gas injection pressure was kept 
constant at 25.85 MPa for almost 10 hours when gas breakthrough occurred. 
During the pressure build-up, after ~ 13 MPa gas bubbles were observed at constant intervals 
of 8 minutes. 
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Figure 199. Pressure history during gas injection test on bentonite A 

 
No notable increase of water permeability was observed after the gas breakthrough. The water 
permeability measured at water injection pressure of 1 MPa after sample re-saturation was 
around 2.1x10-21 m2 very close to the value measured before the gas injection but at much 
higher water pressure. 
The second gas injection performed on the same sample after its re-saturation had similar 
behaviour. Gas bubbles were observed at the exit during pressure build-up and the 
breakthrough occurred after the pressure was kept constant at 25.85 MPa for a similar time 
interval indicating the gas pathways created by the gas pressure were completed sealed during 
the bentonite re-saturation for 7 days.  
Each breakthrough was preceded by expelling of a volume of water of around 2 ml. 
For the bentonite B, compacted at the same dry density (1.46 g/cm3), mainly due to the lower 
swelling pressure, gas breakthrough occurred at lower pressure than in bentonite A. In the 
first gas injection test, the bentonite was near saturation and the gas breakthrough occurred at 
7 MPa with a shut-in pressure of ~2 MPa. After the breakthrough the pressure increase, than 
dropped and increased again, and finally it remained almost constant to ~ 1.44 MPa for more 
than 70 hours (Figure 200).  

 
Figure 200. Pressure evolution in the 1st gas injection test on bentonite B 
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The volume of water expelled before the breakthrough was similar (~ 2.4 ml) with those 
expelled from the bentonite A, a volume that could not come from draining of a significant 
pore volume allowing the gas flow through the bentonite initial porosity. Most probably the 
preferential pathways induced by the gas pressure were created and the gas phases become 
mobile through these pathways. After the first breakthrough due to the decrease in gas 
pressure these pathways were probably closed allowing gas to accumulate but opened again at 
much lower pressure when gas pressure increased and another breakthrough occurred.   
The same sample was kept for 8 days with no supplementary water injection to allow the 
water redistribution inside the sample and the gas was again pumped in. Without sample re-
saturation the gas breakthrough occurred at much lower pressure (~2.86 MPa) indicating the 
pathways created during the previous test were not completely sealed (Figure 201). 
 

 
Figure 201. Pressure evolution in the 2nd gas injection test on bentonite B 

 
The bentonite sample was re-saturated for 8 days at water pressure of 1 MPa and after that the 
gas was injected following the same pressure history as in the first test. This time the 
breakthrough occurred at a higher pressure (13.45 MPa) with a shut-in pressure of 2.6 MPa.  
Keeping a constant injection rate of 0.05 ml/min, the gas accumulated up to 4.7 MPa when a 
second breakthrough occurs followed by the pressure drop to ~ 0.4 MPa. Even the gas 
reservoir was empty and the gas injection was stopped this gas inlet pressure was kept 
constant for more than 60 hours (Figure 202). 
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Figure 202. Pressure evolution in the 3rd gas injection test on bentonite B 
 
These experimental data support the assumption of micro-fissures (dilatant pathways) created 
by gas pressure which close after the gas pressure drops and re-open once the gas pressure 
increase enough (but not as high as in the first breakthrough event.  
All gas injection tests performed indicate that after the first breakthrough occurs if the gas 
injection rate is kept constant the gas pressure start to build up again and successive 
breakthroughs could be obtained at lower pressures. To confirm this behaviour the previous 
test was repeated (after 8 days of re-saturation at water injection pressure of 1 MPa) and the 
pump reservoir was refilled after the second breakthrough occurred (Figure 203). 
 

 
Figure 203. Pressure evolution in the 4th gas injection test on bentonite B 

 
This different behaviour of the bentonite after successive saturation - gas breakthrough –
resaturation tests could be an indication of the instability of these gas induced pathways 
opening and closing probably in response to localized changes in gas pressure.   
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Water permeability tests were performed after each gas injection tests (after the sample re-
saturation) by measuring the volume of water at the sample outlet over a constant pressure 
gradient. The water permeability values are reported in Table 10-5. 
 
Table 10-5 Water permeability for bentonite B before the first gas injection test and 
after each gas injection tests 

 k  
[m2] 

Before 1st gas injection test 4,42⋅10-21 
After  1st gas injection test 4,44⋅10-21 
After  2nd gas injection test 4,30⋅10-21 
After  3rd gas injection test 4,01⋅10-21 
After  4th gas injection test 3,02⋅10-21 

 
 
The results of the water permeability tests showed that this parameter is not significantly 
affected by the successive gas breakthrough supporting the assumption that the gas induced 
pathways will not affect the bentonite hydraulic properties.   

10.4.  Conclusions  
The two Romanian bentonites that could be potentially used in the future geological repository have 
similar chemical composition but quite different swelling properties with a much higher swelling 
potential for bentonite A. 
For saturation less than 80%, the experimental data of gas injection tests indicate that two-phase flow 
is applicable.  
At saturation, experimental data confirm the creation of gas induced pathways dependent on pressure 
history which can completely sealed after the bentonite re-saturation. Not only the pressure value is 
important but also the time needed for these gas induced pathways to propagate and create a network 
for gas flow.  
No evident increase in water permeability was observed after the gas breakthrough.   
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12 Nagra contribution to deliverables D3.34 and D3.36  
12.1 Introduction 
Nagra’s contributions to WP3 of the FORGE project are motivated by the need for optimising the 
L/ILW repository concept in ultra-low permeability claystones to ensure the release of corrosion and 
degradation gases from the backfilled emplacement caverns without impairing the long-term safety. 
The following paragraphs provide an overview of the experimental work performed with the FORGE 
project. Details of the experiment and more specific discussions of the results are documented in 
Rueedi et al. (2012). 

12.2 Background 
The Swiss low- and intermediate level waste (L/ILW) repository concept foresees cavern plugs and a 
repository seal to prevent excess gas pressures in the repository. The main aim of the plugs and the 
seal are to increase the gas transport capacity of the backfilled underground structures without 
compromising the radionuclide retention capacity of the engineered barrier system (Nagra, 2008). The 
design option is called "engineered gas transport system (EGTS)" (Figure 203). It involves specially 
designed backfill and sealing materials such as high porosity mortars as backfill materials for the 
emplacement caverns and sand/bentonite (S/B) mixtures with a bentonite content of 20 – 30 % for 
backfilling other underground structures and for the seals. 

 
Figure 203 Schematic picture of repository layout (top figure) and layout of repository 

sealing (bottom left) and sealing of emplacement caverns (bottom right). 
Red arrows indicate gas release pathways. 
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As seen in Figure 203, there are different potential gas pathways that may or may not occur due to gas 
production in the repository after closure, namely: 
 
• Gas flow into the host rock 
• Gas flow along the EDZ 
• Gas flow through the plugs and the seal 
 
Preliminary experimental studies confirmed the high gas transport capacity of the S/B mixtures 
(Romero et al., 2003). Numerous experiments have shown as well the ability to design S/B mixtures 
with specific target permeabilities for water and gas flow (Agus et al., 2010; Colmares Montanez, 
2002). First in-situ experiences were gained through the Gas Migration Test (GMT) at Grimsel Test 
Site (GTS), but with in-silo emplacement (Shimura et al., 2008).  
 
Numerical simulations of the entire repository were conducted which illustrate the effective 
functioning of the EGTS concept for a range of repository configurations and parameter variants. The 
model calculations show clearly an engineered gas transport system can release the gas that is 
produced in emplacement caverns very efficiently from the underground structures to the backfilled 
access tunnel into the adjacent rock formations. The model calculations show as well that both the 
length and the average gas/water permeability of the repository seal (subsequently called “V4” seal) 
are critical design parameters to avoid excess gas pressures in the repository. It is thus important, but 
yet to be demonstrated, that the two-phase flow properties from small-scale material samples are 
appropriate for the simulation of combined gas/water transport processes on the repository scale. Real 
scale validation experiments are indispensible for building confidence in the functioning of the EGTS. 
 
More recent higher resolution modelling studies of the repository seal V4 have revealed a plausible, 
nevertheless rather complex gas and water flow pattern in the repository seal in the first 10’000 years 
(Fig. 3). In the early stage after sealing the repository water from the adjacent formations will be 
pushed into the S/B seal under hydrostatic pressure (few 10s of bars). After about 1000 years, the gas 
pressure in the repository is expected to become higher than the water pressure and gas begins to be 
expulsed from the repository through the S/B seal into the neighbouring rock formation. Provided the 
modelling concept and the model assumptions underlying these results are correct, this would mean 
that the seals of the emplacement caverns (subsequently called “V5”) would, at no time, fully saturate 
during the gas production phase (about 100-200 ky) and thus would always remain highly conductive 
during the gas production phase. 
 
Based on the evolution scenarios described above it is expected that a) boundary conditions differ 
depending on the location within the repository; and b) boundary conditions may change over time, 
both influencing the two-phase flow properties of the plugs and the seal. Two types of boundary 
conditions may influence the two-phase flow properties, namely a) the hydrochemical composition of 
the inflowing water; and b) the stress conditions exerted from the surrounding rock mass.  

12.3 Research objectives  
The presented concept for laboratory experiments (WP 3.2.5 / WP3.3.5) aim at providing a better 
understanding of the impact of different boundary conditions (e.g. hydrochemical interactions between 
cement porewater and sand/bentonite) on the long-term performance of the engineered barrier systems 
of a L/ILW disposal system. The objectives of the investigation programme can be broken down into 
the following categories: 
• Develop a solid and reproducible protocol for column experiments with cement materials and 

S/B mixtures aiming at the determination of two-phase flow parameters (QA) 
• Collect phenomenological evidence and develop conceptual models of gas transport in S/B 

with special focus on the associated hydro-chemical interactions 
• Collect experimental data for a laboratory database for the determination of representative 

two-phase flow parameters of S/B. The parameters are input data for modelling gas transport 
processes in the S/B buffer of a L/ILW disposal system 
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• Collect laboratory data to support parametric models for the simulation of hydro-chemical 
sealing processes at the interface concrete – S/B 

• Demonstrate process understanding in the framework of an intermediate-scale validation 
experiment. 

Table 12-1 laboratory experiments listed against the main project objectives. 
Objectives Reproducible 

protocol for 
column 
experiments 

Phenomenological 
evidence & conceptual 
understanding 

Laboratory database & 
representative two-phase 
flow parameters of S/B 
under different boundary 
conditions 
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Oedometer cells: 
Distilled water 
Formation water 
High-pH water 

X X  X X   X X  X X X 

Perm. cells: 
Distilled water 
Formation water 
High-pH water 

X X     X    X X X 

Triaxial cells X X  X X  X X   X X  
Modular columns: 
Dynamic sat. exp. 
Tracer tests 
Gas tracer tests 

X X X X X  X X  X X X  

Micro cage  X X      X X   X  
PET experiment X  X    X     X  
Mock-up Exp. 
TDR column 
Mock-up test 
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12.4 Expected boundary conditions 

12.4.1 Hydrochemical boundary conditions 
While standard laboratory experiments on bentonite and sand-bentonte mixtures are performed with 
distilled water, three types of water are expected at or near the repository plugs and the seal: 
1. Water infiltrating into the tunnel system from the Opalinus clay will have high salinity (close 

to sea water) and a pH around 7. Due to the very low permeability of the Opalinus Clay inflow 
rates into the repository are expected to be rather small, nevertheless relevant for the late 
repository resaturation phase. 

2. Water saturating the repository plug from the overlying formations will have relatively high 
salinity (about 20-50% sea water) and a pH around 7. Inflow rates into the repository 
primarily depends on the pressure distribution around the plug and hydraulic permeability of 
the construction (S/B) material. 

3. Water that is in direct contact with the concrete inside the emplacement caverns will 
equilibrate to reach a high-pH water. 
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Interaction with saline water 
Past studies consistently show that water with higher salinity leads to a decrease in swelling pressure 
and an increase in hydraulic permeability (Studds et al., 1998; Karnland et al., 2006; Wilson et al., 
2011). This effect has been attributed to one or more factors, such as exchange of Ca2+ for Na+ in the 
montmorillonite cation exchange positions or osmotic effects. Karnland et al. (2006) have performed 
swelling and permeability tests with a number of different bentonites. The results of the tests made 
with MX80 Na-bentonite are shown in Figure 204 below. The figure shows that the impact on both 
parameters is stronger for lower dry densities such as those expected for 80/20 S/B mixtures. For 
salinities as expected in Opalinus Clay (i.e. about 0.3M) a reduction in swelling pressure of about a 
factor of three would be expected, whereas the reduction in hydraulic permeability should be about 
two, at the most. 

  

  

Figure 204 Swelling pressure (left plot) and hydraulic permeability of Wyoming MX-80 
reference material as a function of dry density and salinity of the 
saturation solution (from Karnland et al., 2006). 

High-pH interaction 
Chemical and mineralogical interfaces develop between cement and bentonite due to contrasting 
chemical properties of the two materials, with chemical reactions proceeding through a number of 
processes (e.g. Savage, 1997; Gaucher and Blanc, 2006): 
• Interaction of cement/concrete with groundwater, leading to leaching of cement in accord with 

a sequence of decreasing solubility of cement minerals with time, i.e. potassium/sodium 
hydroxide, followed by portlandite dissolution, followed by calcium silicate hydrate gel. 

• Diffusive transport of cement pore fluids into compacted bentonite. Diffusion of bentonite 
pore fluids into the cement/concrete will lead to precipitation of carbonates (aragonite, calcite) 
at the interface and a decrease in porosity. 

• Mixing and reaction of cement pore fluids with the entrained pore fluid in compacted 
bentonite. Sharp gradients in pH (and partial pressure of carbon dioxide) across the interface 
encourage the rapid precipitation of solid carbonates, such as aragonite and calcite, and 
hydroxides such as brucite (Mg(OH)2), leading to a decrease in porosity. 

• Fast exchange of cations in cement pore fluids (principally K, Na, and Ca) for cations 
(principally Na+ in MX-80 bentonite) in interlayer sites in montmorillonite, leading to a 
decrease of swelling pressure. This process is diffusion-controlled and time-dependent in the 
sense that cement leachates become increasingly calcic with time due to incongruent 
dissolution processes (e.g. Berner, 1992), such that early exchange of Na by K will be 
replaced by Ca with increasing time. 

• Decrease of swelling pressure of bentonite in contact with cement or cement pore fluids has 
been documented by a number of authors (e.g. Karnland, 1997; Karnland et al., 2007; 
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Sugiyama and Tsuji, 2008) and has been attributed to one or more factors, such as exchange of 
Ca2+ for Na+ in the montmorillonite cation exchange positions, osmotic effects, and/or mass 
loss due to mineral dissolution (Karnland, 1997). 

• Slow hydrolysis of montmorillonite and other minerals present, either as additives (e.g. quartz 
sand), or as accessory minerals, such as quartz, feldspars, pyrite, and gypsum. At elevated pH, 
such reactions consume hydroxyl ions, thus chemically neutralising the advancing cement 
pore fluids. These reactions lead to an increase in porosity and may decrease clay swelling 
pressure due to mass loss. 

• Precipitation of secondary minerals such as clays, hydroxides, carbonates, calcium silicate 
hydrates, and aluminosilicates such as zeolites and feldspars (e.g. Savage et al., 2007). These 
reactions may be relatively fast (e.g. hydroxides, carbonates, calcium silicate hydrates), or 
relatively slow (e.g. clays, zeolites, feldspars). For example, rate constants of 
dissolution/growth of aluminosilicates are typically less than 1E-10 s-1 in compacted bentonite 
at 25 °C, with growth rates being further inhibited by slow rates of nucleation and consequent 
development of reactive surface area (Steefel & van Cappellen, 1990). 

• Mineral dissolution, especially silica and clay can lead to mass loss, decrease of swelling 
pressure, and an increase in porosity of the bentonite. The dissolution rate of quartz is greater 
than that for montmorillonite at high pH (e.g. Knauss and Wolery, 1988; Sato et al., 2004) and 
will thus tend to suppress dissolution of the latter. 

• The replacement of montmorillonite by carbonates, hydroxides, and framework silicates 
(feldspars, zeolites) may lead to rheological changes at the interface. 

 
Physical properties potentially changed by the development of the cement-bentonite interface can 
therefore be defined as: swelling pressure; porosity; diffusivity; permeability; and rheology. These 
issues will be considered in turn, below. 
 

12.4.2 Confining stress conditions 
After emplacement of the plugs and the seal the surrounding host rock is expected to exert an 
increasing confining stress that may influence the two-phase flow properties of the gas-permeable 
seals. 
In the past 20 years more and more researches aimed at improving the understand of the main 
mechanisms of gas transport through compacted clays in saturated and unsaturated conditions. In the 
case of fully saturated clays two kinds of gas transport threshold pressures are generally detected 
(Tanai et al., 1997, Gallé and Tanai, 1998; Gallé, 2000; Arnedo et al. 2008). The first one is called gas 
entry pressure or critical pressure, and corresponds to the pressure below which the gas can migrate 
through the water phase by diffusion only. When the injection pressure is higher than the maximum 
capillary pressure that can be sustained by the largest pervious clay pores (air entry value), gas 
migrates by advection and the two phase flow is established. From this moment on, if the injection 
pressure is maintained, the gas can migrate through the specimen mainly by advection. This gas intake 
is generally associated with a water output on the other side of the specimen. 
 
The breakthrough is observed when the gas injection pressure is increased and it is in general related 
to the formation or development of preferential migration pathways, which may enlarge and propagate 
in the clay (Volkaert et al. 1995; Horseman and Harrington 1997). These pathways are relatively 
unstable, leading to intermittent gas outflow. For pure bentonite, it has been stated that, under constant 
stress boundary conditions, the breakthrough of a gas into an initially water-saturated bentonite is only 
possible when the gas pressure exceeds the sum of the swelling pressure and water backpressure 
(Horseman and Harrington 1997, Gallé, 2000, Arnedo et al. 2008). 
For pure bentonite, experiences highlighted that in most cases, there is no progressive desaturation of 
bentonite by increasing the gas pressure. Horseman et al. (1999) suggests that for highly compacted 
clay the air entry pressure necessary to overcome the tension of water in pores is so important that the 
theory of a visco-capillary flow with displacement of the water of the pores is not applicable. This can 
be explained by the extreme narrowness of inter-particle voids, but also by the extremely strong 
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physicochemical interaction between molecules of water and layers of clay. This is why, according to 
Horseman, the bentonite will always fissure before the apparent air entry pressure is reached.  
 
The dominating two-phase flow process in S/B mixtures is yet a subject of research and in particular 
the question, to what extent the mixing ratio and the dry density has an influence on the water and gas 
transport behaviour. If the dominating transport process is visco-capillary flow it is to be expected, 
that the change in (total) stress / strain in response to the gas overpressure is insignificant and 
changing the stress boundary conditions should have no influence on gas entry pressure nor on gas 
transport capacity. 
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12.5 Phenomenological evidence & conceptual understanding  

12.5.1 Fundamentals and basic understanding 
As proposed in Nagra (2008) gas transport through low-permeability rock formations is controlled not 
only by the hydraulic and mechanical properties of the rock mass (intrinsic permeability, porosity, 
rock strength), but also by the gas pressure at the place of gas entry and the hydromechanical state of 
the rock (i.e. water saturation, porewater pressure, stress state). Phenomenological considerations 
suggest the following subdivision of the basic transport mechanisms (Figure 205): 
• advective-diffusive transport of gas dissolved in the porewater 
• visco-capillary two-phase flow 
• dilatancy-controlled gas flow 
• gas transport along macroscopic tensile fractures (hydro- and gas-fracturing) 
 
It is worth mentioning that different terminologies for the description of gas transport processes are 
found in the geoscientific literature. The term "capillary failure" is often used in oil & gas industry to 
describe the two-phase flow regime in cap rocks (e.g. Clayton & Hay 1994). "Membrane seal failure" 
describes gas transport through the pre-existing pore system of the caprock (i.e. advection / diffusion 
of dissolved gas and two-phase flow), whereas "hydraulic seal failure" is used to describe gas leakage 
due to hydromechanical processes in the seal (microfracturing, reopening of existing faults, hydro/gas 
fracturing). A comprehensive literature study on gas storage and gas transport phenomena is given in 
Evans (2008). 
 

 
Figure 205 Classification and analysis of gas transport processes in clay materials 

(from Nagra, 2008) 
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12.5.2 Phenomenological evidence 
Basic classification of material from index tests 
The investigated material is a mixture of grey quartz sand and MX-80 Bentonite (Wayoming) in 
proportion 80/20 in dry mass. The MX-80 is a sodium granular bentonite, named mixture ‘E’, which 
has been delivered at the EPFL in June 2009. The index properties of the MX-80 bentonite are showed 
in Table 12-2. The MX-80 bentonite is mainly composed of 84.9 ± 1.2 % montmorillonite, 4.8 ± 0.8 % 
muscovite, 3.7 ± 0.5 quartz, 5.2 ± 0.8 % feldspar and 1.3 ± 0.2 % calcite (Nagra, 2007).  
MX-80 mixture ‘E’ bentonite shows exchangeable cations of 52.4 meq/100 g Na, 13.2 meq/100 g Mg 
and 1.4 meq/100 g K (Nagra, 2007). 

Table 12-2 General properties of MX-80 bentonite (Müller-Vonmoos and Kahr, 1983; 
Lajudie et al., 1996, Rueedi et al., 2010). 

Bentonite Specific 
gravity, Gs 

Liquid limit, 
wL (%) 

Plastic 
limit, 

wP (%) 

Shrinkage 
limit, 
ws (%) 

Specific surface 
area, 

SS (m2/g) 
MX - 80 2.74-2.76 411 ± 10 47 - 70 14 562 

 
The role of bentonite is to reduce the hydraulic conductivity of the mixture thanks to the swelling 
capacity of the smectite minerals.  
 
The quartz sand, which has been used for all experiments, is a grey quartz sand from Carlo Bernasconi 
AG (carloag.ch). Its specific density is 2.65 g/cm3. The mineralogy of this quartz sand consists mainly 
of Silicon dioxide (97.40%), Alumina (1.35%), Potassium and Sodium oxides (0.8%), small amounts 
of Titanium dioxide, Periclase and Lime.  
The presence of sand in the material reduces the shrinkage of the mixture when the water content 
decreases and thus reduces the risk of cracking. This risk is much more present in a pure bentonite 
(Graham, 2002), while at low bentonite contents, the sand particles are in direct contact with each 
other. Knowing the particle density of the two components, the particle density of the mixture was 
obtained using the following expression: 

𝜌𝑠,𝑚𝑖𝑥 =
100

%𝑠𝑎𝑛𝑑
𝜌𝑠,𝑠𝑎𝑛𝑑

+ %𝑏𝑒𝑛𝑡
𝜌𝑠,𝑏𝑒𝑛𝑡

= 2.67 𝑔/𝑐𝑚3  

 

The mixture used for the experiments was prepared following the outcomes of the Mock-up 
experiment (see Rueedi et al., 2010). 
The sand and the granular bentonite, at the initial water content, were initially sieved at 0.5 mm, and 
then they were mixed manually. Once a good homogenization of mixture was obtained, the 11% of 
distilled water in weight was added. The obtained water content corresponds to the optimum water 
content determined by means of the modified Proctor test, carried out at according to the Swiss 
Standard SN 670 330, under specific compaction energy of 3.4 J/cm3 (Figure 206). The wet mixture 
was carefully mixed again until reaching a good homogenization (Figure 207, left). Finally the mixture 
was stored in hermetic containers for at least 3 days in order to obtain a homogenous water 
distribution over the whole mass of material. 
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Figure 206 Modified Proctor test on S/B mixture in proportion 80/20 (Minon et al. 2010). 

Figure 4:  
 

 

 

 

 
 

Figure 207 left: S/B mixture prepared at w = 11%, right: S/B mixture poured into the 
oedometric ring. 

For the oedometric tests the compaction of the specimen was performed directly inside the oedometric 
ring (Figure 207, right). Two filter papers were placed along the two bases. The specimens were 
prepared by static compaction. Two different presses were used for the compaction. The first one, 
from Wikeham Farrance Eng. LTD, was equipped with a load cell (maximum vertical force of 22 kN, 
accuracy of 0.1% of the full range) and the piston displacement was monitored by a LVDT (accuracy 
of 1 µm). The second press is a Walter & Bai type which is instrumented with a load cell (maximum 
vertical force of 100 kN, accuracy of 0.1 of the full range) and a LVDT (range of 20 mm and accuracy 
of 0.2%). The second press was used to compact specimens with dry density higher than 1.6 g/cm3. A 
constant compression rate of 0.5 mm/min was used for the preparation of all the specimens. For the 
preparation of the specimens tested in the triaxial cell, the same compaction procedure was applied 
with the help of a cylindrical mould.  
 
Phenomena related to full saturation 
Darcy’s law proposes a linear relationship between the specific discharge and the hydraulic gradient. 
This relationship is valid only when laminar flow occurs so the fluid movements are dominated by 
viscous forces.  
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According to Bear (1972) the upper limit of the linearity of the Darcy’s law, for a porous media, is at 
Reynolds number from 1 to 10. In this range the velocity is low and the viscous forces are 
predominant. For higher Reynolds number the flow becomes turbulent. Bear (1972) also mentioned 
the existence of a lower limit of the Darcy’s law. At a minimum gradient i0, called threshold gradient, 
the flow in fine grain size soil is very little. This phenomenon is attributed to counter currents along 
the pore walls in a direction opposite of that of the main flow.   
In order to verify the validity of the Darcy’s law for the S/B mixture the water permeability tests were 
conducted on the specimen n° PERM-dd1.5 by applied different pressure gradients while measuring 
the corresponding flows. The permeameter cell was selected for this test. These results were also 
compared with the ones obtained for the specimens TX-C100, TX-C300 and MC-dd1.5.  
The results of the tests are presented in Figure 208. An exponential trend for the specific discharge 
with the hydraulic gradient was taken as best fit for the experimental data. 
 

 
Figure 208 Verification of Darcy's law for the S/B mixture 
 
Phenomena related to solute transport 
Tracer transport S/B material 
A plexiglass column was designed to perform PET (positron emission tomography) measurements 
during water saturation and later gas invasion. The column was mounted onto a flow board to perform 
controlled water and gas injection and monitoring. For column saturation a water flow of 0.002 
ml/min was applied for 20 d. Then a conservative PET tracer solution with [58Co](Co(CN)6)3- (70.86 
days half-life) was injected with 0.001 ml/min for 42 days. 
 
Water flows/volumes and concentrations were observed throughout the experiment. First arrival of the 
tracer was after injecting 27 ml of tracers (or 24 days injection) and a peak was observed after 60 ml of 
traced water injected (or 51 days injection). Adding the 30 ml of clean water previously injected into 
the column the total water injected was 90 ml until peak arrival – and including the initial water 
content of column it leads to about 140 ml of water, compared to an approximate pore volume of 125 
ml. 
 
The estimated hydraulic permeability after saturation was 0.4 µDarcy or 4E-19 m2. The peak activity 
at the outflow of about 0.11 MBq/ml indicates that tracer may be slightly sorbing on the clay minerals 
of the S/B column. This would as well explain the higher activities seen towards the injection side of 
the column (see Figure 209). 
Overall the test shows that water flow is quite homogeneous in the S/B body. 
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Figure 209 PET images at different times after starting tracer injection. 
 
Swelling under changing hydrochemical conditions 
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Constrained and free swelling tests were carried out in order to determine the relationship between 
swelling capacity and the initial dry density of this material under different chemical boundary 
conditions. The results showed that the amount of swelling depends on the initial dry density and is 
strongly affected by the change in water salinity. 
 
Figure 210 and Figure 211 show the results of the swelling pressure tests performed on the S/B 
mixture (80/20) using distilled and synthetic water, respectively. The evolutions of the swelling 
pressure and the water volume entering into the specimen are depicted. The results show that the 
swelling pressure generated very fast in the early stage of the tests (up to 50 hours for distilled water 
and up to 25 hours for the synthetic one). After this stage the swelling pressure increasing rate reduced 
significantly. Comparison between the volumes of water that entered into the specimen at the different 
dry densities, Figure 210b, shows a significant decrease for the specimen with higher dry density. This 
reduction is attributed to the reduction of the permeability of the specimen caused by the reduction of 
the macro pores as shown by the MIP tests (Rueedi et al., 2012) for the specimen with higher dry 
density. The results of the swelling tests on the specimens saturated with synthetic water are presented 
in Figure 211. The swelling test on the specimen compacted at 1.3 g/cm3 of dry density was stopped 
after 17 hours due to the fact that no swelling pressure was generated during this test. Moreover, a 
remarkable water inflow equals to 2.98⋅10-9 m3/s was measured, confirming the inhibition of the 
swelling capacity of the bentonite by the synthetic water. Similar to the distilled water case, the 
increase of swelling pressure and reduction of water inflow for the specimens with higher dry densities 
were observed. 
 

 
Figure 210 Results of the swelling pressure test using distilled water in terms of swelling 

pressure and water volume exchange for the tested specimens. In the 
graph the average swelling pressure measured for each specimen is 
indicated. 
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Figure 211 Results of the swelling pressure test using synthetic water. In the graph the 

average swelling pressure measured for each specimen is indicated. 
 
The dry density, at which the specimen is compacted, has a strong impact on the developed swelling 
pressure; Figure 212 shows the swelling pressure as a function of the specimen dry density for both 
distilled and synthetic water; in the figure the values of the swelling pressure reported correspond to 
the weighted average of the swelling pressures measured (after 50 hours for distilled water and after 
25 hours for the synthetic one). An exponential trend for the swelling pressure with the dry density 
was taken as best fit for both water types.  
The use of synthetic water reduced remarkably the swelling pressure. The rate of reduction of the 
swelling pressure (𝑅𝑃𝑠𝑤) with the dry density was calculated as proposed by Komine et al. (1999): 
 

𝑅𝑃𝑠𝑤 =
𝑃𝑆𝑊,𝐷𝑊 − 𝑃𝑆𝑊,𝑆𝑊

𝑃𝑆𝑊,𝐷𝑊
 

 
 

where PSW,DW is the swelling pressure in distilled water and PSW,SW is the maximum swelling pressure 
in synthetic water. The reduction is in the range of 67% - 45% for the dry density in the range of 1.3 - 
1.9 g/cm3 when the mixture was in contact with synthetic water.  The reduction factor trend shows that 
the loss in swelling capacity due to the saturation with synthetic water, in the range of dry densities 
under consideration, can be partially compensated by the increase in dry density.  

 
Figure 212 Comparison between the swelling pressures developed with distilled water 

and in situ pore water. 
Figure 213 shows the results of the free swelling tests carried out on the S/B mixture at different dry 
densities and using both distilled and synthetic water. The evolutions of the swelling strain and the 
water volume entering into the specimen are depicted. Figure 213 shows an increase of the swelling 



 

 281 

strain by increasing the dry density. This increasing trend was also observed for the free swelling tests 
with synthetic water; however the maximum swelling strain is much lower for these tests with respect 
to the tests with distilled water.  
Due to the reduction of the swelling capacity of the mixture in contact with synthetic water the time 
required for the swelling test was strongly reduced, from about 200 hours for distilled water to less 
than 50 hours for the synthetic one. Supposing a linear correlation between swelling strain and dry 
density the minimum dry density required to have an observable swelling deformation of the mixture 
is about 1.3 g/cm3 when distilled water is used and about 1.4 g/cm3 for synthetic water. This latter 
observation is in agreement with the results of the constrained swelling tests in which, for the test 
carried out with synthetic water, no remarkable swelling pressure was observed for a dry density of 1.3 
g/cm3.  
 

 
Figure 213 Maximum swelling strain as function of the initial dry density for S/B 

mixture 80/20. 
 
The rate of reduction of swelling strain decreased very fast for a dry density that varies from 1.4 to 1.6 
g/cm3. For dry densities higher that 1.6 g/cm3 the curve tends to an asymptotic value of 0.4.  
 
Phenomena related gas invasion/drainage 
Water retention behaviour 
The water retention curve of the mixture was determined for two different dry densities (1.53 and 1.8 
g/cm3) in both drying and wetting, in constant volume conditions, and the van Genuchten parameters 
were determined.  
The WP4c and the microcage were used to obtain the retention behaviour of the S/B mixture at high 
suction values. The use of the microcage allows the determination of the retention curve on a single 
specimen with the possibility to better highlight hysteretical features of the retention behaviour. 
For the wetting path the material was saturated in steps, by putting the microcage in an ambient with 
100% of relative humidity (zero total suction). Inside the saturating chamber the material tends to 
equilibrate with the imposed suction and so to adsorb water from the humid ambient. After a certain 
time that varies from 12 to 24 hours for each step, the saturation process was stopped and the 
microcage was extracted from the chamber. Then, it was sealed with paraffin tape for 1 day in order to 
let the adsorbed moisture to distribute inside the specimen. After the equalization, the suction was 
measured with the WP4c (Figure 214). The weight of the cell was continuously monitored in order to 
compute the evolution of the water content. 
 
1) 2) 3) 4) 
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Figure 214 Phases of the wetting path: 1) Saturation; 2) Sealing; 3) weight 

measurement; 4) Suction measurement. 
 
For the drying path a similar procedure as for the wetting path was adopted. In this case the cage was 
dried at the laboratory ambient, in which the temperature is kept at 22°C (±1°C) and the relative 
humidity is 41 % (corresponding total suction of 120 MPa). During the drying process the weight of 
the cell was monitored in order to compute the evolution of the water content. The process was 
stopped after certain time that varies from 1 to 24 hours, depending on the reached water content, by 
sealing the microcage with the paraffin tape. As the water evaporation occurred from the holes of the 
microcage, so it started from the external surface of the specimen, the cage was keep sealed in paraffin 
for at least one day in order to let the total suction to homogenise inside the specimen. The drying 
process was stopped once the suction reached the initial suction value obtained after compaction. The 
microcage was opened at the end of test and the contact of the specimen with the cell was assessed. 
 
Figure 215presents the water retention curves of the mixture for two specimens compacted at 1.53 
g/cm3 and 1.8 g/cm3, respectively. The results show that for a given degree of saturation, the measured 
total suction was higher for the specimen compacted at 1.8 g/cm3. This result is attributed to the 
reduction of the macro porosity due to the increase in the dry density and in the consequent increment 
of the capillary component of the total suction.  
 
The experimental data were fitted with the equation proposed by van Genuchten (1980):  
 

𝑆𝑟 = �
1

1 + �Ψ𝛼�
𝑛�

𝑚

  
 

where Sr is the degree of saturation, αα, n and m are material parameters. The parameters obtained by 
fitting the experimental data are presented in Table 12-3. 

 
Figure 215 Water retention curves of the S/B mixtures compacted at 1.53 cm3 and 1.80 

g/cm3 for saturation (wetting) and desaturation (drying). Suction versus 
degree of saturation (left) and suction versus water content (right). 
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Table 12-3 Van Genuchten parameters calculated for specimen compacted at 1.53 and 1.8 g/cm3 of 
dry density. 

Van Genuchten 
parameters 

Dry density = 1.53 g/cm3 Dry density = 1.8 g/cm3 
Wetting Drying Wetting Drying 

α (MPa) 0.13 0.19 0.36 0.32 
m 17.01 16.38 16.97 15.95 
n 0.02 0.02 0.02 0.02 

 
Localisation of gas migration 
The gas test performed on the PET column after full saturation of the S/B column aimed at providing a 
4D image of gas invasion into a S/B mixture. 
After injection of 140 ml of water into the available pore volume of about 120 ml, The gas was 
injected into the column with a pressure of 20 bar. Gas breakthrough has occurred already after 7 
hours and the PET column was investigated again after the gas tests have been completed. The activity 
differences before and after gas testing is displayed in Figure 216, where bluish colours indicate 
reductions and reddish colours indicate increase of activity. It appears that activities tend to decrease 
towards the gas inlet, whereas in most of the column differences are balanced. Looking at the radially 
averaged image shown in Figure 217 the discrepancy seems much less evident but there seems to be a 
shift of concentrations towards the outflow side. However, it needs to be kept in mind that some 
variations are due to repositioning the sample from one measurement session to the next. 

 
Figure 216 Difference of activities before and after gas injection. Bluish colours indicate 

reduction, red colours indicate increases. 
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Figure 217 radial average activities in S/B column displayed against distance (in mm) 

from gas outlet. 
 
Gas entry and breakthrough tests on fully saturated S/B samples 
Gas permeability tests were performed to determine the effective gas permeability of the mixture at 
different degrees of saturation; nevertheless additional measurements are necessary to determine the 
relationship between the effective gas permeability and the degree of saturation. 
For all the performed gas penetration tests, the gas breakthrough, corresponding to a steep increase of 
the outflow, occurred at a gas pressure of a  few tens of kPa (Table 12-4), thus much lower than the 
sum of the swelling pressure and the pore water pressure (or the confining pressure, in case of triaxial 
condition). As shown in Figure 218 the observed breakthrough pressures, corresponding with a 
(connected) pore radius in the range of 20 to 100 microns fits quite well with the observed pore size 
distributions for the same density of 1.5 g/cm3 (Figure 218). All together this is a good indication that 
the main flow process in S/B material is visco-capillary flow. This result shows a clear difference to 
experiments performed with pure bentonite where the breakthrough pressure is equal or higher than 
the sum of swelling and water pressure (e.g. Horseman and Harrington 1997, Gallé, 2000).  
 
It is yet unclear why the gas flow for the test in the modular column with 6 cm length showed about 10 
times lower flow than those performed in the triaxial cell with 1-1.5 cm length. Future experiments 
will show if this observation is systematic or if it is only an experimental artefact from the different 
setups. 
 

Table 12-4 Summary of gas tests performed on 80/20 sand bentonite. 

Density 
Test 
setup Thickness Diameter Water ∆p 

Conf. 
Pressure 

Norm. 
flow ps 

g/cm3 
 

cm cm 
 

kPa kPa m/s 
 1.5 V0 6 10.1 dest. <46 to 50 - 4.30E-07 75 to 85 

1.5 TRX 1.5 5 dest. 10 to 20 100 5.24E-06 75 to 85 
1.5 TRX 1 5 dest. 15 to 35 300 4.99E-06 75 to 85 
1.5 TRX 1 5 dest. 11 to 31 300 4.99E-06 75 to 85 
1.5 TRX 1 5 dest. 20 to 40 300 5.41E-06 75 to 85 
1.5 V0 2 5.1 synth. about 4 - 1.04E-05 25 

 

Gas inlet Gas outlet 

Before 
injection 

After 
injection 
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Figure 218 Pore size distributions for two densities (1.5 and 2 g/cm3) and for initial (as 

compacted) and saturated state. Range of 20 to 100 microns is indicated in 
green. 

Additional measurement of the specimen deformation once reaching the breakthrough pressure is 
needed to study the nature of the created gas pathway.  
 
Coupled processes 
Chemical coupling 
The coupling of water saturation and swelling are already explained in Chapter 2.2.3. The tests 
showed that maximum swelling pressure is reached quicker for the saline water compared to distilled 
water, although as mentioned above, the equilibrium reached under saline conditions is lower. 
Figure 219 shows the evolution of calculated water permeabilities over time. The results provide 
further evidence that the observed lower hydraulic permeabilities, as stated above, are not a 
consequence of the high-pH water injected into the S/B but merely a consequence of the S/B 
properties as compacted. The figure indicates that there is no observable decrease of hydraulic 
permeabilities over the time scale of the experiment (i.e. about 2 years). Post mortem analyses of the 
cement-S/B interface will provide direct evidence on the impact of high-pH water on the porosity 
distribution in the adjacent S/B seal. 
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Figure 219 Evolution of calculated hydraulic permeability inside the S/B seal. 
Mechanical coupling 
As shown in Table 4 increasing the confining pressure had little impact on gas breakthrough pressure 
and there is no significant influence on the gas flow after breakthrough. This may be explainable by 
the stiff grid provided by the sand matrix resisting the external stress, while the gas flow is dominated 
by the bentonite material in the constant macro pore space. 
 
Scale effects 
Preliminary interpretation of the pressure evolution in the mock-up experiment show that it is possible 
to design and emplace a large scale experiment with a defined target water permeability and that small 
scale experiments are sufficient to provide the necessary relation between density and hydraulic 
permeability. However, it needs to be noted that these tests must be done with the same material as the 
one finally applied. As shown in Figure 220 varying the sand type from Leman to FORGE sand led to 
10 times lower hydraulic permeability of the S/B seal. As a consequence the FORGE mock-up 
experiment was saturating much slower than designed initially based on the Leman sand. 

 
Figure 220 Relation of S/B (80/20) dry densities and resulting hydraulic permeabilities 

for two different sands and two different MX80 clay types. 
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12.6 Conclusions 
The experimental work performed in the framework of the Forge project has successfully developed 
reproducible protocols for water and gas transport experiments on S/B mixtures. A particular 
challenge was the control/sealing of the interfacial flow along the test equipment, and the low suction 
ranges of at most a few MPa at initial saturation. 
 
The swelling and water permeability tests performed for different dry densities have broadened 
significantly the existing data base and confirmed the exponential relation between dry density and 
swelling respectively hydraulic permeability. Varying both chemical and mechanical/stress boundary 
conditions aimed at investigation the impact of realistic (repository like) boundary conditions on 
swelling and permeability. The results show that increasing water salinity has a considerable impact 
on both swelling pressure and water permeability and that there was little impact from increasing 
external stress. 
 
The gas tests performed consistently indicate that visco-capillary flow is the dominating transport 
process for water and gas. Additionally, the tests show that increasing the external stress conditions 
has little impact on entry pressure and gas transport capacity. However, a considerable decrease of 
swelling pressure was observed when saturating the sample with higher salinity synthetic pore water.  
 
The experiment programme will be continued after FORGE to produce a broader database for water 
and gas transport in S/B mixtures and providing deeper insights into the processes underlying two-
phase flow in these materials. 
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13 Sealing efficiency of an argillite-bentonite plug 
subjected to gas pressure, in the context of deep 
underground radioactive waste storage 

13.1 Introduction: scientific context 
The design of long term nuclear waste repositories includes the building of an engineered barrier 
around the waste containers, which aims to create a “low permeable zone” around them (Komine, 
2004; Alonso et al., 2006). Bentonite clay has been chosen by several industrialized countries as a 
buffer and backfill material to separate radioactive waste from the surrounding host rock. Its main 
properties are an extremely low permeability, a self-healing ability, low ion transport capacity and 
high chemical stability, together with high expandability (Kaufhold et al., 2007).  
In situ, after water uptake from the host rock, sealing will be obtained due to bentonite swelling. It will 
fill the space between the buffer material and the disposal pit wall. Meanwhile, formation of gas, 
mainly hydrogen, due to humid corrosion, degradation of organic matter or water radiolysis, is 
unavoidable within galleries (Birgersson et al., 2008). During this process, several questions should be 
answered to understand the sealing efficiency of an argillite-bentonite plug subjected to gas pressure, 
and more specifically:  

 
Figure 221 Water content (top diagram) and dry density (lower diagram) of a vertical 

slice of the FEBEX barrier made of bentonite, as measured along six 
different radial lines from the center of the gallery, at the FEBEX in situ 
experience (Villar et al., 2005). The initial dry density of the FEBEX 
bentonite is 1.69-1.7g/cm3, the initial water content is about 14% 

13.1.1 Sealing ability of partially water – saturated bentonite/sand plugs under 
confinement 

For sealing a repository gallery, the clay barrier is constituted by blocks of compacted bentonite 
arranged on vertical slices, which are put in place with initial construction gaps (Villar and Lloret, 
2006).  While fully water-saturated bentonite provides swelling capacity and low permeability. 
Bentonite/sand mixtures are usually compacted at an intermediate water content (w ≈ 10-15%), and 
they are progressively wetted by water coming from the host rock formation (Wang et al., 2011; King 
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et al., 2010). It is expected that, during the process of saturation, a significant water saturation gradient 
will be present between the core and the external surface, itself in contact with the host rock and the 
underground site water, see Figure 221 (Villar et al., 2005; Villar and Lloret., 2007) (in the case of the 
FEBEX in situ experiment). Besides, owing to a high water content, the external part of the massive 
barrier swells in contact with an extremely stiff host rock, so that it applies a confining pressure to the 
partially water- saturated core. In this context, it is essential to investigate the sealing ability of the 
central part of the bentonite/sand barrier under confinement. 
2- Effect of gas pressure on water saturation and swelling of bentonite/sand plug  
After closing these tunnels, the bentonite/sand plugs will be hydrated by pore water infiltrated from 
the host rock. In parallel, if the gas generation rate exceeds the flow capacity of dissolved gas by 
diffusion, or the viscosity capillary flow, gas pressure will increase gradually. One critical scenario to 
be investigated is that of the effect of such gas pressure upon swelling of the bentonite/sand plugs and 
sealing efficiency of the disposal pit (e.g. bentonite, argillite and bentonite-argillite interface).  
3- The pathway of gas migration: through the argillite, bentonite or argillite-bentonite interface?  
After water saturation and swelling of bentonite, a weaker zone is expected as regards gas flow: it 
could be either the host rock, or the bentonite buffer, or the contact zone between the rock host and 
bentonite, see Figure 222. This issue is clearly presented in an in situ experiment initiated by Andra at 
Bure (East of France). At the laboratory scale, the questions we propose to answer is the following: if 
gas is injected through a water-saturated mixed plug constituted of a swollen bentonite/sand plug 
placed within an argillite cylinder (in order to reproduce the tunnel seal), at what pressure and where 
will this gas flow through (argillite, bentonite/sand mixture or through their interface)? 

 

Figure 222 Schematization of the possible gas migration pathways in the Opalinus Clay 
(Marschall et al., 2008). 
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13.2 Materials and experimental methods 

13.2.1 Materials and sample preparation 
Based on preliminary studies performed by Andra (Bosgiraud, 2004), a single bentonite/sand mix is 
used throughout this study. It consists of 30%wt TH1000 silica sand and 70%wt GELCLAY WH2 
sodic bentonite, taken from a single powder mix provided by the CEA (France), of batch reference 
RE08015. GELCLAY WH2, also called MX80 WH2 which consists of a pure sodium bentonite from 
Wyoming (USA). Its average chemical analysis is: 62.90 % SiO2, 19.70 % Al2O3, 4.09 % Fe2O3, 2.32 
% MgO, 2.32 % Na2O, 1.28 % CaO, 0.58 % K2O and 5.86 % loss on ignition. TH1000 sharp silica 
sand is made of 99.0 % SiO2 (quartz); its grain size distribution is in the range [0.2-2mm], which is 
similar to that of GELCLAY WH2. The sand solid density is of 2.65 g/cm3, that of GELCLAY WH2 
is of 2.78 g/cm3. More details on the mix characteristics are given in Gatabin (2005). 
The target swelling pressure should be obtained for a mixture compacted at a dry density of 1.77g/cm3 
with a water content w of 15.2%. To obtain the adequate water content, before the compaction 
operation, the bentonite-sand mixture is let in an atmosphere at controlled relative humidity 
(RH=85%). It is then compacted at 12MPa axial pressure in a steel tube. The resulting sample is 
12.5mm/25mm height and 37mm/42.5mm diameter, see Figure 223. 

 
Figure 223 Bentonite/sand plugs obtained after compaction 

13.2.2 Water retention experiments 
Analysis of in situ problem  
In order to assess the safety of the storage system, it is essential to develop appropriate model to 
predict the long-term behavior of the buffer materials. During the process of long term storage, the 
saturation kinetics of the bentonite barrier is one of the most important features. Consequently, in 
order to model the hydration of the buffer material, it is essential to investigate the water retention 
property of partially saturated bentonite/sand plug and its permeability. In addition, water infiltration 
into bentonite was not only dependent on the initial state of the compacted materials but also on the 
boundary conditions. Therefore, this part focuses on the water retention properties of compacted 
bentonite/sand plugs under both free swelling and constant volume conditions (Wang et al., 2012; Cui 
et al., 2008). 
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Water retention tests under constant volume and free swelling conditions  
PlexiglassTM-aluminium tube and their calibration 
Two types of tube have been manufactured, of either 50mm or 25mm height; both types have 42.5 mm 
internal diameter. The smaller ones are used for the PGZ experiment (see in a next section) where as 
the higher ones will be used for poro-mechanical testing and some flow tests through PlexiglassTM-
bentonite interfaces. Each tube has been calibrated in a triaxial cell specially designed for Forge (in 
fact four cells were manufactured for this project). The tube is placed in the cell and wrapped in a 
VitonTM jacket, see Figure 224 ~ Figure 225. Oil is used to confine the tube up to 12MPa. Therefore 
gas is injected in the tube at different pressures Pi that simulates the sample swelling. The 4 gauges 
record the lateral deformation of the tube in order to link the strains to the future swelling pressure due 
to bentonite, see Figure 226. Very good linearity and reversibility were obtained for each tube tested. 

 
Figure 224 Tube in a triaxial cell – first mounting step 
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Figure 225 Tube wrapped in a Viton membrane 

 
Figure 226 Example of 50mm height tube calibration: the average value is used to link 

the strains to the swelling pressure 
Thermal perturbations (thermal effect): adjustments 
It has been documented in some literatures that the change of temperature will induce significant 
variations in bentonite swelling behavior (Villar and Lloret, 2004; Ishimori and and Katsumi, 2012, 
Ye et al., 2012). According to experimental data, strain gauges are quite sensitive to the fluctuation of 
temperature. It should be mentioned here that each test, performed in this study, lasts a long time 
(usually several months). Even if it is carried out in an air-conditioned room, small perturbation of 
temperature may occur, see Figure 227(a). This is sufficient to slightly deviate from the actual results. 
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As a consequence, a reference tube was used, which was not placed inside the triaxial cell but in the 
room beside it, in order to correct for thermal strains. Figure 227(b) shows that the average value of 
relative strains is as a function of temperature. The observed relationship between temperature and the 
average strains means that the strains will increase or decrease 23.17udf if the temperature changes by 
one degree. Therefore, it is essential to consider thermal effect when calculating the swelling pressure. 
However, scarcely any literature published considers about the correction of thermal perturbation. 

 
(a) 

 
(b) 

Figure 227 (a) Example of measurement corrections to take into account temperature 
variations during the test; (b) relationship between the temperature and 
the relative value of the strain gauge 

Experimental procedure and definition of the tests performed 
In order to obtain uniformly partially water-saturated bentonite/sand plugs, each was placed in a 
hermetic chamber at given relative humidity (RH) of 75%, 85%, 92%, or 98%. These relative 
humidities are provided by various salt solutions. Full water saturation was assumed achieved through 
mass stabilization at a hermetic chamber at 100% RH (over pure distilled water), while for the 
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constant volume conditions sample was put in a trixial cell to inject water directly to accelerate the 
saturation process. Within each hermetic chamber, the sample was put right above the water surface, 
where the actual RH was closest to the required value. 
The methodology used was as follow for both tests: 

• Samples compaction as described above. 
• Weighing of the different samples and pieces of the experimental mounting (tube, plates, 

etc…). 
• Equilibrium at RH=70 (for samples SO1 and SO2), 75, 85, 92, 98 % (until mass stabilization) 

and then full water saturation in order to obtain saturated mass and to deduce the degree of 
saturation. 

• Some samples were chosen to perform gas permeability tests 
For the samples that swelled under constant volume conditions, it had been chosen to make the 
bentonite/sand plug swell in a tube while the radial deformations were obstructed by the inner surface 
of the tube and the axial strains were blocked by the use of two porous plates, see Figure 228.   

 
Figure 228 Compacted bentonite/sand plugs swell under free swelling and constant 

volume conditions. 

13.2.3 Swelling of compacted bentonite (into tube) with gas pressure and water 
contact  

Analysis of in situ problem and mock-up description 
The design of the mock-up aims to reproduce the in situ situation, where the compacted bentonite plug 
is placed in the gap between the host rock and concrete structure (or metal). They may also be 
designed as plugs to constitute and achieve, locally, the sealing systems. Whatever the destination of 
these mixtures, there will be a direct contact between bentonite and argillite. Underground water will 
infiltrate through argillite to the bentonite, and this will lead to the swelling of the bentonite/sand plug. 
It is expected, following partial desiccation of argillite, due to underground work, that water will be 
back (a few years) and will be faster than the pressurization in the disposal due to the slow production 
of hydrogen. As a result, gas pressure would be applied on a partially saturated mixture, see Figure 
128. For the bentonite/sand plugs sketched in this figure, there is a partially saturated layer in contact 
with an increasingly saturated layer. It is assumed that the material in contact with argillite is fully 
saturated. 
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Figure 229 diagram of the in situ saturation process with gas 
Therefore, an experimental set-up was designed in our laboratory to simulate the in situ situation, see 
Figure 230. Two small PlexiglasTM-aluminium tubes were used (Figure 231). The first tube used for 
Phase 1 of the test consists in water saturating a bentonite-sand plug with in situ water. Phase 2 begins 
after the triaxial cell dismounting and re-mounting, with the first fully saturated plug and a second 
tube+bentonite plug placed just over the first one. Inside this second, upper tube, the bentonite-sand 
plug is in its initial state (i.e. just after compaction); this second plug is supplied with water by the first 
one. This procedure is intended to be as realistic as possible. As presented in Figure 230, gas pressure 
is applied at the top of the assembly. We have chosen three possible cases: Pg = 0 (reference case), Pg = 
4 MPa or Pg = 8/6 MPa maximum value studied. The average in situ water pressure is 4MPa. The tube 
at the top (submitted to gas pressure) is instrumented with strain gauges to record the swelling 
pressures of the plug (calculated through a calibration test). 
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Figure 230 Schematic diagram of the “PGZ” laboratory experimental devices 

 
Figure 231 One of the small tubes used for the swelling experiment with gas pressure 
Definition of total equilibrium swelling pressure and effective swelling pressure 
Usually, it takes more than one month for swelling pressure of the upper bentonite-sand plug to 
stabilize. At stabilization, the pressure, which contains gas pressure, water pressure and contact 
pressure between bentonite solid matrix and the inner surface of the tube, is called total equilibrium 
swelling pressure (Ptotal). After stabilization, water and gas pressure are set to zero, the swelling 
pressure will reach a new equilibrium. This new equilibrium pressure is effective swelling pressure 
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(Peff), which is only due to the bentonite solid matrix acting upon the tube inner surface, in the absence 
of any pore water pressure and gas pressure. 

13.2.4 Gas breakthrough test  
Why performing the GBT? 
The main objective of this study is to observe the influence of the gas and its relative pressure (relative 
to that of water) on the saturation of the material. Several aspects can be taken into account in 
assessing this influence: 

(1)  The swelling kinetics observed by the evolution of the total pressure.  

(2)  The value of the effective swelling pressure measured after stabilization of the total pressure 

by stopping water and gas injection: this is the actual swelling pressure.  

(3)  The water saturation of the plug obtained at the end of swelling test.  

In fact, the degree of saturation is very difficult to measure because it would necessitate to remove the 
plug from the tube without loss of material, to weigh and dry it; and on the other hand it is necessary 
to carry out additional measures for which dismantling the triaxial cell is not necessary. It is more 
convenient to indirectly assess it by the breakthrough pressure measure. On the first hand it is a 
valuable tool to evaluate whether the material is fully saturated and, on the second hand, the test 
designed allows effective gas permeability to de evaluated after breakthrough. The same test can also 
be analysed to identify the gas pathway: throughout the bulk material or at the plug-tube interface. A 
partial saturation of bentonite-sand plug would therefore be linked to a lower breakthrough pressure 
(than for the saturated case). 
 
Introduction of experimental method to measure the gas passage 
The methods used to measure gas passage through the sample are summarized in Table 13-1 (Thomas 
et al., 1968; Egermann et al., 2006, Hildenbrand et al., 2002; Horseman et al., 1999). In our 
experiment, the step-by-step method was chosen although longer time was needed. T Generally, there 
exist four methods to measure gas passage through a liquid-saturated 
Indeed, it is allowed to reproduce more closely the in situ case by increasing gas pressure gradually, 
until the occurrence of breakthrough. Also, this method allows observing different successive fluid 
flow phases: expulsion of water, intermittent flow and continuous flow, while the observation of these 
phases is impossible with other methods. As introduced in section 13.2.3, swelling test will be stopped 
when swelling pressure becomes stable. Then, water and gas pressure are set to zero. The aim for this 
step is to measure the effective swelling pressure. After this pressure is obtained, gas breakthrough test 
is performed by replacing the lower bentonite-sand plug with an empty tube, see Figure 232. Gas 
pressure is injected from the upstream sample side, through the empty tube. Gas detection is 
conducted in a downstream chamber by both a manometer (accuracy +1mbar) and a dedicated gas 
detector (+1µl/sec). The gas pressure increases regularly (by 1MPa steps every one to three days) until 
continuous gas flow is detected in the other side. 

Table 13-1 Comparison of different methods to measure gas passage 
Method Duration Target  value Accuracy 

Step-by-Step Method long discontinuous/ 
continuous breakthrough pressure good 

Racking Method quick gas entry pressure good 
Dynamic Method quick gas entry pressure medium/good 

Residual Method long snap off pressure 
(discontinuous breakthrough pressure) bad 
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Figure 232 Schematic diagram of gas breakthrough test: valve IV is opened when gas 

detection is performed, valve II and valve III are opened during each gas 
injection step on the upstream side; valve IV is opened to increase gas 
pressure in the buffer reservoir (while valve III is closed). 

13.2.5 4.3 Definition of discontinuous/continuous gas breakthrough 
As shown in Figure 232, the specific test operation consists in opening the downstream chamber with 
valve I, and simultaneously placing the gas detector against the valve opening, in order to detect 
whether gas is present. If gas is detected during the first few seconds, and then this phenomenon 
disappears, we call this phenomenon as discontinuous breakthrough, and the relevant gas pressure is 
discontinuous gas breakthrough pressure (Pdis). If we can still detect gas after minutes or hours, we 
consider this phenomenon as continuous breakthrough, and the relevant gas pressure is continuous gas 
breakthrough pressure (Pcon). Meanwhile, the gas permeability (Kg) and the rate of increase of 
downstream gas pressure (Qg) are also utilized to confirm this phenomenon. Besides, this phase also 
exhibits a significant decrease of upstream gas pressure. 

13.3 Water retention tests under constant volume and free swelling 
conditions 

13.3.1 Introduction 
This chapter presents the results of water retention tests of compacted bentonite/sand plugs under 
constant volume and free swelling conditions. Experimental methodology is detailed in section 13.2. 
After initial compaction, each sample undergoes a progressive imbibition starting with RH = 70, then 
75, 85, 92, 98, and finally 100% (pure water) for samples SO1 and SO2, or RH = 75, 85, 92, 98 and 
finally 100% (pure water) for SF1 and SF2 see Table 13-2: two samples with the same size (SO1 and 
SO2) were tested under constant volume conditions, and three sets (samples SF1, SF2 and SF3) under 
free swelling conditions. The height of sample SF1 is only half of samples SF2 and SF3. Each sample 
of the series SF3 is subjected to a given relative humidity RH after an initial gas permeability test 
under variable confinement (up to Pc maxi = 5 MPa), and all samples were subjected to RH = 100% to 
determine their complete saturated mass. 
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Table 13-2 Nomenclature of samples and testing boundary conditions 

Samples Number Boundary conditions Notes 

SO1 
1 (H=25mm, D= 

42,5mm) 
Constant volume Conditions 

1) water retention tests are 
conducted directly after 
compaction 2) RH = 70% 
and 75% (SO1 and SO2) or 
75% (SF1 and SF2), then 
85%, 92%, 98% and finally 
100%. 

SO2 
1  (H=25mm, D= 

42,5mm) 

SF1 
1  (H=12,5mm, 
D= 42,5mm) 

Free swelling conditions 

SF2 
1  (H=25mm, D= 

42,5mm) 

SF3 
4  (H=12,5mm, 
D= 37,6mm) 

Free swelling conditions 

(water retention tests) 

1) water retention tests are 
conducted after gas 
permeability test (Kg ); 

2) RH = 75% or 85%, 92%, 
98% and all samples RH = 
100%. 

Remark:  mass changes of different samples are not identical at RH = 70% : the mass of SO2 at 
stabilization of RH = 70% is almost the same than that after compaction (it increases by less than 0.1 
g), while sample SO1 has gained more than 0.5% mass (0.7 g), see Figure III.1. It is certainly because 
some slight differences may have occurred during sample preparation, e.g. dry density, which may 
lead to differences in the pore microstructures. The dry density could not be measured for each sample 
as drying leads to irreversible shrinkage and a macro-cracking. 

13.3.2 Water retention tests under constant volume conditions 
Figure 233 and Figure 234 show the swelling kinetics of samples SO1 and SO2 under different RH. It 
is noted that the test duration is quite long, more than 200 days of sample SO1. As shown in Figure 
234, the relative mass variation is calculated with a reference of the initial mass (just after 
compaction). 
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Figure 233 Variation of the absolute mass from the mass just after compaction: samples 
SO1 and SO2. 

 
Figure 234 Variation of the relative mass from the mass just after compaction: samples 

SO1 and SO2. 
One can see in Figure 234 that sample mass SO2 is not yet stabilized at RH = 98%. It is nevertheless 
possible to compare the results for both samples at RH = 92%. We find for each sample a large 
capacity of water absorption with a speed of stabilization which is very low at higher RH. 
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Figure 235 Relative mass variations plotted by starting from the equilibrium at 70% RH 
- samples SO1 and SO2. 

As the mass variations of the samples are different at RH = 70%, we chose to plot the evolution of 
relative mass, taking the mass stabilized at RH = 70% as a reference, see Figure 235. According to the 
law of Laplace Kelvin at 20 ° C, the higher the RH increases, the more large-diameter pores are filled. 
Thus, as shown in Figure 235, at given RH, it is observed that there are more large-radius pores for 
sample SO2 than that for sample SO1: in particular, the mass increase at RH = 98% is about 3% for 
sample SO2 and only 2% for sample SO1. In fact, small changes in the waiting time before 
compaction (when bentonite powder matures at 85% RH, before compaction) or in the compaction 
process itself can lead to small changes in the distributions of pore radius. Accordingly, the mass 
increases at each humidity step are different. However, the total mass variation is quite close for both 
plugs: 5.86% for sample SO1 vs. 5.79% for sample SO2. This means that the final 
adsorption capacities (at least at RH=98%) of the two samples are quite close. 

13.3.3 Water retention tests under free swelling conditions 
Water retention tests under free swelling conditions and just after compaction 

(a) Mass variations under different RH 
Figure 236shows the evolution of absolute mass of samples SF1 and SF2. We can see that the mass of 
sample SF1 is not stabilized after 47 days of swelling at 98% RH. However, the equilibrium time 
obtained for sample SF2 is about 84 days. The increase in the absolute mass of sample SF1 is lower 
than for sample SF2, and especially magnified at RH = 92%. This phenomenon can be attributed to the 
difference of initial mass of the two samples: 46.74 g for sample SF1 against 72.03 g for sample SF2. 
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Figure 236 Comparison of the absolute mass: samples SF1 and SF2. 
Figure 237 (a) shows relative mass evolution of the two samples SF1 and SF2 (taking the mass after 
compaction as a reference). The first and most important observation is that there is no significant 
difference in terms of the increase of relative mass. For example, the mass increase at RH = 98% is 
about 8.8% for sample SF1 and 8.9% for sample SF2. Recalling that the height of sample is only half 
that of sample SF2, this means that scaling effect has little effect on the water absorption capacity of 
the bentonite/sand mixture. 

 
(a) 
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(b) 

Figure 237 Taking the initial mass just after compaction as a reference: (a) comparison 
of the variation of relative mass of samples SF1 and SF2: RH 75% ~ 98%; 
(b) variation of relative mass of sample SF2: RH 75 % ~ 100%. 

After stabilization at RH = 98%, sample SF2 is put at RH = 100%. It is amazing to see that mass 
changes of sample SF2 are not stabilized at RH = 100% even after 200 days of swelling, see Figure 
237 (b). Moreover, at RH=100%, it is found that the mass increase is about 17.69% at the 331th day, 
which is about two times of  the mass increase at RH = 98% (8.9%). This test is still ongoing.   

(b) Volume variation  under different RH 
Figure 238 and Figure 239 show the volume evolution (absolute / relative) of sample SF2 during the 
experimental campaign (measurements are not performed during the preliminary study on sample 
SF1). Significant variations in volume are measured between the initial state and the mass stabilization 
at a given RH beyond 75%. 27.15% of increase in volume is measured at RH = 98%, while this value 
is only 0.69% at RH = 75%, 5.58% at RH = 85% and 10.71% at RH = 92%. It means bentonite/sand 
mixtures have a very good swelling capacity, especially at higher RH. This is favorable to the sealing 
efficiency of the disposal pit. More results on volume variations will be presented in the next chapter. 
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Figure 238 Absolute volume variation of sample SF2. 

 
Figure 239 Relative volume variation of sample SF2. 
Water retention tests under free swelling conditions (after gas permeability tests) 
This series was used to perform gas permeability tests first (at a confinement Pc max = 5 MPa),  and 
then the samples were put at hermetic chambers to obtain different degree of saturation. This test 
differs from the previous tests which one sample was hydrated at progressively increasing humidity, 
while four different samples were put at four hermetic chambers (with different humidity) at the same 
time.  

(a) Changes in mass at different RH 
Figure 240 shows the relative mass variation of the four samples. It was found that lower RH (e.g. RH 
= 75% or 85%) has little effect on the mass variation: they contribute only by 0.92% of the mass 
increase at RH = 73%, and 1.18% at RH = 85%. Moreover, these values are similar to that measured 
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for sample SF2 - not used for gas permeability test. The relative change in mass of sample SF2 
(relative to the initial compacted state) is 0. 51% at RH = 75% and 1.62% at RH = 85%. 

At RH = 92%, mass stabilization of samples of series SF3 takes a little longer time, with 20 ~ 30 days 
of waiting, similar to sample SF2, see Figure 237 (a). By contrast, a significantly larger amount of 
water is absorbed by the sample SF3 at RH = 92% when comparing with corresponding value at RH = 
75% (0.92%) or 85% (1.18%): it is 3.03%. This value is slightly smaller than the corresponding value 
of the sample SF2 (3.73%) at RH = 92%. The last sample of the series SF3 is put at RH = 98% and we 
found some similarities with the previous tests, both under the constant volume and free swelling 
conditions. It takes more time for the stabilization of the mass (40 ~ 50 days) and more water is 
absorbed by the sample (7.9%). It is found that the change in mass at RH = 98% for sample SF3 
(7.9%) is smaller than the corresponding values of samples SF1 (8.79%) and SF2 (8.9%). This means 
the cycle of loading and unloading during gas permeability test has led to the collapse of some pores 
and thus caused the decrease in porosity. 

 

Figure 240 Variation of relative mass of the samples SF3 placed at given RH after gas 
permeability test up to a maximum confinement Pc = 5 MPa.  

(b) Changes in volume at different RH 
Figure 241 provides the measurements of volume change of sample SF3 during the experimental 
campaign. A similar phenomenon, already detected for sample SF2 tested at progressively increasing 
RH, is found again: the increase in sample’s volume is strongly correlated to the surrounding 
humidity. For series SF3, the increase of volume at RH = 98% is about 3 times than that of the volume 
measured at RH = 92%, 7 times than that of the volume measured at RH = 85% and 11 times than that 
of the volume obtained at RH=75%. 

When comparing with sample SF2 (Figure 242), we find that the volume increase of sample SF3 is 
always smaller, although there is an exception at RH = 75%. The difference between the volume 
increases of the two series is more and more pronounced with the increase of RH, e.g. 1.18% at RH = 
85%, 3.15% at RH = 92% and 4.69% at RH = 98%. As explained above, this difference can be 
attributed to the loading and unloading during gas permeability test which causes the collapse of some 
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pores of the sample. Another test, which was performed to measure the change in porosity of sample 
under different confining pressures, will be presented in the next chapter. It allows us to better 
understand this phenomenon. 

 

Figure 241 Variation of the relative volume of sample SF3: ∆Vrelative= (∆VRH -∆Vinitial) / 
∆Vinitial . 

 

Figure 242 Comparison of the change in the relative volume for samples SF2 and series 
SF3. 

Remarque: in fact, the difference between the two sets of tests lies not only in the additional 
compaction suffered by the second series. Indeed, it is not clear whether the swelling process 
following RH = 75% and then 85, 92 and 98% is equivalent to that of mass intake and volume change 
in the situation where the material is directly put at RH=98%. 
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13.3.4 Comparison of water retention tests under free swelling and constant volume 
conditions (just after compaction) 

Different water intakes versus time are shown in Figure 243, under both constant volume conditions 
(SO1 and SO2) and free swelling conditions (SF1 and SF2). It can be observed that the boundary 

conditions have little effect on the saturation kinetics when RH≤85%. This may be explained taking 

into account that there exist an initial clearance between the plug and the tube, where the initial 
“constant volume” is in fact “free swelling”. With the increase of RH (RH>85%), the differences of 
swelling kinetics are becoming more pronounced, see Figure 243 and Table 13-3. It is found that at 
higher RH, the swelling kinetics under free swelling conditions is faster than that under constant 
volume conditions, and that the amount of absorbed water is significantly higher under free swelling 
conditions.  This is due to the large increase of pore volume experienced by the sample during the 
hydration under free swelling conditions.  

 

 

Figure 243 Comparison of water retention tests under free swelling conditions and 
under constant volume conditions: changes in the relative mass of samples 
placed under constant volume conditions (SO1, SO2) and free swelling 
conditions (SF1, SF2). 

The case of RH = 100% is relatively specific. One can clearly recognize that mass intake is really 
higher when comparing with the corresponding values obtained under other RH. In addition, it can 
also find that the mass stabilization will be very difficult to achieve. Indeed, as the sample swells, it 
absorbs water, causing it to swell a little, although this process has a priori reason to stop under the 
free swelling conditions. In contrast, while the sample’s volume is confined, the constant volume 
conditions allow earning less water than that under free swelling conditions. We can see a 
representation in Figure 244, from (Komine, 2004). 
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Table 13-3 Increase of relative mass of sample under different RH and different 
boundary conditions. 

          No  
      RH  

SO1 SO2 SF1 SF2 minimum maximum 
% % % % % % 

75% 0,63 0,52 0,00 0,51 0,01 0,63 
85% 2,44 1,92 1,33 1,62 0,30 1,11 
92% 3,74 3,22 2,74 3,73 0,01 1,00 
98% 5,88 5,80 8,79 8,90 2,91 3,10 

 

 
Figure 244 Representation of the swelling process of bentonite different boundary 

conditions: (a) isochoric conditions and (b) vertical displacement 
permitted (Komine, 2004). 

13.3.5 Conclusion  
In this chapter, water retention tests are performed under both constant volume conditions and free 
swelling conditions (after compaction or after gas permeability test until Pc max = 5 MPa). The results 
show that, at an RH of more than 85% (when individual aggregates of bentonite are completely 
saturated), the boundary conditions have an effect on the swelling kinetics of the sample. More 
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precisely, at RH> 85%, the swelling kinetics of the sample under free swelling conditions is faster than 
the sample which swells under constant volume conditions. Moreover, also at RH> 85%, more water 
is absorbed under free swelling conditions: for example, the mass increase is 8.8% for sample SF2 
(free swelling conditions) and only 5.88% for sample SO1 (constant volume conditions). At higher RH 
(98% and above), and under free swelling conditions, the increase in volume (with respect to the state 
of just after compaction as reference) is very significant: for example, at RH = 98% it is 22.46% for 
sample SF3, and 27.15% for sample SF2, which indicates an very good swelling capacity of the 
bentonite-sand mixture. Lastly, despite a very small change in water content and the volume (in the 
order of 1%), the cycle of loading - unloading at hydrostatic pressure due to the gas permeability test 
has an influence on the microstructure of pores of the sample, since water imbibitions at a given RH is 
smaller than corresponding values of samples SF2. This is interpreted as the collapses of some meso- 
and macro-pores, which affects the properties of swelling and water retention of the plugs. 
For the determination of the retention curve (RH, Sw), we have found that the samples are 
are not fully stabilized at RH = 100%, and the saturated mass is not known. Dry mass to be measured 
after complete saturation, so far we cannot calculate Sw. A few available results were found for SF3, 
for RH> 70%, see Figure 245. 

 

Figure 245 Relationship between HR and Sw: sample SF3 
 

13.4 Sealing ability of partially water-saturated bentonite/sand plugs 
under the effect of confinement 

13.4.1 Introduction 
This chapter aims to determine whether the central part of the bentonite-sand barrier, when it is only 
partially saturated with water and confined by the swelling pressure of the saturated plugs (up to about 
7.5 MPa, see section 13.6), is permeable to gas or not. We also try to determine, for the partially 
saturated and strongly confined material, if it suffers a hydraulic cut-off: this corresponds to a 
measured gas permeability of 10-20m2 or less, see (Liu et al 2013) and signifies that gas doesn’t pass 
significantly. 
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Our whole experimental campaign consists in three successive test series, so that the first series 
provides preliminary data, while the subsequent series aim at confirming (or not) our first 
interpretations. The initial state for all our experiments is taken after compaction of the bentonite/sand 
plugs to given dry density and water content, see Figure 246. 

 
Figure 246 Experimental procedure followed for the three test series S1, S2 and S3 

13.4.2 Relative gas permeability – preliminary test results 
The main idea for this first experimental campaign was to start from the initial material state, i.e. the 
state obtained just after compaction. One sample is tested for gas permeability only, right after 
compaction. Four additional plugs are put each into a different desiccator, at given relative humidity 
RH: 70, 75, 85 and 92 %. After mass stabilisation, each plug is placed into a triaxial cell, and 
submitted to a confinement and to gas flow, to assess its effective gas permeability. Effective gas 
permeability is measured using a quasi-stationary flow method, which principle is detailed in Chen et 
al. (2009). The average gas pressure of the quasi-stationary flow is of 0.4 to 0.5MPa, while 
confinement varies between 1.2 and 7.8MPa. 
Table 13-4 indicates the results obtained in terms of mass variation and volume change. Dimensional 
observations are, at this stage, qualitative only, as this test series is the starting point towards more 
complete investigations, see next two sections. The relative humidity level corresponding to sample 
equilibrium (i.e. neither mass loss nor gain) is between 75 and 85%RH. Relative mass variations 
(labeled %mass rel. in the following) are negative for samples S1-1 and S1-2, and positive for samples 
S1-3 and S1-4, when compared to the initial compacted state, so that on the whole: %mass rel.(S1-4) > 
%mass rel.(S1-3) > %mass rel.(S1-0) > %mass rel.(S1-2) > %mass rel.(S1-1). 

Table 13-4 First test series – mass variation and observed changes in mass intake and 
dimensions. 

Sample 
n. 

Initial 
mass (g) 

RH 
(%) 

stabilized 
mass (g) 

Relative mass variation 
%mass rel. (% initial 

mass) 
Dimensional observations 

S1-0 54.70 - - - None - gas permeability only 

S1-1 54.66 70 54.24 -0.77 Shrinkage and important 
water loss 

S1-2 54.65 75 54.53 -0.22 Shrinkage and slight water 
loss 

S1-3 54.52 85 54.86 0.62 Swelling and slight water 
intake 

S1-4 54.67 92 56.17 2.74 Important swelling and water 
intake 
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It is recalled here that gravimetric water content w (%) is defined, and expressed in mass percentage, 
as: 

w(%) =     (1) 

where msample is sample mass and mdry is sample dry mass, so that (msample – mdry) is the mass of water 
contained in the sample. Water saturation level Sw is defined as the ratio between the volume of pores 
filled with water Vpores (filled with water) to the total pore volume Vpores(total), so that: 

Sw =  (2) 

where msaturated is sample water-saturated mass, ρwater is water density, Vsample is sample volume, and φ 
is sample porosity. One should note that while water content is only given through current and dry 
sample masses, Sw also requires determining a fully-water saturated mass, which proves more 
complicated for swelling materials such as bentonite/sand plugs. 
In first instance, let assume that all samples have a constant total pore volume (as for cohesive 
materials), and an identical initial water content (and an identical initial water saturation level) 
obtained after compaction. Hence, under such assumptions, relative mass variations mean that water 
contents vary as: w(S1-4) > w(S1-3) > w(S1-0) > w(S1-2) > w(S1-1), or saturation levels Sw(S1-4) > 
Sw(S1-3) > Sw(S1-0) > Sw(S1-2) > Sw(S1-1). Let now analyze gas transport properties under these 
assumptions. 
Gas permeability results after mass stabilization at given RH are provided in Figure 247, for 
confinements from 1.2 and up to 7.8MPa. When assuming that, at given confinement, water content is 
the main parameter driving gas transport, these results are not as expected: one does not observe any 
systematic effect due to the sole changes in water content (or water saturation level). For instance, if 
Sw(S1-1) < Sw(S1-2) < Sw(S1-0), gas permeability Kg of samples S1-1 and S1-2 should be higher than 
that of sample S1-0, because S1-1 and S1-2 are less saturated than S1-0. Similarly, gas permeability of 
sample S1-0 should be higher than that of more saturated sample S1-3, and then than that of S1-4. In 
fact, such expected result is obtained for S1-0, S1-1 and S1-4 as Kg(S1-1)>Kg(S1-0)>Kg(S1-4), but 
Kg(S1-3)> Kg(S1-0)> Kg(S1-2), which appears unusual given their respective water saturation levels: 
Sw(S1-3) > Sw(S1-0) > Sw(S1-2). 
At this stage, at given confinement, two possibilities are considered. First, if the assumption of a 
constant total pore volume holds, the scattering in sample initial properties may drive the variation in 
Kg from one sample to another. Secondly, and more probably (owing to the caution taken to prepare 
the samples), the total pore volume of each sample may vary during the tests, and hence, its pore 
volume accessible to gas. While total pore volume variation is expected under free boundary 
conditions, an increase in pore volume accessible to gas (together with water intake) is assumed during 
swelling; similarly, a decrease in pore volume accessible to gas is assumed during shrinkage. This is in 
good accordance with qualitative ESEM observations of pure MX80 bentonite by Montes-H et al. 
(2005). Such interpretation is not obvious, since the pore volume of bentonite (both total and 
accessible to gas) decreases with swelling under more usual oedometric conditions, see Xie et al. 
(2004) and Alkan et al. (2008). 
The consequence for gas transport is a competitive effect between increasing (or decreasing) water 
intake and swelling (or shrinkage). Indeed, if the latter were true, then: (1) at given total pore volume, 
greater pore volume filled with water would induce lower gas permeability, while smaller pore volume 
filled with water would yield greater Kg, as for cohesive geomaterials (Chen et al., 2012); (2) by 
increasing the total pore volume (and that accessible to gas), swelling would contribute to greater gas 
permeability, while shrinkage (despite generally leading to micro-cracking) would induce lower gas 
permeability. The third effect to take into account is confinement, so that any increase in confining 
pressure is bound to lead to a decrease in effective gas permeability. This effect is observed, as 
expected, for each sample tested in this series, see Figure 248: Kg is a monotonously decreasing 
function of Pc. 
More particularly, for sample S1-4, which is subjected to 92% relative humidity, the above 
interpretation applies, as follows. A RH of 92% is sufficiently high to get a high water saturation level, 
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so that this becomes the predominant effect, and provides a lower Kg, despite a strong swelling (which 
is associated to greater pore volume accessible to gas). 

 
Figure 247 permeability results vs. confining pressure - at different saturation levels 
Sample S1-1 loses a significant mass of water, representing -0.77% of its initial value, which hints at a 
noticeable decrease in its water saturation level. Despite its shrinkage, which reduces the pore volume 
available for gas flow, gas permeability of S1-1 is higher than that of S1-0, which is in the initial state: 
this means that the effect of de-saturation is predominant over that of shrinkage. 
On the opposite, for samples S1-2 and S1-3, the effect of swelling/shrinkage (and pore volume 
variation) is predominant over that of saturation level. Sample S1-2 sustains simultaneously a decrease 
in water saturation (which contributes to an increase in gas permeability Kg) and limited shrinkage 
(responsible for a decrease in pore volume accessible to gas, i.e. in Kg), so that, on the whole, its 
permeability Kg is lower than that of S1-0. For sample S1-3, although one observes an increase in 
saturation (associated to a decrease in Kg), limited swelling (associated to an increase in Kg) induces 
greater Kg than for S1-0. 
In order to confirm these antagonist effects more quantitatively, complementary experiments are 
performed by two supplementary test series, see below. 

13.5 Relative gas permeability study – second series of tests 

13.5.1 Mass and volume changes 

After compaction, samples of this series are subjected to gas permeability testing up to 5MPa 
confinement, and then to a given RH ranging from 75 to 98%: for plugs S2-3, S2-4, S2-5 and S2-8 
these are, respectively, 98, 92, 85 and 75% RH. Lower RH levels are not studied, as the preliminary 
study (see Section 3) showed that samples lose water from RH=70% and below. Plug S2-2 was only 
used in the initial state, after compaction, to test the plug sensitivity to confining pressure values up to 
12MPa. 
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Figure 248 Evolution of sample mass vs. time, when the samples are placed at different 

humidity levels. 
Mass evolution from compaction to the atmosphere at fixed RH is given in Figure 248. Masses at 
negative times correspond to the initial compaction state. Masses at day 1 correspond to the initial gas 
permeability measurement phase. 
Figure 248 shows that, from one sample to another, there are huge differences in the time required to 
get a stable mass at given RH. These differences are attributed to the amount of water gained by each 
sample, which is much greater at higher relative humidity. The longest time for mass stabilisation is 
obtained with S2-3, which is placed at 98%RH. This is related to the strong swelling, which is 
observed at this level, see Figure 249. 
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Figure 249 Mass and volume relative variations due to increasing RH level (before gas 

permeability testing in partially-saturated conditions), using for reference 
mass and volume those after the initial gas permeability test. 

 
Table 13-5(a) (below) indicates the main sample characteristics for this second test series. Annex 1 
provides all volume change measurements during the experimental campaign. Significant variations in 
sample volume and mass are measured between the initial compacted state and that after mass 
stabilization at given RH, and also after drying at 60°C. Indeed, except for S2-8, which loses mass at 
75%RH, swelling observed during water absorption of the samples is significant. For example, for S2-
3, its volume variation at mass stabilization at RH=98% represents 20.6% of its initial volume (after 
compaction), see Table 13-5(a). This means that the actual pore volume is constantly changing during 
the swelling process due to bentonite/sand deformability (related to water absorption). This is also the 
case at 100%RH, where sample mass msaturated reflects the proportion of voids filled with water i.e. the 
proportion of actual porosity filled with water. Significant sample volume changes also mean that the 
choice of a reference volume for assessing physical properties (such as density, porosity and water 
saturation) will require discussion. 
Several physical properties of the samples are deduced from the raw data in Table 13-5(a), see Table 
13-5(b). Apparent plug density is calculated after compaction as: ρ = mcompact/Vcompact. An “apparent” 
dry density ρdry = mdry/V, where V is either Vcompact (sample volume after compaction), or Vdry (sample 
volume in the dry state). It is observed that all samples have a good homogeneity in terms of apparent 
or dry density. Dry density values are closer when calculated with Vcompact rather than with Vdry, 
hinting at greater volume changes after our experiments (and the subsequent drying) than right after 
compaction. 
A discussion about porosity (and further, about water saturation Sw) is proposed here, as this property 
requires a reference volume to be calculated, as: 
φ = (msaturated-mdry)/ρwater V    (3) 
where msaturated is sample saturated mass (obtained at stabilization in an hermetic chamber at 100%RH), 
mdry is dry mass, rwater is water density (1000kg/m3 at 20°C), and V is sample total volume. It is noted 
that the humidity of 100%RH (used to obtain msaturated) is imposed by placing each sample in a 
desiccator, over pure distilled water. 
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In Table 13-5(b), the volume after compaction Vcompact (i.e. the initial volume) is chosen as the 
reference volume V to calculate φ . Therefore, φ  represents an “artificial” porosity rather than an 
actual one, due to significant sample volume changes from the dry to the so-called fully water 
saturated state, see Table 13-5(b). Except for sample S2-2, which is significantly more porous and less 
saturated than the other samples of the series, porosity values are on the order of 47%+/-3.7. 
Water saturation Sw, which is given below, will also be a conventional or artificial saturation, assessed 
with respect to the same sample volume V, as: 
Sw = (mRH – mdry)/ρwater φ V    (4) 



 

 318 

Table 13-5 a) Main characteristics of the bentonite/sand plugs of test series 2. B) Main physical properties of the bentonite/sand plugs of 
test series 2, deduced from raw data given in (a) 

a 

N.& 
RH 

Dcompact 

(cm) 
Нcompact (cm) 

Vcompact 
(cm3) 

VRH 
(cm3) 

Vdry 
(cm3) 

(VRH –Vcompact) /Vcompact 
(%) 

mcompact (g) mRH (g) mdry (g) msaturated (g) 

S2-2 3.70 1.25 13.39 - - - 27.17 - 23.84 32.59 

S2-3 (98%) 3.70 1.25 13.41 16.18 13.24 20.65 27.33 29.34 24.24 30.12 

S2-4 (92%) 3.70 1.26 13.48 14.28 12.85 5.97 27.29 28.13 23.96 30.10 

S2-5 (85%) 3.70 1.25 13.41 13.66 12.80 1.86 27.25 27.57 23.88 30.72 

S2-8 (75%) 3.70 1.26 13.50 13.62 13.05 0.91 27.46 27.44 23.99 30.56 

b 

S2-2 2.03 1.78 - 65.35 38.06 - - - -  

S2-3 (98%) 2.04 1.81 1.83 43.84 52.55 86.73 71.89 87.86 86.73  

S2-4 (92%) 2.03 1.78 1.86 45.56 54.23 67.92 64.09 71.22 67.92  

S2-5 (85%) 2.03 1.78 1.87 51.00 49.27 53.95 52.96 56.52 53.95  

S2-8 (75%) 2.03 1.78 1.84 48.68 52.82 52.51 52.04 54.31 52.51  

 
Notes:Vcompact is the sample volume after compaction, VRH is the volume at mass stabilization at given RH, Vdry is dry sample volume, (measured with a gauge 
calliper (by D and H)). mcompact is sample mass after compaction, mdry is dry mass (after stabilization in the oven at 60°C), mRH is stable mass in the hermetic 
chamber at given RH, and msaturated is saturated mass (after stabilization in an hermetic chamber at 100%RH). 
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V may be chosen as the volume after compaction (initial plug state) Vcompact, or as VRH (after 
stabilization at given RH), or as the dry sample volume Vdry. When assessing Sw during the gas 
transport experiment, the choice of Vcompact, which is the volume at the start of the tests, as the 
reference volume is more appropriate than VRH (obtained during the experiment), or than Vdry 
(obtained after permeability testing). Eq. (4) is also equivalent to: 

Sw =   (5) 

Eq. (5) provides identical values for Sw as with Vcompact as the reference volume. With this method, Sw 
ranges from 52.5% (for S2-8, subjected to 75%RH) and up to 86.7% (for S2-3, subjected to 98%RH). 
It is noted that, while Sw decreases for S2-8 (75%RH) between compaction and after mass stabilization 
at given RH, Sw increases for all the other samples, subjected to RH from 85 and up to 98%. The case 
of S2-8 is noticeable, because this sample swells while losing mass (from compaction to mass 
stabilisation at 75%RH), so that on the whole, its saturation Sw decreases, see Table 13-5(a) and (b). 
This is attributed to a small de-compaction effect, possibly related to the initial gas permeability 
measurement phase. 
One also observes in Table 13-5(b) that dry density ρdry is slightly higher (by 0.01 to 0.04g/cm3) than 
the targeted one, which is of 1.77. Indeed, it is uneasy to obtain exactly the required humidity for the 
bentonite/sand mix before its compaction. Nevertheless, this is not an actual issue, as regards the 
phenomena and properties under study here. 

13.5.2 Initial sample gas permeability 
Results of gas permeability after compaction are provided in Figure 250. Except for S2-2, which is 
only tested in the initial state, confining pressure was limited to 5MPa for the other samples of the 
series (S2-3, S2-4, S2-5 and S2-8). This aims at limiting microstructure changes before mass 
stabilization at given RH and subsequent Kg assessment. 

 
Figure 250 Initial sample permeability vs. confining pressure. 
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Table 13-6 Values of gas permeability at the start, maximum confining pressure, and at 
the end of a confinement cycle, for samples of Series S2 after compaction 
(before being subjected to given RH or oven-drying). 

Sample n. S2-3 S2-4 S2-5 S2-8 S2-2 
Kg (10-17 m2) 

at Pc=1MPa (start of the 
confining cycle) 

25.3 44.4 36.3 28.3 22.2 

Kg (10-17 m2) 
at Pc=5MPa (maximum of 

the confining cycle) 
3.48 9.32 6.38 8.70 

4.03 
(0.14 at 

Pc=12MPa) 
Kg (10-17 m2) 

at Pc=1MPa (end of the 
confining cycle) 

8.2 19.3 14.2 19.5 3.13 

 
It is observed that the scatter on gas permeability values after compaction and at low confinement 
(1MPa) is relatively limited for this kind of material (which is very sensitive to its initial compaction 
and water content conditions), with values ranging from 22.2 ×10-17 m2 and up to 44.4× 10-17 m2. 
These values are comparable with those from test series S1, as is the sensitivity to confining pressure – 
i.e. a decrease in permeability by a factor of 3 to 7 in the range 0~5 MPa confining pressure. It is also 
noted that, for plug S2-2, which sustains the greatest loading up to Pc=12MPa, confining pressure has 
a major influence on its gas permeability, which drops down by two orders of magnitude between 
Pc=1MPa and Pc=12MPa. This is attributed to a sort of pore collapse, i.e. a loss of pore volume 
accessible to gas under confinement Pc. All samples display such pore closure, and it is irreversible in 
nature, because no sample regains its initial gas permeability (that before the confining cycle up to 5 or 
12MPa). This irreversibility, or hysteresis in Kg (Pc) behaviour, is much more marked for sample S2-2 
than for S2-3, S2-4, S2-5 and S2-8, due to a greater confinement amplitude, see Figure 250 and Table 
13-6 
 
Coupled effects of saturation and confining pressure upon gas permeability  
After mass stabilization at given RH, Figure 251 to Figure 254 (below) provide the effective 
permeability of each sample, when confining pressure is varied. These values are compared with the 
initial gas permeability measurement (after compaction). 
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Figure 251 Comparison between initial gas permeability (in blue) and gas permeability 

after stabilisation at 75%RH (in red), for sample S2-8. 
Results for sample S2-8 (subjected to 75%RH) are as expected, see Figure 251: Point 1 at Pc=1MPa (at 
the end of initial permeability test) corresponds to a lower gas permeability than at Point 2 (at 
Pc=1MPa but after stabilization at 75%RH). Indeed, as S2-8 has de-saturated slightly at RH=75% 
(from Sw=52.8 to Sw=52.5%), its permeability is higher than in the initial state. However, this variation 
is high: between Point 1 and Point 2, gas permeability is multiplied by a factor of 5. In fact, huge 
variations in gas permeability are recorded throughout our experimental campaign on bentonite/sand 
plugs. For instance, we will see in Sub-section IV 3.4) that gas permeability is three orders of 
magnitude higher when comparing the initial state and the dry state. This means that there is a very 
strong effect, upon gas permeability, of drying from 52.8% down to “0”% saturation. Figure 251 also 
shows that the slope of the decrease in permeability is comparable in the initial state and after 75%RH, 
when confining pressure increases. This is because both saturation states of sample S2-8 are very 
close. Nevertheless, a strong hysteretic effect is observed upon unloading, so that permeability does 
not follow the same path during unloading as during loading. This hysteresis occurs mainly from 
Pc=12MPa down to 5MPa, because, during unloading from Pc=5 to 1MPa, Kg (Pc) still follows a 
similar slope as during loading. Due to this hysteresis, at the lowest confinement used (Pc=1MPa), gas 
permeability is irreversibly lowered by the confinement cycle: at Pc=1MPa, Kg decreases by a factor of 
8.4 (from 109×10-17m2 down to 13x10-17m2). And while Kg (Pc) is almost linear during loading, it is 
highly non linear in the unloading range (12-5MPa). This is attributed to an irreversible compaction of 
the sample, with a volume decrease from 13.62cm3 down to 13.29cm3, i.e. by 2.4% only. 
The case of sample S2-5 is less obvious to analyse: despite an increase in saturation (from Sw=49.3 to 
53.9%), gas permeability at point 2 (start of loading after mass stabilization at 85%RH) is higher than 
that at point 1 (at the end of 1st permeability experiment, before 85%RH), see Figure 252. Between 
Points 1 and 2, due to the placement of S2-5 at 85%RH, an increase by almost 5% of the volume has 
occurred. The higher gas permeability is attributed to this increase in total volume, which is bound to 
have brought an increase in pore volume accessible to gas, too. 
The confining pressure effect is more sensitive here than for S2-8, as almost three orders of magnitude 
difference exist between Kg (Pc=1MPa)=73×10-17m2 and Kg(Pc=12MPa)=0.12×10-17m2, i.e. between 
the start of the test and the maximum confinement achieved. This is not a tight state yet, whereby gas 
passage becomes negligible due to confinement increase, but it is quite spectacular, all the more so as 
the sample water saturation Sw at the start of this test is 53.9% only. 
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Figure 252 Comparison between initial gas permeability (in blue) and gas permeability 

after stabilisation at 85%RH (in red), for sample S2-5. 
There is also a stronger hysteretic effect during the unloading phase, which occurs now mainly in the 
range 12-5MPa. As for S2-8, it is associated to sample volume change, from 13.66cm3 (at the start of 
the second gas permeability test) to 13.25cm3 (at the end of this test), i.e. by 3% only, see Annex 1. 
This is a clear evidence of the major effect of sample volume variation on its gas permeability. The 
difference in permeability between 2 and 3 can be clearly attributed to this volume variation. 
For sample S2-4 subjected to 92%RH, Figure 252 shows that, like for S2-5, at Pc=1MPa, a higher 
permeability is measured at Point 2 (at mass stabilization at 92%RH) than at Point 1 (at the end of the 
initial gas permeability test). As saturation Sw is now 67.9%, this fact is attributed to an increase in 
sample volume, which is by more than 7.5%, see Annex 1: sample volume is of 13.28cm3 at the end of 
the initial gas permeability test, and of 14.28cm3 at mass stabilization at 92%RH. Between both 
competitive effects (water intake and sample swelling), the volumetric effect is stronger than the 
saturation effect at low confining pressure. This confirms our analysis for the first test series. 
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Figure 253 Permeability after stabilization at 92%RH (in red), for sample S2-4. 
Sample swelling (and the increase in pore volume accessible to gas) is no longer predominant upon Kg 
when confining pressure is increased. For instance, at Pc=5MPa, the decrease in gas permeability 
between Point A (before swelling) and Point B (after swelling) is of one order of magnitude: Kg(Point 
A)= 9.3×10-17m2 is greater than Kg(Point B)= 0.74×10-17m2 by a factor of 12.6. If one assumes an 
equivalent volumetric strain at Point A and Point B (between the initial state and the partially water-
saturated state, both at 5MPa confining pressure), the permeability difference is rather attributed to the 
difference in water saturation. Indeed, water being incompressible, most of the sample volume change 
(and volumetric strain), due to Pc increase, leads to a direct decrease in pore volume available to gas. 
More generally, the confining pressure effect is more and more pronounced as the bentonite/sand plug 
becomes more and more saturated. For sample S2-4, saturated by 67.9% only, this effect is huge: gas 
permeability decreases by 48000, i.e. by almost five orders of magnitude (from Kg (Pc=1MPa) = 
48×10-17m2 down to Kg (Pc=12MPa) = 1×10-20m2 (loading phase only)). 
Finally, the hysteretic behaviour of Kg (Pc) is still marked, and it is greater than for S2-5 and S2-8: 
hysteresis is stronger and stronger with sample water saturation level. As a consequence of hysteresis, 
sample volumetric strain (and volume change) is not reversible: after dismounting from the triaxial 
cell, the sample volume is 13.3cm3, which is 6.8% lower than the 14.28cm3 volume before the second 
permeability test. This justifies that, at Pc=1MPa, gas permeability at point 3 is smaller by more than 
two orders of magnitude than permeability at Points 1 and 2. 
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Figure 254 Comparison between initial gas permeability (in blue) and gas permeability 

after stabilization at 98%RH (in red), for sample S2-3. 
For sample S2-3, the effect of confining pressure upon Kg is spectacular, with a decrease by five 
orders of magnitude when Pc increases from 1 to 12MPa, see Figure 254. Due to experimental 
difficulties, it was not possible to record gas permeability at Pc=1MPa during the unloading path. 
Sample saturation is 86.7% after mass stabilization at 98%RH, but the increase in volume due to this 
saturation is of 22.4%: the volume of S2-3 increases from 13.21cm3 to 16.18cm3 at stabilization at 
98%RH. The equivalent (but opposite) effects of water saturation increase and swelling (i.e. pore 
volume increase) are thought to explain why gas permeabilities at Points 1 and 2 are very close. The 
interpretation of antagonistic effects of water intake and free swelling upon gas transport, as analysed 
from our preliminary results, are confirmed by this second test series. 
In more detail, it is observed that the influence of confining pressure is very high up to 5 MPa (point 
A). At this stage, gas permeability is of 7.8×10-20m2, whereas it was more than three orders of 
magnitude at Pc=1MPa, with a value of 1.07×10-16m2: this means that sample S2-3 has become 
virtually impermeable to gas. Further, there is a smaller decrease, yet by two orders of magnitude, 
between 5 and 12MPa confinement (when compared to that before Pc=5MPa). The fact that S2-3 
sample is impermeable to gas at Pc=5 MPa certainly means that it is close to 100% actual water 
saturation, which is brought by sample compaction under loading. Then, for Pc above 5MPa, there is a 
smaller pore volume accessible to gas, which remains to collapse, therefore, leading to less 
permeability decrease. However, it is considered that from Pc=5MPa (and more), the bentonite/sand 
plug is impermeable to gas. It is recalled here that Pc=5MPa is smaller than the expected in situ 
swelling pressure of the outer saturated bentonite/sand plugs, so that this result has some significance 
for sealing purposes: this is an experimental evidence of the possibility for a bentonite-sand structure 
to become tight to gas, before a full water saturation state is achieved in all of its individual plugs. 
In order to highlight the huge effect of confining pressure upon Kg, which is all the more so marked as 
sample saturation is high, Figure 255 (below) plots gas permeability for all the partially water-
saturated samples. At Pc=12MPa, the higher the saturation level Sw, the lower the gas permeability Kg. 
While sample S2-8 (Sw=52.5%) loses two orders of magnitude in Kg upon loading from Pc=1MPa to 
12MPa, sample S2-3 (Sw=86.7%) loses five orders of magnitude in Kg during the same loading phase. 
This increased influence of water saturation level is attributed to a decrease in pore volume accessible 
to gas, which is all the more so critical to gas transport as Sw is great. 
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Figure 255 Comparison of gas permeability after stabilization at given RH, vs. confining 

pressure, for samples S2-3 (98%RH), S2-4 (92%RH), S2-5 (85%RH) and 
S2-8 (75%RH).  

 
Dry permeability 
Dry permeability values obtained after the second permeability test (in partially water-saturated 
conditions) are given in Figure 256 below. 
It is first observed that the dry permeability of the four samples S2-3, S2-4, S2-5 and S2-8 is two (or 
three) orders of magnitude higher than their initial values after compaction. This is the confirmation 
that drying between 50% and 0% saturation has a strong influence on gas permeability, as mentioned 
before. Another aspect is that there seems to remain a sort of memory of previous swelling and 
shrinkage for the different samples: here, those which were saturated at the higher relative humidities 
have the higher permeabilities in the dry state. We do not know at this stage if it is an coincidence, or 
an actual, repetitive, phenomenon: the third test series will contribute to clarify this aspect. 
Moreover, the samples, which have sustained the greatest swelling, are also the most sensitive to an 
increase in confinement i.e. they are more deformable. If confirmed by test series S3, this means that 
the structure and gas transport behaviour of bentonite/sand plugs is very sensitive to successive 
drying/imbibition cycles, coupled with confinement/un-confinement cycles. 
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Figure 256 Dry gas permeability vs. confining pressure for all samples of test series S2.
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13.5.3 Complementary tests (third test series) 
A last test series was performed to confirm the main trends, which were observed during the first two 
series. This series was not subjected to any initial gas permeability measurement (and confinement) 
prior to free swelling at given RH. Indeed, this was decided in order to avoid any over-compaction of 
the plugs due to confinement (which is unavoidable with our gas permeability test method), before 
swelling. One plug only (number S3-9) was tested after the initial compaction, to acquire one 
reference value for initial gas permeability. Another single sample (S3-14) has been prepared by 
compaction and oven-drying at 60°C until mass stabilization, in order to assess directly its pore 
volume accessible to gas under varying confining pressure. 
 
Mass and volume changes 
Table 13-7a and Table 13-7b below show the general physical properties of the plugs from this series 
S3. For this test series, average porosity is of 42.3%+/-3.8, which is slightly lower than for test series 
S2 (φ=47%+/-3.8). Dry and apparent densities are comparable for both test series, although they are 
slightly higher for test series S3 (by 0.05g/cm3 i.e. by 2.4%). Initial saturation levels (after 
compaction) are also greater for series S3, by more than 10%. After mass stabilization at given RH, as 
for test series S2, Sw increases with increasing RH, except for S3-10 (75%RH) and S3-11 (85%RH). In 
this case, initial Sw is greater for S3-10 than for S3-11, so that S3-10 has not stabilized at a lower Sw 
than S3-11 at 75%RH. Sample S3-10 loses mass during its placement at RH=75%, similarly to S2-8, 
yet it also shrinks (whereas S2-8 swell). Therefore, results for sample S3-10 will be analysed with 
caution when comparing with previous test series, and with less saturated S3-11. 
A significant shrinkage is noted after mass stabilisation at 11%RH, with -6.7% volume change, while 
a huge swelling (by 19.8% volume change) occurs at RH=98%.  
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Table 13-7 a) Main characteristics of the bentonite/sand plugs of test series 3. b) Main physical properties of the bentonite/sand 
plugs of test series 3, deduced from raw data given in a). 

a 

Plug & RH Dcompact 

(cm) 
Нcompact 
(cm) 

Vcompact 
(cm3) 

VRH 
(cm3) 

Vdry (cm3) (VRH –Vcompact) 
/Vcompact (%) 

mcompact (g) mRH (g) mdry (g) 
msaturated 

(g) 

S3-9 (11%RH) 3.72 2.45 26.62 24.84 24.59 -6.68 54.86 47.84 48.65 58.16 

S3-10 (75%) 3.69 2.46 26.31 26.23 25.13 -0.31 54.95 47.92 54.40 58.25 

S3-11 (85%) 3.69 2.48 26.50 27.04 25.51 2.02 55.00 48.02 55.10 59.77 

S3-12 (92%) 3.69 2.47 26.43 27.95 25.65 5.76 55.00 47.83 56.10 59.18 

S3-13 (98%) 3.70 2.50 26.81 32.11 25.80 19.78 54.95 47.40 58.75 59.77 

b 

   n. & RH ρ (g/cm3) 
ρ?(g/cm3) 

with 
Vcompact 

ρ (g/cm3) 
with Vdry 

φ (%) Sw initial, after 
compaction (%) 

Sw using masses 
Eq. (5) (%) 

Sw using VRH 
(%) 

Sw using 
Vdry (%) 

Sw using 
Vcompact (%)  

S3-9 (11%RH) 2.06 1.80 1.95 38.77 68.02 7.85 8.41 8.50 7.85  

S3-10 (75%) 2.09 1.82 1.91 39.26 68.05 62.73 62.92 65.68 62.73  

S3-11 (85%) 2.08 1.81 1.88 44.33 59.40 60.26 59.06 62.60 60.26  

S3-12 (92%) 2.08 1.81 1.86 42.95 63.17 72.86 68.90 75.08 72.86  

S3-13 (98%) 2.05 1.77 1.84 46.14 61.03 91.75 76.60 95.34 91.75  

Notes: Vcompact is the sample volume after compaction, VRH is the volume at mass stabilization at given RH, Vdry is dry sample volume, (measured with a gauge 
calliper (by D and H)). mcompact is sample mass after compaction, mdry is dry mass (after stabilization in the oven at 60°C), mRH is stable mass in the hermetic 
chamber at given RH, and msaturated is saturated mass (after stabilization in an hermetic chamber at 100%RH). 
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Figure 257 Mass variation of bentonite/sand plugs due to different conditions of relative 

humidity RH 
Figure 257 shows the saturation (or drying) kinetics and the mass variations for all samples of this series. 
The same trends, already detected for previous sample series, are confirmed: drying occurs for RH=75% 
and below, a very low mass increase occurs for RH=85% and mass increases at RH=92 and 98%. 
Kinetics and relative mass variation are comparable with results given in figures 9 and 10 for test series 2. 

13.5.4 Effective gas permeability at given RH 
Gas permeability results, for all samples stable at given RH%, are analysed from Figure 257. The initial 
state was investigated only for sample S3-9, which was then dried at 11% RH. Higher permeabilities are 
on the order of 10-17m2, which is lower by one to two orders of magnitude when compared to the results 
obtained for the second test series (see Figure 249 and Figure 255). The dry density of S3 samples is 
slightly higher than that of the second series, which is sufficient to justify lower gas permeability. 
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Figure 258 Gas permeability at different confining pressure levels for series S3 samples 

after mass stabilization at given RH 
As regards the global effects of saturation (and of volumetric variations – see Figure 258), there is a 
complete consistency between these results and those of the second series. Once again, it is observed that 
gas permeability becomes very low from 5 MPa confining pressure for sample S3-12 (RH=92%) and S3-
13 (RH=98%), despite their incomplete saturation: Sw(S3-12,RH=92%)=72.8% and Sw (S3-
13,RH=98%)=91.7%. When accounting for their initial difference in gas permeability, these samples 
follow parallel evolutions when Pc varies, and these are less sensitive to an increase in confining pressure 
than in series S2. 
For samples S3-10 and S3-11, the competition between change in saturation and volume variations is 
present, like in test series 2. Sample volume variations are given in Annex 2 for the whole testing process. 
S3-10 shrinks and loses mass, so that it is more permeable than S3-9 in the initial state: shrinkage brings 
lower pore volume, whereas water loss increases the pore volume accessible to gas, so that it is the latter 
effect, which is predominant. S3-11 swells and increases its saturation (mass intake), so that these 
opposite effects produce a higher gas permeability than in the initial state: swelling bring more pore 
volume accessible to gas than the amount that water intake fills with water. 
 
Dry gas permeability 
Dry permeability results are consistent with those measured on S2 series, see Figure 259. The order of 
magnitude is of 10-14 m2, like for S2 samples, which represents very high values when compared to the 
initial and partially water-saturated ones. 
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Figure 259 Dry gas permeability of samples S3-9 to S3-13 
One should note that after compaction and drying/imbibition, despite contrasted residual volumes, see 
Annex 2, dry gas permeability (for both S2 and S3 series) exhibits a low scattering when compared to the 
initial gas permeability. Observations of a memory effect of RH sustained and drying/saturation upon dry 
gas permeability (made on S2 series) are no longer true. 
Volume variations are presented in Annex 2 for the whole experimental process. As expected, swelling 
occurs in relation with mass increase, and shrinkage (or decrease in volume) is related to mass decrease, 
to drying or to compaction due to confining pressure, see also Table 13-5a. Although it is not observed on 
dry permeability results, a “memory effect” occurs in terms of volume change for sample S3-13 
(98%RH): this sample has sustained an important 20% swelling (with a volume of 32.11cm3), and yet, 
despite compaction and drying, the residual volume after oven drying (25.75cm3) remains quite close 
to the initial volume (26.81cm3). 
 

13.5.5 Pore volume variation of an oven-dried bentonite/sand plug 
A last sample (S3-14) was prepared (compacted, oven-dried at 60°C until mass stabilization and tested) in 
order to measure its porosity change under confinement. 
A dedicated test, similar in its principle to a pycnometric test, was designed using gas injection inside the 
sample at each step of loading and un-loading (Chen et al., 2012), see Figure 260. 
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Figure 260 Porosity measurement device using gas injection. The sample is mounted in the 

triaxial cell, and access of gas is permitted on one side only. The buffer 
reservoir volume is Vo, the volume of the pipes is Vt=(V1+V2). 

The sample is in the triaxial cell at given confining pressure Pc. Gas may access the sample on one side, 
yet it is not allowed to flow out of it (the downstream access valve is closed). Gas is injected from a 
calibrated reservoir of known volume Vr at a pressure P1, and it is assumed perfect, i.e. it follows the 
perfect gas law. After gas injection through the sample accessible pore volume, there is an equilibrium at 
a final pressure Pf such that, in the closed volume of the reservoir, gas pipes and sample pore volume, one 
gets (from the perfect gas law): P1Vr =Pf (Vr+Vt+Vp). This provides quantification of pore volume Vp, 
since reservoir volume Vr and pipes volume Vt are known via a preliminary test (which consists in 
replacing the sample by a non porous one). The manometer used to measure P1 and Pf has an accuracy of 
10-4MPa. From Vp data, conventional porosity φ is calculated using the sample initial volume V: φ = 
(Vp/V). Porosity results for sample S3-14 are given in Figure 261. 
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Figure 261 Results of porosity variation vs. confining pressure (sample S3-14). 
First, it is noted that porosity is of 30.1% at the lowest confinement used (Pc=1MPa): this is lower than 
porosity values assessed without confinement for all other samples of the S3 series (porosity ranges from 
38.7% to 46.1%). This means that this limited confinement is sufficient to already close some porosity. 
Porosity changes are recorded along confinement/un-confinement cycles, up to 3MPa, 5MPa, 8MPa, 
10MPa and finally up to 12MPa, the lower confinement being always of 1MPa. Results in Fig. 22 show a 
remarkable consistency, with good overlapping of porosity during re-loading with that upon previous 
unloading. It is noted that from the first confinement cycle, porosity decreases irreversibly, so that it does 
not reach again the initial value of 30.1%. This experiment, performed on a dried sample so that observed 
porosity changes may be maximal, shows directly and clearly that porosity accessible to gas decreases 
irreversibly when confinement is applied to the bentonite/sand plug. In direct relation with former gas 
permeability experiments, it is noted that porosity decreases linearly up to Pc=5MPa, above which it 
decreases more slowly. Such difference in behavior with increasing Pc was also observed for Kg, see 
Figure 250-Figure 255 and Figure 258. This is the signature of two different phases in pore collapse, as 
directly observed in Figure 261, possibly with a homogeneous decrease in pore volume up to 5MPa, and a 
more localized loss of pore volume above this value. Confirming this interpretation would require further 
research. 

13.5.6 Conclusion 
This experimental study has aimed at assessing the sealing ability of partially water-saturated 
bentonite/sand plugs, under increasing hydrostatic stress, in relation with an actual in situ safety issue. 
Indeed, in underground radioactive waste storage structures, bentonite/sand arrays of plugs are used to 
seal the repository galleries. These comprise an arrangement of so-called vertical slices, made of 
individual bentonite/sand plugs, which form the whole buffer. Similarly to laboratory experiments in 
constant volume conditions, the bentonite buffer swells in the fixed volume of an underground storage 
gallery. Yet, unlike small scale samples, plugs located at the rim of each vertical slice swell fully due to 
underground water coming from the surrounding host rock, while central plugs have less access to water, 
so that they are bound to be partially saturated for a long time. Therefore, in such context, due to fully 
swollen plugs at the rim, central bentonite/sand plugs are bound to be confined due to stresses close to 
7MPa (which is the swelling pressure of the fully water-saturated plugs). The main question we have 
aimed at answering here was: are 7MPa confinement high enough to make a partially-saturated 
bentonite/sand plug fully impermeable to gas? 
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Our investigation was performed in three successive test series, on bentonite/sand plugs compacted using 
the same procedure: the first one has provided preliminary results, which have been confirmed by test 
series S2 and S3, as follows, 
• when subjected to relative humidity of 70-75% and below, bentonite/sand plugs shrink and lose 

mass, whereas these swell and gain mass for RH>70-75%. At 98%RH, swelling is as huge as 
20% of the plug initial volume and water saturation reaches 87-92%. 

• Due to such huge volume variations, a discussion is proposed on the adequate reference volume 
to take in order to assess sample porosity and water saturation level. It is shown that the initial 
plug volume after compaction is a good compromise, which allows to assess a conventional 
porosity, ranging between 42 and 47%, depending on the test series. Initial water saturation level 
varies hugely from one test series to the other, by ranging (on average) between 52% for S2 and 
64% for S3. 

• After mass stabilization at given RH in free boundary conditions, gas permeability results show 
two opposite effects at given confinement. First, sample swelling is accompanied by an increase 
in total sample volume and in pore volume accessible to gas, so that this contributes to gas 
permeability increase. Similarly, sample shrinkage corresponds to a decrease in sample volume 
and in pore volume accessible to gas, which promotes gas permeability decrease. Secondly, at 
given sample volume, water intake fills the pore volume partly, so that gas permeability 
decreases; at given sample volume, water loss promotes gas permeability increase. These 
antagonistic effects, brought from the literature, allow to interpret satisfactorily all our gas 
permeability experiments in partially saturated conditions. 

• Tightness to gas is achieved for partially-saturated bentonite/sand plugs under confinement. In 
particular, at a confinement equivalent to the expected full swelling pressure of 7MPa, gas 
permeability is lower than 10-20m2 for samples initially saturated up to 86-91% only. 

After gas permeability in partially water saturated conditions, samples are oven-dried at 60°C until mass 
stabilization: dry gas permeability is then on the order of 10-14m2, which is two to three orders of 
magnitude greater than the permeability in the partially water-saturated state (whatever the sample, and 
the saturation state between 50-91%). This testifies of the great ability of bentonite/sand plugs to undergo 
pore opening upon drying. This completes the observation of a 20% increase in volume upon swelling at 
98%RH. 

 

13.6 Swelling of compacted bentonite/sand plug (into tube) submitted to 
gas pressure  

Introduction  
This chapter aims to determine the effect of gas pressure (between 0 and 8 MPa) on the swelling 
properties and water saturation of compacted bentonite-sand mixture. This is a laboratory study to 
accompany the test of "PGZ" performed at Bure by Andra, in which pressurized gas is present during the 
saturation phase of bentonite-sand plugs. The water pressure applied throughout the experimental 
campaign is 4 MPa, which is close to the in situ water pressure. 
The experimental program consists of two, or four, or six steps according to the tested sample, see Figure 
262 and Table 13-8. A bentonite/sand plug (just after compaction) was completely saturated with water 
(phase I) and the saturated plugs was used to supply water to other plugs (by contact), in the presence or 
absence of gas pressure. For each Plexiglas-aluminum tube (in which the plugs is swollen), the calibration 
test (Phase II) permits to determine the relationship between the strain gauges (glued at outer surface) and 
the suffered internal pressure (phase III). Gas breakthrough pressure is the purpose of Phase IV. 
Thereafter, some samples have not been fully saturated with gas, are re-saturated by direct contact with 
water (phase V) and then tested again for their breakthrough pressure (Phase VI). 
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Figure 262 Experimental procedure followed by the three test series Ai, Bi and Ci. 
Table 13-8 shows the nomenclature adopted for the names of the samples according to applied test 
conditions. For Ai series (A1, A2, A3 and A4), bentonite-sand plug swells without gas pressure: samples 
A1 and A2 are in direct contact (bottom) with a completely saturated plug, while sample A3 is in direct 
contact with water. Sample A4 is subjected to the same swelling conditions as sample A3, but its height is 
two times (50mm instead of 25mm). This allows evaluating a possible scale effect. For series B and C, 
bentonite/sand plug swells in the presence of both water (in contact with a fully saturated plug) and gas 
(4/6/8MPa). 

Table 13-8 Samples nomenclature and tests boundary conditions: water pressure is always 
4MPa, while gas pressure is 0/4/6/8MPa. Pg is the downstream gas pressure; 
Pw is the upstream water pressure. 

Sample 
No.  

P
g 

(MPa)  
P

w 
(MPa)  

Swelling procedure Note 

A1, A2  0 4 Phase I~ Phase IV Direct contact with a fullly saturated plug  

A3  0 4  Phase II~ Phase IV direct contact with 4MPa water(one side) 

A4 0 4 Phase II~ Phase IV 1) H=50mm 
2) direct contact with 4MPa water (two sides) 

B1, B2,  4 4 Phase I~ Phase VI Direct contact with a fully saturated plug  

C1, C2  
8 4 Phase I~ Phase IV Direct contact with a fully saturated plug  

6 4 PhaseIII~ Phase IV Direct contact with a fully saturated plug  

13.7 Bentonite-sand plug swelling without gas pressure 

13.7.1 Swelling pressure (SWP) 
As indicated in Table 13-9, three samples are saturated without gas pressure (No. A1, A2 and A3). 
Samples A1 and A2 are saturated by contact with a fully saturated plug, see Figure 263(a), while sample 
A3 is in direct contact with water, see Figure 263(b). Figure 264 presents the evolution of swelling 
pressure of the sample A1~A3 as a function of time. It is clear that, for each plug, two different values of 
equilibrium swelling pressures are measured. They are, total equilibrium swelling pressure (higher value) 
and effective swelling pressure (lower value), respectively. As explicated in section 13.2.3, effective 
swelling pressure was obtained after water injection was stopped. 
The effective swelling pressures of the three samples obtained are all of the same orders of magnitude, 
between 7.2MPa and 7.6MPa, which correspond to the target in situ value (between 7MPa and 8MPa), 
see Table 13-9. The differences may be due to small dispersions of materials, saturation and compression, 
but overall we can be satisfied with the obtained results. Thee effective swelling pressure obtained for 
samples A1 and A2 are slightly lower than the relevant value of the sample A3 which is in direct contact 
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with water, it is possible that they are not completely saturated, while the total equilibrium swelling 
pressures are different for the three samples. Figure 263(a) and Figure 263(b) can help us to understand 
the origin of these differences. The water pressure in the top tube for the sample A1 and sample A2 (case 
a) varies between 0 and 2 MPa, whereas it varies between 0 and 4 MPa for the sample A3, so it is logical 
to see a pressure drop lower for the samples A1 and A2, when water pressure is set to 0, than for the 
sample A3.These pressure drops are quite consistent with the theoretical water pressure in the middle of 
the tube (1 MPa for the samples A1 and A2- Figure 263(a), and 2 MPa for the sample A3- Figure 263(b).  

        

  
(a) (b) 

Figure 263 distribution of water pressure along the height of the tube: Case A; (b): 
distribution of water pressure along the height of the tube: Case B. 
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Figure 264 Evolution of swelling pressure with time, sample A1 A2 and A3. 
 

Table 13-9 summarizes the results of swelling tests of series A, Ptotal is the total 
equilibrium swelling pressure, Peff is the effective swelling pressure, ∆P is 
the difference between Ptotal and Peff. 

Test NO. Ptotal (MPa) Peff (MPa) ∆P (MPa) 
A1 8,33 7,42 0,91 
A2 8,19 7,16 1,03 
A3 10,01 7,39 2,67 

Meanwhile, we can notice a different swelling kinetic for the two samples A1 and A2, while they are in 
the same conditions of swelling. This phenomenon can be attributed to the state of the degree of 
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saturation the nether plug. While the lower degree of saturation means it's easier for the water to transfer 
through the nether plug and permeate into the upper plug, as a result, its swelling speed is quicker, and 
vice versa. The sample A3, directly contact with water, exhibits a rapid swelling kinetic, which is quite 
logical. 

 
Gas breakthrough test (GBT)  
As we have mentioned before, gas breakthrough pressure is a very good indicator of the state of 
saturation of the sample and the tests developed allow evaluating the gas permeability of the material 
immediately after the passage of gas. Gas breakthrough test, conducted by small increase of gas pressure 
until detection of continuous gas flow, will play double roles: test the degree of water saturation and gas 
pathway, i.e. via the interface of bentonite/other material or through the bentonite.  
Figure 265 summarizes the results of gas breakthrough test of the four samples which lead to a 
discontinuous/continuous gas flow. It can be found that when the bentonite/sand mixture is fully 
saturated, discontinuous gas flow is detected at Pg = 3.6~4.6 MPa which is about 50% of the effective 
swelling pressure. Continuous gas breakthrough pressure through the tube-plug assembly is between 
7.1MPa~8.1MPa, which is at least equal to the effective swelling pressure. Meanwhile, from the 
continuous gas breakthrough pressure, we also recall the value of effective swelling pressure. These 
results confirm other early tests (performed in our laboratory) and indicate that the continuous gas 
breakthrough pressure is always the same order of magnitude with the effective swelling pressure and is 
often a little higher. This conclusion is established on the premise that the sample is fully saturated. We 
can therefore ask where the gas passes, through the bentonite-sand plug or the interface? This question 
will be answered in section 13.8. 
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Figure 265 Summary of the gas breakthrough tests of the sample Ai. Pdis is the 

discontinuous gas breakthrough pressure; Pcon is the continuous gas 
breakthrough pressure; Peff is the effective swelling pressure. 
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Figure 266 Evolution of Qg with the upstream gas pressure. 
Besides, we can also calculate the gas flow rate (Qg) of the downstream gas pressure. Figure 266 gives an 
example of the sample A2. The increase of the pressure in the downstream chamber (Qg) is measured in 
MPa/h from temporal data provided by the downstream manometer: we note that while it doesn’t increase 
significantly when the discontinuous passage is uncertain (it remains in the order of magnitude of 10-

4MPa/h), Qg increases by one to two orders of magnitude when the continuous passage occurs. In case of 
malfunction of the argon detector (as we were), the parameter Qg provides an independent measurement 
of discontinuous and continuous gas passage. 

13.7.2 Bentonite-sand plug swelling with gas pressure 
Effect of gas pressure on the swelling pressure of bentonite-sand plug 
To perform the test, gas is injected from the top side of the assembly (plug 2 is placed above a completely 
saturated plug) and water is injected from the bottom side. Water saturation of the plug is performed by 
contact between the materials and capillary imbibitions. To evaluate the influence of the gas pressure, we 
will observe the effective swelling pressure and then the gas breakthrough pressure. Two ranges of gas 
pressure are applied: either 4MPa equal to the water pressure used to water saturation, or extreme value of 
8MPa and then 6MPa (for sample C1).  
We firstly carried out the tests with 4MPa gas pressure. Figure 267 shows the effect of this pressure on 
the swelling kinetic of the plug. It can be found that the swelling kinetics of the two plugs are different. 
These differences may arise from the difference in the water permeability of the nether plug. There is no 
effect of gas pressure on the water pressure applied on the lower part of the assembly. We can also 
observe that the total equilibrium swelling pressures are not the same but, what's more important, the 
actual pressures (effective swelling pressures are substantially identical. This would tend to prove that, 
despite a little different of the initial conditions, a final equilibrium occurs with the simultaneous presence 
of water and gas giving a swelling pressure slightly lower than the plugs of A2 and A3. Remember that 
the plugs of A2 and A3 are swelling without gas pressure. The effective swelling pressures are a little 
smaller than the Peff of the series A which swell without gas pressure, but this difference is only a little. 
Therefore, a question then arises whether the plugs are still fully saturated even in the presence of 4MPa 
gas pressure? This will be answered by the following gas breakthrough tests. 
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Figure 267 Evolution of swelling pressure with time, samples B1 and B2 
The phenomena are very different with a gas pressure of 8MPa. We are able to observe that the gas 
pressure has a first and immediate effect on the water pressure which is injected on the bottom side of the 
sample. The injection pressure is fixed at 4MPa but, when gas pressure is applied, the pore fluid pressure, 
being either gas or liquid is also increased. As a result there is a coupling effect due to the gas pressure. 
At this step, a choice had to be made that is either letting gas pressure control the water injection pressure 
or controlling the water pressure by draining the sample in order to maintain it at 4MPa. The first option 
is chosen because we suppose that the same kind of phenomenon would have taken place in situ. As a 
result, for the whole test, the water injection pressure is about 7MPa. Figure 268 shows the evolution of 
the swelling pressure of the two plugs C1 and C2. We can see that the total equilibrium swelling 
pressures and effective swelling pressures of the two plugs are very close. Instantaneous increase of the 
swelling pressure is due to the application of 8MPa gas pressure. Compared with previous results, it can 
be seen a significant decrease of the effective swelling pressure, which is less than 5MPa. This means that 
the plug is only partially saturated, otherwise, the swelling pressure would have reached the target value 
(between 7 and 8 MPa). 
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Figure 268 Evolution of swelling pressure with time, samples C1 and C2 
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Effect of gas pressure on the gas breakthrough pressure 
From the previous results, we can see that the effective swelling pressure is affected by the gas pressure. 
This suggests that the saturation is imperfect and this can be judged by the measured gas breakthrough 
pressure, see Table 13-10 and Figure 269. It can be noted that the gas breakthrough pressure is much 
lower than the relevant effective swelling pressure: 1.49MPa (Pcon) vs. 4.80MPa (Peff). This can be 
deemed as the evidence that the sample is not fully saturated, besides we can deduce that gas migrates 
through the material and not the interface. This is different with the series A, where gas transfer through 
the interface of tube-plug when continuous gas breakthrough occurring. Meanwhile, it can also be noted 
that the effective swelling pressure is not sufficient to judge the state of saturation of the plug. For 
example, the Peff of samples B1 and B2 are 6.93MPa and 6.86MPa, respectively, and this suggest that the 
plug is fully saturated because the target effective swelling pressure is almost reached, however, the 
results of gas breakthrough tests negate this hypothesis and shows that the sample is far away from the 
fully saturated state. For the sample C2, 4.8MPa of the effective swelling pressure indicates that the plug 
is only partially saturated and this is confirmed by the following gas breakthrough test. 

Table 13-10 Summary of the swelling tests and gas breakthrough tests of the series B and 
C. 

Test  No. 
Peff Pdis Pcon 

MPa MPa MPa 
B1 6,86 1,01 2,16 
B2 4,93 0,6 2,5 
C2 4,8 0,12 1,49 

Notes: Pdis of sample C2 is obtained at the first pressure step. 
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Figure 269 Comparison of effective swelling pressures and gas breakthrough pressures of 

samples A2, B2 and C2. 
Effect of re-saturation and/or a decrease in gas pressure 
The above results clearly show that the plug is difficult to becoming fully saturated due to the presence of 
gas pressure, at least at 4MPa or more. In situ, due to release of gas after breakthrough, gas pressure in the 
disposal pit will decrease gradually, and at last the materials might return to the initial situation: 
Pw=4MPa and Pg=0. In order to simulate this situation, the following tests are performed. For the sample 
C2, after breakthrough test, we chose to inject gas again, but with 6MPa of gas pressure; while for 
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samples B1 and B2, at the end of the breakthrough tests, we chose to re-saturate the samples again, 
namely, swelling without gas pressure.  
Figure 169 shows the evolution of swelling pressure of sample C2 as a function of time. Under 6MPa of 
gas pressure, it can be observed that gas pressure has no influence on the upstream water pressure, which 
is different with the previous case, e.g., swelling with 8MPa gas pressure. The total equilibrium swelling 
pressure is about 9.9MPa and the effective swelling pressure is stable at 6.4MPa. Peff has increased about 
1.7MPa, which proves that the sample is a little more saturated when comparing with the former. 
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Figure 270 Evolution of swelling pressure of sample C2 with time (second time): after gas 

breakthrough test, swelling test is performed again but, this time the Pg is 
6MPa not 8MPa. 

It seems quite logical. The effective swelling pressure is quite close to the Peff obtained without or with 
4MPa gas pressure. Then we start the gas breakthrough test again, and the results are summarized in 
Table 13-11 and Figure 271. We can see that gas pass through the sample at a very low value, only 
0.6MPa, and after first passage, gas migration are accelerated which can be proved by the rate of increase 
of downstream gas pressure Qg and gas permeability Kg. This is also the evidence that the sample, even 
though it is re-saturated (by decreasing the gas injection pressure: from 8MPa to 6MPa), is far way form 
total saturation. 

Table 13-11 Results of gas breakthrough tests of sample C2: during the swelling period 
(after first gas breakthrough test), gas injection pressure is 6MPa. 

Pupstream Pdown stream Vdetector  
(10-4ml/s) Qg Kg Passage? 

MPa 10-2MPa 0~10s >1h MPa/h 10-20m2 Yes/No 

0,6 12,28 6~7 0 0,01  
yes(discontinuous) 

1,01 9,32 6~9 0 0,06 4,24~5,67 
2,17 0,7 20 >4 0,09 8,2~18,7 

yes (continuous) 
2,51 3 60~90 >10 0,21 21,6~33,6 

3 1 60~70 >10 1,55 37,9~48,7 
3,5 59,5 600~700 >10 13,75 679~716 
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Figure 271 Results of gas breakthrough tests of sample C2. 
Samples B1 and B2 are re-saturated by direct injection of water on one side at first and then on both sides. 
Figure 272 presents the evolution of swelling pressure of the plug B2 versus time. It can be observed that 
the initial effective swelling pressure (6.06MPa) is less than the Peff observed in Figure 267 (6.86MPa). 
This phenomenon can be attributed to a slight de-saturation of material induced by the previous gas 
breakthrough test. The differences of total equilibrium swelling pressure, when stopping the injection of 
water on one side and then on both sides, are consistent with the hypothesis of the linear distribution of 
water pressure along the height of tube (always coupled with an assumed behavior of Terzaghi type). At 
the end of the swelling test, the effective swelling pressure is 7.88MPa, which is slightly higher than the 
effective swelling pressure of samples A1, A2 and A3. It is a common phenomenon that we have 
observed in our experiments in which the material is subjected to successive cycles of water pressure and 
gas pressure. After all of these operations, re-saturation thus leads to a higher effective swelling pressure 
than the correspond value obtained in first saturation, and this is the sign that the various operations have 
modified the microstructure of the material and its swelling in the tube (associated with gas overpressure) 
has certainly changed its dry density. This particular point deserves further investigation. The same 
phenomenon is also observed for sample B2. 
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Figure 272 Evolution of swelling pressure of samples B1 and B2 with time: re-saturation. 
At the end of the test of re-saturation, gas breakthrough test is performed and the results are summarized 
in Table 13-12 and Figure 273. It can be observed, in this table, a significant gain of the effective swelling 
pressure and also very significant changes of gas breakthrough pressure, both discontinuous and 
continuous. For sample B1, the characteristics are similar to sample A3, which has been soaked by direct 
contact with water. However, the behavior of sample B2 is a little amazing, despite a comparable 
discontinuous gas breakthrough pressure with the other samples, continuous gas breakthrough pressure is 
much higher and it is difficult to measure the actual gas breakthrough pressure due to the limit of the 
device. It is therefore more than 9.8MPa. 

Table 13-12 Comparison of the swelling pressure and breakthrough pressure before and 
after re-saturation: samples B1 and B2 

Sample No. 
Ptotal   Peff     Pdis   Pcon  

Comments  
MPa MPa MPa MPa  

B1 
12.56  6.86   1.01  2.16  First test  
11.42  7.88  3.57  8.53  After resaturation  

B2 
10.72 6.93 0.6 2.5 First test  
11.3 7.4 4 >9.8  After resaturation  
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Figure 273 Results of gas breakthrough tests: sample B1. 
 
Effect of gas pressure on plug-tube interface contact pressure 
During the gas breakthrough test, we find that contact pressure/swelling pressure between the plug and 
the tube interface is affected by the injected gas pressure. For example, the swelling pressure will 
augment gradually with the increase of gas pressure. In order to find the relationship between the 
increasing gas pressure ∆Pg and the corresponding contact pressure increase ∆Pcontact, we record the value 
of the strain gauges during the whole period. When gas pressure Pg is increased, after an immediate 
response, the contact pressure keeps on increasing until becoming stable and we record this stable contact 
pressure. Gas pressure is increased by 0.5MPa or 1MPa every time, and corresponding stable contact 
pressure/swelling pressure is recorded, see Figure 274. We choose the samples of B1 and B2, before and 
after re-saturation, two kinds of situations, to analyze. It can be found that the slope of fitting curve (Pg 
∆Pcontact) is between 0.43 and 0.52. Similar phenomena can also be found in Davy et al. (2009).This 
shouldn't be overlooked, which means that contact pressure/swelling pressure will increases more than 1 
MPa when gas pressure is above 2.5 MPa. This coupling effect between gas pressure and contact pressure 
of plug-tube interface is partially important when considering the in situ gas migration. This phenomenon 
may be attributed to the coupling effect between the pore fluids (i.e. water pushed by gas) and the 
bentonite solid skeleton or the linear distribution of gas pressure along the height direction of the tube, 
just like the distribution of water pressure along the height direction of the tube. Besides, this finding can 
also supply some useful information to the numerical simulation, e.g., boundary condition. Effect of the 
upstream gas pressure upon the contact pressure/swelling pressure the plug-tube interface can be 
generalized as follows: 

Pcontact =Peff + (0.43~0.52) × Pg 
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Figure 274 Effect of gas pressure on the plug-tube contact pressure/swelling pressure 
Therefore, bentonite swelling pressure can be predicted by the upstream gas pressure during the gas 
breakthrough test. This relationship is obtained with the two kinds of situations, samples B1 and B2, 
before and after re-saturation. While for samples C1 and C2, it is difficult to obtain this similar 
relationship due to lower degree of saturation of the plug which leads to the quick decrease of the 
upstream gas pressure. Therefore, it is difficult to maintain the upstream gas pressure constant during the 
gas breakthrough test. 

13.7.3 Effect of sample height upon swelling and GBP 
To research effect of the sample height upon the swelling pressure and GBP of bentonite, another test, 
with the 50mm height of sample, was performed. 
 
Swelling pressure (SWP) 
As shown in Figure 275, water was firstly injected from the upstream side, and then on the two sides to 
accelerate the saturation speed. Figure 276 presents the evolution of swelling pressure of the sample D2 
versus time. It can be noticed that the total swelling pressure is about 12.71MPa, while the effective 
swelling pressure is 7.05MPa. The difference of these two values is 5.66MPa, which is higher than the 
ΔPs of samples A1 and A2, about 1MPa, and also is larger than the ΔPs of sample A3, about 2MPa. The 
reason can be found from the Figure 275 and Figure 276, which the average water pressure is about 5MPa 
during the last period: between 10th and 18em day. Because water is injected from both sides, this means 
that the distribution of water pressure along the tube is linear. When water injection is stopped, this 
pressure will disappear and lead to a decrease of 5MPa of swelling pressure. Another phenomenon can be 
found that the effective swelling pressure is also approaching the in situ swelling pressure, about 
7.05MPa. This means that change of height of the sample doesn’t affect its swelling characteristic.  
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Figure 275 Swelling process: the height of sample (H=50mm) is two times long of the 

samples performed in other tests. 
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Figure 276 Evolution of swelling pressure with time, sample A4. 
Coupling effect between gas pressure and deformation of bentonite-sand plug 
The second part of the test is effectuated to research the coupling effect between gas pressure and the 
deformation of bentonite-sand plug, which is reflected by the corresponding swelling pressure. The 
experimental process can be shown in Figure 277. Gas pressure is firstly injected from the upstream side 
with 6MPa gas pressure and then from both sides, then gas pressure will decrease to 2MPa. Each step will 
last several days to let the swelling pressure becoming stable. The second cycle repeats the first cycle, 
namely, gas pressure is injected firstly with 6MPa from both sides and then with 2 MPa. At last, gas 
pressure will decrease to 0 to measure its effective swelling pressure.  
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Figure 277 Experimental procedure of «gas - water coupling» test for sample A4, 

indicating the total swelling pressures of each step (Ptotal=7,03MPa, 9,93MPa, 
13,34MPa, 9,28MPa, 13,36MPa, 9,44MPa, et 7,15MPa). 

 
Figure 278 Results of «gas - water coupling» test: evolution of swelling pressure with time. 
As shown in Figure 278, when 6 MPa gas pressure is performed, there is an instantaneous effect on 
swelling pressure, which increases from 7.03 MPa to 9,93MPa, i.e., 2.9MPa. This increase corresponds to 
the interstitial pressure at the position of the strain gauges, if we suppose a linear distribution of this 
pressure (from 6MPa at upstream face to 0MPa at the downstream face). This is equal to the increase of 
the average total stress according to Terzaghi. The swelling pressure is stable at this value until gas 
pressure is imposed from two sides. Here, if we always suppose a linear distribution of applied pressure, 
between 6MPa (upstream face) and 6MPa (downstream face), the total increase of the interstitial pressure 
at the position of strain gauges is equal to 6MPa (3MPa when we apply Pg=6MPa at 
upstream/downstream face only). After two or three days, the swelling pressure increases about 3.3MPa 
up to13.34 MPa. This confirms the behavior of Terzaghi again. 
The successive unloading of gas pressure confirms this same analyzing of Terzaghi behavior, see Figure 
276 and Figure 277: for example, when we apply 2MPa gas pressure from two sides of the sample 
(instead of 6MPa, i.e., a decrease of 4MPa), the total swelling pressure decreases from 13.34 to 9.28 MPa, 
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namely, a decrease of 4.06MPa; when Pg=6MPa is performed on both sides, total swelling pressure (Ptotal) 
is about 13.36MPa instead of 13.34MPa (a very close value) of the previous cycle, then when Pg=2MPa is 
performed on the two sides, Ptotal= 9.44MPa (instead of 9.28MPa of the previous cycle). Finally, at the 
end of the complete cycle, the effective swelling pressure is about 7.03MPa comparing with 7.15MPa at 
the beginning of the test. This difference is not significant, giving the dispersion of measuring method by 
strain gauges. At this stage, the gas pressure, applied to the sample, has no effect on the effective swelling 
pressure. 
 
Re-saturation of the sample  
At the end of the previous cycle of gas injection, water (4MPa) is injected again to re-saturate the sample, 
see Figure 279. Figure 280 shows the evolution of swelling pressure versus time during the process of re-
saturation. It is very interesting to note that between the initial phase and stabilization with water pressure 
on both sides, the swelling pressure increases about 5.54 MPa, while the water pressure is always stable at 
4MPa, which indicates that the increase of swelling pressure is higher than water pressure. This can be 
attributed to the fact that the bentonite-sand mixture is not fully saturated before re-saturation, thereby 
generating a little recovery of swelling. This insufficient saturation is due to a small de-saturation caused 
by the previous «gas - water coupling» test.  At the end of re-saturation, the effective swelling pressure is 
about 7.83 MPa, which is a little higher than the Peff  of samples A1, A2 and A3, subjected to Pg=0MPa 
and with the height of 25mm only. A similar phenomenon has already been found in the re-saturation test 
of samples B1 and B2, which indicates that various operations have changed the microstructure of the 
material and its swelling in the tube (associated with gas pressure). However, the value of Peff is still close 
to the corresponding values of samples A1, A2 and A3 (H=25mm). 

 
Figure 279 Experimental process of re-saturation (H=50mm) 
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Figure 280 Results of re-saturation test: evolution of swelling pressure versus time. 
Gas breakthrough test 
Figure 281 summarizes the gas breakthrough pressures of sample A4 which leads to a 
discontinuous/continuous gas flow. Similar to A series, discontinuous gas breakthrough pressure is found 
at about 3.02 MPa, and continuous gas breakthrough pressure is measured at about 8.5 MPa. This means 
that increase of sample’s height has no significant effect on the sealing efficiency of the bentonite-sand 
mixture which can be proved by its gas breakthrough pressures. Another phenomenon is that continuous 
gas flow is discovered when gas pressure exceeds the effective swelling pressure, which dovetails nicely 
with the results of A series. There is still a question proposed before us, namely, how about the gas 
pathways: through bentonite-sand plug or through the interface? This will be answered in the nest 
chapter. 



 

 350 

 
Figure 281 Comparison of gas breakthrough pressures between sample A3 (H=25mm) and 

A4 (50mm). 

13.7.4 Conclusion 
 This chapter presents several interesting points about the behavior of bentonite-sand mixture under the 
effect of gas pressure during its swelling. To assess the impact of the gas pressure on the saturation of the 
material, we used a device to measure gas breakthrough pressure, which is very sensitive to imperfect 
saturation of the porous material. The passage of gas through the medium occurs first by a discontinuous 
(intermittent) flow and then a free and continuous passage which permits measuring a significant 
permeability of the assembly of plug + Plexiglas-aluminum tube. 
We have shown that the presence of gas pressure, during water saturation, plays an important role on the 
effective swelling pressure. For a gas pressure equal to the water pressure (Pg = 4 MPa), this influence is 
not obvious (slight reduction of the swelling pressure), but when gas pressure is two times of the water 
pressure (Pg = 8 MPa), there is a very significant drop in the effective swelling pressure. Following the 
partial swelling (Pg = 8 MPa), further testing at a lower pressure (Pg = 6 MPa) allows to complete the 
saturation and to increase the effective pressure. 
Breakthrough pressure is a useful tool which permits us to assess the "quality" of the saturation. For the 
samples whose saturation was proven (A1, A2 and A3, swelling without gas pressure), the continuous 
breakthrough pressure Pcon is lightly higher than the actual effective swelling pressure Peff : Pcon is between 
7.10 and 8.10 MPa, while Peff is between 7.16 and 7.59 MPa. Otherwise, regardless of the gas pressure (4, 
6 or 8 MPa), our tests showed that the saturation is not complete. At Pg = 6 and 8 MPa, the sample is 
almost immediately permeable, proving that the material is far from saturated. 
Increasing the length of the sample (it is multiplied by two) has little influence on the properties of 
swelling and breakthrough pressure. It does not appear that there is a significant scale effect. 
Finally, all these tests have allowed us to verify that the hypothesis of a material of Terzaghi (Biot 
coefficient is equal to 1), but some dispersions of our measuring methods are inefficiently fine to control 
the coupling effects of fluid-skeleton of this type of material, leading us to remain cautious about the 
impact of successive cycles - increasing gas pressure, water pressure etc ... This will be the subject of 
dedicated tests planned for the near future. 
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13.8 Swelling and GBP of argillite, bentonite and argillite / bentonite 
interface 

13.8.1 Introduction  
This chapter aims at identifying gas leakage pathway in geologic repositories, e.g. through bentonite/sand 
plug, argillite or bentonite/argillite interface. In order to answer this question, gas breakthrough pressures 
(discontinue and continue) and gas leakage rate (Qg) are used to determine the gas migration pathway.  
The experimental procedure is as follow: 

(1)  Swelling without Plexiglas-aluminium tube (wrapped directly into a Viton™ membrane and 

placed inside the confining triaxial cell); 

(2)  Swelling in an aluminium tube whose inner surface is grooved, to make the passage of gas more 

difficult by the presence of obstacles generated by the grooves; 

(3)  Swelling in a smooth/grooved argillite tube. 

Table 13-13 1 Definition of tests performed 

Sample  Pw(MPa) Pg(MPa) Notes  
D1 1,5 0 Bentonite/sand plug swelling 

without tube D2 1,5 0 
E1 4 0 Bentonite/sand plug inside a 

grooved aluminium tube E2 4 0 

F1-1~F1-3 4 0 Bentonite/sand plug inside an 
smooth argillite tube 

F2-1, F2-2 4 0  Bentonite/sand plug inside a 
grooved argillite tube 

 

13.8.2 Swelling and GBP of bentonite/sand plug without tube (samples D1and D2) 
Water injection test of plugs D1 and D2 
As shown in Figure 282 and Table 13-13, we chose to inject upstream water pressure Pw = 1.5 MPa and 
with a confinement Pc = 2.5 MPa, so as not to significantly alter the microstructure of the plugs (e.g., dry 
density), since here they are kept in a Plexiglas-aluminium tube. Based on the previous experimental 
results, this phase usually lasts at least one month to ensure that the bentonite-sand plug is fully saturated. 
Here, we use water permeability to judge the state of saturation of the sample, because the tube is not 
equipped with strain gauges and we cannot measure the swelling pressure. Subsequently, the triaxial cell 
is disconnected to water-supplying GilsonTM pump. This phase lasts at least 72h in order to re-equilibrate 
the internal water pressure to atmospheric pressure, and to check that no gas is present inside the water, as 
this may disturb the measurements of gas migration. Then confining pressure is increased to 7MPa, which 
is similar to the in situ swelling pressure, and gas migration tests are performed by small increase of gas 
pressure until 6MPa. If continuous flow is not measured at Pc = 7 MPa and Pg = 6MPa. We will increase 
gradually Pc up to 12 MPa (in situ lithostatic pressure) and Pg until 11MPa. Compared to the previous 
tests, it should ensure a good seal between the VitonTM jacket and the sample, which can only be done by 
increasing the confinement. Besides, confining pressure Pc should be always higher than Pg due to the 
limit of our device.  
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Figure 282 Experimental process: swelling test and gas breakthrough test. 
Figure 283(a) and (b) presents the results of swelling tests of samples D1 and D2:  evolution of the water 
volume into the plug and water permeability with time. As shown in the figures, water permeability of the 
two samples becomes stabilized after about 200 hours of injection. The initial water permeability of the 
bentonite-sand plug is between 7.62×10-18~1.33×10-17m2, which is a little smaller than the initial gas 
permeability of the bentonite-sand plug, about 1.73×10-17m2 at Pc = 3MPa (sample S3-9). Saturation and 
swelling of the material will cause a progressive decrease of water permeability until a stable value of 
2.22 × 10-20 m2 (Sample D1) or 1.78 × 10-20 m2 (Sample D2). These values are much lower than the gas 
permeability in the dry state of the plugs compacted in a similar manner, see section 13.4: in the dry state, 
the magnitude of the gas permeability is of 10-14m2, namely, 6 orders of magnitude higher than the water 
permeability. 
Remark: When applying a gradient of water pressure on a partially water-saturated material, water flow 
through the pores can be divided into two parts: water flow through the saturated pores Qper and the 
imbibitions of capillary flow through the empty pores Qcap (Liu, 2012). In our calculation, we only 
consider the effect of the Qper and overlook the influence of the Qcap. 

 
(a)  
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(b) 

Figure 283 (a) swelling test of the sample D1; (b) swelling test of the sample D2. 
Gas breakthrough test of plugs D1 and D2 
Subsequently, gas breakthrough tests are executed. As shown in Figure 284, we don’t find continuous gas 
flow for sample D1 during the whole process, but detecting discontinuous gas flow at Pc=11MPa and 
Pupstream=9MPa. For sample D2, the results of breakthrough test is a little different: intermittent / 
discontinuous flow is detected at a value significantly lower than for sample D1, at Pg= 2.12 MPa. 
By contrast, such as for sample D1, we never get the continuous flow. This point coincides with the study 
of permeability related to the level of saturation and confinement in section 13.5, where we have found 
that confinement reduced sharply the gas permeability, which is likely to prevent the continuous gas 
breakthrough. The discontinuous gas breakthrough pressure of the sample D2 is a little amazing, and we 
prefer to conclude that the continuous breakthrough pressure can never be less than either the swelling 
pressure (in the presence of an outer tube), or - here (without tube) - the confining pressure. This test 
doesn’t allow evaluating the continuous breakthrough pressure, because the tightness of the assembly 
requires a confinement always higher than the gas injection pressure. 
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Figure 284 Gas breakthrough pressures of samples D1 and D2. 
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13.8.3 Swelling and GBP of a bentonite-sand plug with a grooved tube (plugs E1 and 
E2) 

Water injection test of plugs E1 and E2 
As presented in section 13.6, gas will migrate through the assembly of tube-bentonite/sand plug, when 
gas pressure exceeds the effective swelling pressure. At this stage, we cannot conclude about the pathway 
of gas migration: via the interface of tube – bentonite/sand plug or through bentonite/sand plug. A test 
was specifically designed, using a tube whose inner surface is grooved (not threaded) to answer this 
question, see Figure 285. Indeed, the presence of grooves creates a contact zone between tube-plug 
through which the circulation of gas flow is very difficult (creation of barricade). Once again, it is the 
measurement of water permeability which allows judging the complete saturation of the plug (no strain 
gauges on the outer face of the tube). 

 
Figure 285 The grooved aluminium tube is used in the experiment: Samples E1 and E2. 
The swelling procedure is the same with sample A4, which is in direct contact with water flow with Pw = 
4MPa and Pc = 12MPa: phase I, water is injected only on the upstream side until stabilization of the water 
permeability, then (phase II), water is injected from both sides. Once the sample is completely saturated, 
which is judged by the value of the water permeability (Kw) and water flow rate (Qw), gas breakthrough 
test is conducted by small increments of injection until 10-10.5 MPa, see Figure 286 (limit of the capacity 
of argon cylinder). 

 
Figure 286 Experimental procedure of the samples E1 and E2: the inner surface of the tube 

is grooved. 
Figure 287 (a) and (b) show the results of swelling tests: evolution of water volume (enter the bentonite-
sand plug) and water permeability versus time. The swelling kinetics of samples E1 and E2 are similar, 
namely, water permeability becomes stabilized after 40~50 hours water injection. When comparing with 
samples D1and D2, the swelling kinetics of sample E1 and E2 are more rapid. The differences may 
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be due to the different water injection pressure: 1.5MPa vs. 4MPa. The higher water injection pressure 
accelerates the swelling kinetic of sample, similar phenomena are also found by Liu (2012). 
 
The initial water permeability of sample E1 is 1.72×10-16 m2, which is quite higher when comparing with 
the initial water permeability of samples D1 and D2 (7.62×10-18 ~1.33×10-17 m2): in fact, an initial 
clearance exists between the plug and the inner face of the tube, which increases the capacity of initial 
water transfer. Therefore, the initial water permeability Kini-w is only indicative. Water flows through the 
tube-plug interface, and a few minutes later, we observe the hydraulic cut-off, which can be attributed to 
the increase of the saturation of the plug and the beginning of the sealing of the interface (due to swelling 
of the plug), see Figure 287 (a). water permeability decreases quickly to 3.09 × 10-19 m2 and continues to 
decline until it reaches a stable value of 1.35 × 10-20 m2, which is slightly lower than the stable values of 
samples D1 and D2 (2.22 × 10-20 m2 and 1.78× 10-20 m2, respectively). As these samples (E1, D1 and D2) 
are complete saturated, the explanation for this observation can only due to the difference of the confining 
pressure: Pc = 2.5 ~ 3 MPa (samples D1 and D2) and Pc = 7 ~ 8MPa (samples E1 and E2). At these 
values, the confinement therefore has some limited influence on the water permeability of the samples. 
For sample E2, hydraulic cut-off also occurs in a few minutes, see Figure 287 (b). The water permeability 
is measured after the occurrence of this hydraulic cut-off. It decreases rapidly, until it stabilizes at a value 
of about 7.5 × 10-21 m2, lower than that of E1 (D1 and D2). 

 
 (a)                            

 
(b) 

Figure 287 Results of swelling tests: (a) sample E1, (b) sample E2. 
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Gas breakthrough test of plugs E1 and E2 
Figure 288 and Table 13-14 summarize the results of gas breakthrough tests of samples E1 and E2. For 
sample E1, discontinuous gas flow is detected at Pg= 4~5MPa, while this value is about 10MPa for 
sample E2. Similar phenomenons, already detected for previous sample series, are confirmed: 
discontinuous gas flow is not stable and reproducible, i.e. the discontinuous gas breakthrough pressure is 
not reproducible from one test to another. For sample E1, we don't obtain the continuous breakthrough 
pressure even through 10 MPa gas pressure is performed (limit of the device). However, at Pg = 10MPa, 
after 6 days and additional 20h, a continuous flow of gas is detected for  sample E2, see Figure 288 and 
Table 13-14. This phenomenon can be attributed to the gradual decrease of water saturation of the 
sample. The swelling pressure was not measured, because the tube was not instrumented with strain 
gauges, but we can assume that it is identical to that obtained for other samples prepared under the same 
conditions. 
As gas doesn't pass through the sample-tube under 10.5MPa, when recalling previous results of 
continuous gas breakthrough pressures of sample A1~A3 (Pcon=7~8MPa), see  Figure 288 and Table 
13-14, we can assume that, in the previous tests, gas transfer via the interface and not through the material 
matrix in the presence of a smooth tube. In the presence of a grooved tube, gas can migrate via the 
interface, but with more difficulty, or through the swollen material, resulting in a significantly higher 
breakthrough pressure (beyond Pg = 10MPa for continuous passage). 
Similar phenomenon are also found by other researchers, which indicate that the interfaces between the 
clay and another material (argillite, granite, steel) are the preferential pathways for gas migration instead 
of the clay materials in a saturated system (Popp et al., 2013; Davy et al., 2009; Arnedo et al., 2011). 
This can be explained that it is very difficult for the gas to pass through the clay due to very fine pores, 
i.e., a very high capillary pressure (Pusch et Forsberg, 1983). In contrast, the bentonite/bentonite 
interfaces will not be preferential pathways for gas migration due to the cohesion between contact planes, 
while the system is completely saturated (Popp et al., 2013). On the other hand, we measured the 
intermittent gas flows from a lower pressure than the confining pressure: This indicates that preferential 
paths were created, but with an unstable flow. It is due to the effects of snap-off or capillary (Rossen, 
2000) or progressive micro-cracking of the clay material (Horseman, 1999).   
Anyway, continuous breakthrough pressure obtained for the argillite – that it is cracked like the EDZ 
(Excavation Damaged Zone) or intact (Skoczylas and Davy, 2011; M'Jahad, 2012, Davy et al., 2012), are 
always lower than 7 MPa. It means that the continuous gas breakthrough pressure of argillite is smaller 
than the Pcon of the plug-tube interface (measured on the bentonite-sand plug that they have swollen in the 
presence of a smooth or grooved tube). It is therefore unlikely that gas passes through saturated 
"bentonite-sand" material: instead it circulates at the interfaces or argillite itself. 
For samples E1 (grooved tube) and A2 (smooth tube), Figure 289 present the rate of increase of the 
downstream pressure Qg (estimated from the data of the downstream manometer when the downstream 
chamber is closed), depending on the applied upstream gas pressure. It shows clearly that gas 
breakthrough pressure has changed considerably since the only significant change of the experimental 
conditions is the ease of passage through the interface: for Pg ≤ 10.5 MPa, there is no free passage as 
measured by the Qg in the presence of a grooved interface, unlike the smooth interface, for which the 
passage takes place at Pg= 7.1 MPa, see Figure 289. This means that it is the tube-plug interface which 
governs the passage of gas through the assembly and not the material. 

Table 13-14 Summary of the gas breakthrough tests of the series A and E. 

Test NO. Peff(MPa) Pdis(MPa) Pcon(MPa) Notes 
A1 7,42 4,1 N/A the inner surface of the tube is smooth 
A2 7,16 3,6 7,1 the inner surface of the tube is smooth 
A3 7,39 4,6 8,1 the inner surface of the tube is smooth 
E1 N/A 5~6 higher than 10 the inner surface of the tube is smooth 

E2 N/A 10 higher than 10 the inner surface of the tube is grooved; Pcon is 
measured at Pg=10MPa after 6 days and 20h. 
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Figure 288 Results of gas breakthrough test: samples E1 and E2; for sample E2, continuous 

gas flow is detected at Pg=10MPa after 6 days and 20h. 
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Figure 289 Relationship between the upstream gas pressure ( Pupstream) and the rate of 

increase of downstream gas pressure (Qg). 

13.8.4 Swelling and GBP of bentonite/sand plug+smooth argillite tube   
Water injection tests of plugs F1-1, F1-2 and F1-3 
Figure 290 depicts water permeability and volume of water injection versus time for plugs F1-1, F1-2 and 
F1-3. The first and main observation was that more water was absorbed by the bentonite/sand-argillite 
assembly and the swelling kinetic was a little slower when comparing with plugs E1 and E2 
(bentonite/sand plug swollen inside a grooved aluminium tube). This is logical, because the aluminium 

tube is impermeable to water while the argillite tube is permeable to water. Water permeability was 
measured after the occurrence of hydraulic cut-off, which was about 2.78 ~ 4.52 × 10-19 m2. This value 
was similar to plug E1 after five hour’s water injection (3.09 × 10-19 m2). After 200 hours water injection, 
water permeabilities of plugs F1-1, F1-2 and F1-3 were stable at 0.68 × 10-20 m2 , 0.94 × 10-20 m2 and 
1.54× 10-20 m2 respectively, while the corresponding values were about 0.75 (1.35) × 10-20 m2  for plugs 
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F1-2 (F2-2) and 1.78 (2.22) × 10 -20 m2  for plugs D1-1 (D1-2). This means that the water permeability of 
the completely saturated argillite tube Ksat-w is similar to or lower than the bentonite-sand mixture. Other 
researchers in our laboratory (M'Jahad, 2012) have measured the Ksat-w of argillite: it was similar to the 
bentonite-sand plug and bentonite/sand-argillite assembly, with the value of about 1.13 × 10-20 m2 
(varying between 0.32 ~ 1.89 × 10-20 m2). This means that the fully saturated water permeability (absolute 
permeability) of argillite, bentonite/sand plug and bentonite/sand-argillite assembly are of the same order 
of magnitude (10-20-10-21 m2). From water permeability alone, it is then expected that tightness to water 
can be obtained for bentonite/sand plug, argillite tube and bentonite/sand-argillite assembly when they 
become completely saturated.  

 
Figure 290 Evolution of water permeability and water injection volume with time: plugs 

F1-1 F1-2 and F1-3. 
Gas breakthrough tests of plugs F1-1, F1-2 and F1-3 
Figure 291 shows the gas breakthrough pressures of mixed plugs F1-1, F1-2 and F1-3 (both discontinuous 
Pdis and continuous Pcon). It could be found that the discontinuous breakthrough pressures were about 1.54 
MPa (plug F1-1), 3.60 MPa (plug F1-2) and 4.5 MPa (plug F1-3), and the continuous breakthrough 
pressures are 6.94 MPa (test F1-2), 7.41 MPa (test F1-2) and 6.03 MPa (F1-3). These values were close to 
or smaller than those of bentonite/sand plugs swollen into a smooth Plexiglas-AluminiumTM tube (e.g. 
plugs A1-2 and A2-1). As proved by previous tests, gas would pass through the interface between the 
bentonite/sand plug and the smooth Plexiglas-AluminiumTM tube, when gas pressure approached or 
exceeded the effective swelling pressure (between 7~8MPa). For the gas migration pathway through the 
bentonite/sand –argillite assembly, it means that there exist two possibilities: either through the plug-tube 
interface or through the argillite, which will be checked by experiments with a grooved argillite tube, 
namely plugs F2-1 and F2-2. Besides, for plug F1-2, it was re-saturated again after 1st time of GBT, and 
then GBT was performed again at the end of resaturation. It was found that both discontinuous 
breakthrough pressure and continuous breakthrough pressure were smaller than the corresponding values 
of the first time. In this respect, it is different with the situation that bentonite/sand plug swells inside a 
smooth Plexiglas-AluminiumTM tube, for which sealing ability (Pcon and Pdis) can be recovered after 
resaturation. This difference can be attributed to the different materials of tube, i.e. Plexiglas-
AluminiumTM tube and argillite tube. This is also an indirect proof that the passage of gas through the 
bentonite/sand-argillite assembly is controlled by the argillite tube instead of bentonite/sand plug or 
sample-tube interface. Besides, as can been seen from Figure 292, the rate of increase of downstream gas 
pressure (Qg) increases a lot when continuous gas breakthrough occurs. 
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Figure 291 Gas breakthrough pressures of plugs F1-1, F1-2 and F1-3 (resaturation). 

 
Figure 292 Relationship between the rate of increase of the downstream gas pressure Qg 

and the applied upstream gas pressure Pupstream: plugs F1-1, F1-2 and F1-3. 

13.8.5 Swelling and GBP of bentonite/sand plug+grooved argillite tube 
Water injection test of plugs F2-1, F2-2  
Plugs F2-1 and F2-2 were used to determine gas migration pathways, i.e. through the argillite or 
bentonite/sand-argillite interface. As presented in Figure 293, similar to previous tests, water permeability 
decreased rapidly at first then began to stabilize. When comparing with tests F1-1 and F1-2, it was noted 
that less time was needed for the Kw to become stable, e.g. 56 h-F2-1(138 h-F2-2) vs. 150 h-F1-1(186 h-
F1-2). In addition, the stable water permeability Kw,stable were a little higher than the correspond values of 
plugs F1-1 and F1-2, e.g. 2.88 × 10-20 m2-F2-1 (3.88 ×10-20 m2-F2-2) vs. 0.68 × 10-20 m2-F1-1(0.94 ×10-20 

m2-F2-2). Theoretically, the stable water permeability of plugs F2-1 (F2-2) should be similar with plugs 
F1-1 (F1-2), because the difference between them is just the inner surface of the tube (smooth or 
grooved). In fact, after the occurrence of hydraulic cut-off, the seepage path is bentonite/sand plug or 
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argillite tube. While the bentonite/sand plug are always the same for the different series, the only reason 
for these difference is due to the property of the argillite tube. In order to machine the grooves in the inner 
surface, the tube would be placed on the machine tool to cut. Perhaps some micro-fissures were produced 
during this process, and these micro-fissures would lead to higher water permeability.  

 
Figure 293 Evolution of water permeability and water injection volume with time: plugs 

F2-1 and F2-2. 
Gas breakthrough tests of plugs F2-1, F2-2  
Gas breakthrough tests of plugs F2-1 and F2-2 were initiated after swelling tests to compare with the 
results of previous tests (with smooth inner surface). It was quite interesting to note that the discontinuous 
breakthrough pressures were comparable to plugs F1-1 and F1-2, see Figure 294, e.g. 1.98 MPa-F2-1 
(3.01 MPa-F2-2) vs. 1.54 MPa-F1-1(3.06 MPa-F1-2), while the continuous breakthrough pressures were 
similar (8.00 MPa-F2-2) or smaller (5.01 MPa-F2-1) than the corresponding values of plugs F1-1 and F1-
2. Besides, for argillite alone, continuous gas breakthrough pressure was measured at value ranging from 
0.2 MPa and up to several MPa (depending on argillite orientation); it has been recorded up to 6MPa for 
undisturbed argillite (Davy et al., 2012, Skoczylas and Davy, 2011). It means that the Pcon of argillite is 
similar or smaller than the Pcon of the plug-tube interface, while their values are much smaller than the Pcon 
of bentontie/sand plug, see Figure 295. Therefore when all materials become fully saturated, the most 
likely gas migration pathway is through the argillite (host rock), then is through the interface and the last 
possibility is through the bentonite/sand plug.  
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Figure 294 Gas breakthrough pressures of plugs F2-1 and F2-2. 

 
Figure 295 Comparison of continuous gas breakthrough pressures of bentonite/sand plug, 

argillite and plug-tube interface. 
After resaturation, gas breakthrough tests were implemented again. As shown in Figure 294, both 
discontinuous breakthrough pressure and continuous breakthrough pressures were lower the 
corresponding values of the first time. The same phenomena, already found for previous test (F1-2), were 
confirmed: the sealing ability (Pcon and Pdis) of bentonite/sand-argillite assembly couldn’t be recovered 
after resaturation, while the sealing ability of bentonite/sand plug could be obtained again after 
resaturation. 
For all tests (except for plug F2-1-resaturation), it can be discovered that the values of Qg are close to or 
higher than 0.001 MPa/h when continuous gas breakthrough occurs, see Figure 296. Therefore it is 
possible for us to use this value to help us to judge the phenomenon of gas passage, e.g. discontinuous or 
continuous. Besides, gas permeability was measured after continuous gas breakthrough, see Figure 297. It 
was observed that for all plugs, the order of magnitude of permeability was about 10-20 ~ 10-21 m2. These 
values are extremely low, which mean it is very difficult for gas to pass through the bentonite/sand –
argillite assembly. However, we are not sure that the measured values are the Kg of argillite or other 
materials, because both argillite and the plug-interface are two possible gas migration pathways. Another 
phenomena could be found that the value of Kg (after resaturation) were higher than the corresponding 
values of the 1st cycle. It was consistent with the results of gas breakthrough tests, i.e. the Pcon of the 2nd 
(after resaturation) was higher than the corresponding values of the 1st GBT. Therefore, this phenomenon 
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can also regarded as an indicated proof that gas migration pathway is through the argillite not the 
interface and the measured gas permeability is the kg of argillite. It was checked that the Klinkenberg 
effect was not obvious for this material in the range of pressures applied. 

 
Figure 296 Summary of the rate of increase of downstream gas pressure (Qg). 

c  

Figure 297 Permeability of samples F1-1~F2-2 measured after continuous gas 
breakthrough. 

13.8.6 Conclusion  
In this part, we presented the results of swelling tests and gas breakthrough tests under different boundary 
conditions from those of the section 13.6 (only smooth Plexiglas-aluminum tube). It was then found that 
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when the bentonite/sand plug is saturated with water in a smooth tube, the breakthrough pressure through 
the tube-plug assembly is at least equal to the effective swelling pressure of the material. 
To attempt to remove the effects of interface, we firstly put a sample in the VitonTM jacket directly and 
then apply confining pressure on the jacket. Confining pressure will therefore play a role on the swelling 
pressure for the saturated material. It has never been possible to obtain the breakthrough pressure at a 
value lower than the imposed confining pressure. We can therefore conclude that the swelling pressure 
will always be a lower bound for the breakthrough pressure. 
In a second case, the plug swells with a grooved tube to increase the roughness of contact surface and 
interface, and therefore it is difficult for the gas to create a pathway. The continuous breakthrough 
pressure was not obtained even at 10MPa gas injection. The only variation compared to other tests is the 
nature of the interface; therefore we can logically deduce that the gas passes through the interface at the 
moment of breakthrough in the presence of the smooth tube. 
Finally, we perform some tests with an argillite-bentonite/sand plug assembly which is more close to in 
situ situation. Our results showed that the fully saturated water permeabilities of compacted 
bentonite/sand and argillite were similar: in the order of magnitude of 10-20-10-21 m2. Gas breakthrough 
tests revealed that continuous gas breakthrough pressure of bentonite/sand plugs was higher than 
10.0~10.9 MPa. Due to the limits of our experimental device, we didn’t obtain continuous gas 
breakthrough for bentonite/sand plug when swollen inside a grooved tube. For argillite, this value was 
lower, with values consistently smaller than 5.0~8.0 MPa. For plug-tube interface (smooth inner surface), 
continuous gas flow was detected when gas pressure was similar to or higher than the effective swelling 
pressure (between 7-8MPa). This means that the interface and the argillite (host rock) are two preferential 
pathways for gas migration, and the possibility of gas passage through argillite is more likely when all 
clayey materials become fully water saturated. 

13.9 General Conclusion 
This research contributes to a better understanding of 1) the sealing ability of partially saturated 
bentonite-sand plug under variable confinement, 2) the kinetics and swelling pressure of plugs in the 
presence of gas pressure (at least 4 MPa) and in contact with water (contact direct or via a fully saturated 
plug) as well as their gas breakthrough pressure, and 3) the sealing efficiency of argillite-bentonite 
interface, obtained by accurately measuring swelling pressure of bentonite/sand mixture and the 
discontinuous/continuous gas breakthrough pressure, when this interface is subjected to a  non-negligible 
gas pressure. 
Previously, we conducted water retention tests, with different boundary conditions: free swelling 
conditions and constant volume conditions.  Our work shows that the swelling speeds of the sample under 
free swelling conditions are faster than for the samples which swell under constant volume conditions. In 
addition, more water is absorbed under free swelling conditions (compared to constant volume 
conditions). We also found that at RH = 98%, the swelling is higher with an increase of 22.5% of the 
initial volume of the plug. 
To evaluate the sealing ability of partially saturated bentonite/sand plugs with, we measured their gas 
permeability under variable confining pressure (up to 12MPa). We find that the porous structure 
accessible to gas and transport of gas are very sensitive to successive drying / imbibitions cycles, coupled 
with cycles of confinement / de-confinement. Besides, tightness to gas (supposedly obtained when the gas 
permeability is less than 10-20m2) is obtained under 9MPa confinement and for the samples initially 
saturated at 86-91% only. After stabilization of the mass at a given RH under conditions of free swelling 
and given confinement, the results of gas permeability highlight two antagonistic effects. Firstly, the 
swelling is accompanied by an increase of the total volume and the pore volume accessible to the gas, so 
as to contribute to increased gas permeability. Moreover, at given sample volume, the increase in water 
saturation partially fills the volume of pores, so that the gas permeability decreases. These antagonistic 
effects already described in the literature, are observed simultaneously in the domain of intermediate 
saturations (50-60%): they allow to interpret satisfactorily our experiments of gas permeability in partially 
water-saturated conditions, for which an increase of the water saturation may lead to an augmentation of 
the gas permeability, so the effect of the swelling (and therefore an increase in the pore volume available 
to gas) is predominate. 
In a third part, an experimental campaign is performed to determine the effect of gas pressure (4, 6 or 8 
MPa) on the swelling capacity of bentonite-sand plug, as well as its gas breakthrough pressure 
(discontinuous and continuous). In parallel with the presence of water (favorable for swelling), the 
presence of 4 MPa gas pressure slightly limits the effective swelling pressure, but significantly affects the 
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gas breakthrough pressure. For a gas pressure of 8 MPa, equal to the double of water pressure, a very 
significant decrease of the effective swelling pressure of is measured, and the gas passage occurs 
systematically, regardless of the pressure employed.  
At last, a tube with a grooved inner surface is used to determine whether gas passes through the interface 
or through the water-saturated plug: our tests show that gas transfers preferentially via the interface. 
When the tube is smooth, gas breakthrough pressure is similar or slightly higher than the actual swelling 
pressure for the tests of A1 ~ A3, otherwise (rough interface), gas passes at a much higher pressure 
(beyond 10MPa). Our tests also showed that the absence of scale effect on the swelling pressure and 
breakthrough pressure, using a sample A4 twice longer than the others. For argillite, this value was lower, 
with values consistently smaller than 5.0~8.0 MPa. For plug-tube interface (smooth inner surface), 
continuous gas flow was detected when gas pressure was similar to or higher than the effective swelling 
pressure (between 7-8MPa). This means that the interface and the argillite (host rock) are two preferential 
pathways for gas migration, and the possibility of gas passage through argillite is more likely when all 
clayey materials become fully water saturated. 
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ANNEX 1 
(a) Volume changes of bentonite/sand plugs for test series S2 

 
 

  

  

Figure 298 volume change of samples S2-3, S2-4, S2-5 and S2-8 of test series 2, showing the 
limited changes due to the initial gas permeability testing phase (up to 5MPa 
confinement). 
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ANNEX 2 
(b) Volume changes of bentonite/sand plugs for test series S3 

  

  

 

Figure 299 volume change of samples S3-9, S3-10, S3-11 , S3-12 and S3-13 of test series 3. 
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14 Hydro-mechanical Properties of Interfaces in Sealing 
Plugs constructed of Bentonite-Block Assemblies 

 
Abstract: Deep underground repositories for radioactive waste generally rely on a multi-barrier system to 
isolate the waste from the biosphere. It consists of the natural geological barrier provided by the 
repository host rock and its surroundings, the waste container and an engineered barrier system (EBS), i.e. 
the backfilling and sealing of shafts and galleries to block any preferential path for radioactive 
contaminants. Bentonite emplaced in compacted block form is the preferred option for the clay buffer for 
most waste management organizations. In assessing the performance of bentonite block masonries, 
technically related conductive discrete interfaces inside the sealing elements itself and to the host rock 
may act not only as mechanical weakness planes but also as preferential fluid pathways. We performed 
hydraulical tests which document that despite existing interfaces the bentonite block assembly behaves 
during the saturation of the buffer not different than the homogenous matrix. This has been confirmed by 
gas injection tests on the former interface as well by shear tests. The outstanding observation is that our 
results convincingly demonstrate that interfaces between bentonite bricks may “heal” (not only seal) as it 
was physically verified by confirmation of cohesion after pre-saturation 
 
Keywords: Permeability, bentonite, brick masonry, gas transport, shear test. 
 
 

14.1 Introduction 
The long-term safety of the disposal of nuclear waste is an important issue in all countries with a 
significant nuclear program. Repositories for the disposal of high-level and long-lived radioactive waste 
generally rely on a multi-barrier system to isolate the waste from the biosphere. The multi-barrier system 
typically comprises the natural geological barrier provided by the repository host rock and its 
surroundings and an engineered barrier system (EBS), i.e. the backfilling and sealing of shafts and 
galleries to block any preferential path for radioactive contaminants. 
This multi-barrier principle creates an overall robustness of the system that enhances confidence that the 
waste will be successfully contained. However, independently from the respective radioactive waste 
repository concept, knowledge of gas transport properties through sealing or buffer materials is of vital 
importance for long-term performance assessments because some gas generation may take place as a 
consequence of different processes (for instance corrosion of iron). 
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Figure 300 a) Scheme of fluid-transport through interfaces in a bentonite buffer consisting 

of bricks; b) Interface between the host rock (with the EDZ) and the seal 
matrix. Note the permeable transition zone; c) Bentonite / Bentonite brick 
interface. 

In the last two decades reliable information about the potential host rocks and the sealing materials (e.g. 
bentonite mixtures, concrete, rock backfill) has been obtained (for recent reviews see Metcalf et al., 2009 
and Norris, 2009). However only limited knowledge exists about the importance of contacts or interfaces 
between these different materials or construction parts, i.e. seal plugs, e.g. Popp (2009). As schematically 
shown in Figure 300, it is expected that in addition to the matrix properties of the sealing material 
conductive discrete interfaces inside the sealing elements itself and to the host rock (amplified by the 
EDZ) may act not only as mechanical weakness planes but also as preferential gas pathways. For instance 
despite the assumed self-sealing capacity of bentonite inherent existing interfaces may be reopened during 
gas injection. Moreover, it has been shown by Buzzi et al. (2006) that bentonite is very sensitive to 
hydraulic erosion, producing flow channels within the interface zone.Although interfaces were identified 
as an actual major problem for describing fluid flow through EBS a general approach for numerical 
modeling does not exist. Despite the relevancy of such phenomena has been confirmed by large scale 
field tests (i.e. FEBEX, Lasgit) only limited experimental data from laboratory tests are available for 
interpretation of resp. numerical back analysis of the obtained data. Therefore it can be stated that further 
laboratory test results are important to deduce the hydro-mechanical (HM) parameters for numerical 
calculations evaluating the long-term integrity of EBS, especially bentonite bearing buffer systems. 
Our lab investigations are aiming on a comprehensive hydro-mechanical characterization of interfaces in 
bentonite buffers, i.e. (1) between prefabricated bentonite blocks itself and (2) on mechanical contacts of 
bentonite blocks to the host rock, e.g. granite. The investigations comprise: 

• Hydro-mechanical characterization of the initial “dry” bentonite-block properties, i.e. matrix 
strength, permeability and shear strength between interfaces 

• Pre-saturation of the bentonite blocks with long-term water injection tests in a new designed 
oedometer cell (duration of several month up to two years) with different sample constellations 
(block/block resp. block/host rock) under well controlled stress and swelling conditions; 

• Characterization of the saturated state:  
o Gas injection tests on matrix samples and aggregates with interfaces (block/block, 

block/granite) 
o Shear tests to quantify mechanical interface properties of pre-saturated bentonite blocks 

(block/block, block/granite) under well-controlled shear forces or displacements. 
The special task of the shear tests is to provide experimental data with measuring mechanical contact 
properties for the various interface configurations undergoing shear deformation at defined normal 
stresses after saturation of the plug as necessary parameters to describe the “shear failure” of a sealing 
plug due to fluid pressurization or swelling phenomena. This complex is governed by hydro-mechanical 
characteristics of the confined plug / host rock interface. If shear slip occurs on a critically stressed 
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interface, it can raise the permeability of the fracture through several mechanisms, including brecciation, 
surface roughness, and breakdown of seals (BARTON et al., 1995). However, increased pore pressures 
acting in the interface may also lower the acting minimal stress, thus initiating the shear failure. 

14.2 Material and methodology 

14.2.1 Material 
We used as reference material pre-compacted bentonite blocks (bricks) consisting of a sand clay-
bentonite mixture. The bricks were manufactured in the frame work of the so-called dam - project 
“Sondershausen”, i.e. a German research project with a large scale drift sealing in situ test in a salt 
environment which has been executed between 1997 and 2002 (Sitz et al., 2003). At least 140t bentonite 
brick material were industrially produced by the company “Feuerfestwerke Wetro” with a size of 25cm x 
12.5cm x 6.25cm applying compressive stresses in the order of 40 – 50 MPa. The relevant material 
properties of the bricks are summarized in Table 14-1. 
 

Table 14-1 Material parameters of the reference material: Wetro FS40 bentonite bricks 
(modified after Sitz et al., 2003). 

Composition: ca. 60% bentonite (Calcigel©) + 40% 
quartz-sand 

Water-content (%): 7.5±0.5 
Compressed density (g/cm3): 2.27±0.01 
Bentonite dry density (g/cm3): 1.89±0.02 
Initial saturation (-): 0.77±0.04 
Hydraulic conductivity with NaCl-brine (m/s) ca. 10-12 
Swelling pressure (MPa) – NaCl-brine: 3.5 
Swelling pressure (MPa) – Water: > 8  

 

14.2.2 Strength testing and permeability measurements 
Triaxial loading and strength tests on cylindrical specimens (prepared by defined compacting granular 
bentonite/sand mixtures in a tube) were performed in a standard Kármán-cell in the servo-hydraulic 
testing machine (RBA 2500, Schenk/Trebel Germany – using the MTS-Teststar software) allowing 
independent control of the radial (σ2 = σ3 = pc) and axial stresses (σAx = σ1). The samples (∅ = 90mm, l = 
180 mm) are sealed with rubber tubes and oil is used as confining medium. Outside the vessel three 
LVDT transducers are mounted between the piston and the load frame near the sample for the 
measurement of the axial strain. The axial load is determined from an external load cell. In addition, as a 
standard procedure at the IfG during the experiments the sample volume changes ΔV are determined by a 
volume balance of the mantle oil volume changes as measured via the pressure intensifier and the axial 
piston displacement in the cell. 
During the tests gas-permeability is measured through filter plates at both sample ends using nitrogen 
with an arrangement similar to that described by Peach & Spiers (1996) allowing both transient and 
stationary permeability measurements. For data evaluation we applied the modified Darcy’s law for 
compressive media. 

14.2.3 Shear testing 
Geomechanical discontinuities between various buffer elements and to the host rock are probably the 
clearest example of existing interfaces acting as mechanical weakness zone or preferred pathways. For the 
mechanical behaviour of interfaces the relevant variables are stress traction vector with one normal 
component and one tangential in a simple 2-dimensional stress field (or two tangential in 3D), and the 
conjugate "strain" variables are the corresponding relative displacements. However, such stress conditions 
can be only realized in direct shear tests, which are therefore of urgent need to reproduce slip between 
various materials. 
For realization of required shear tests on interfaces between bentonite bricks respectively to the host rock 
(e.g. granite) a modern shear test system is available at the IfG. A detailed description of this device is 
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given in Bluemel & Poetsch (2003). Various bentonite block (bb) arrangements (e.g. bb/bb and bb/granite 
surface) with dimensions of around 100 mm x 100 mm x 50 mm were fixed by mortar in the shear box 
and sheared with a defined shear displacement rate under constant normal load. 

14.2.4 Pre-saturation of bentonite block assemblies 
For pre-saturation of the samples respectively for the later gas injection tests a new oedometer-like 
pressure cell is constructed allowing additionally gas injection tests under defined axial sample 
consolidation respectively swelling conditions, due to different injected water amounts. 
The sample arrangement (Figure 301) consists of a stiff tube – oedometer – with two sample cylinders of 
pre-compacted bentonite (respectively one rock sample with a natural rough surface) which are separated 
by an axial interface inside which can be defined loaded. Two movable pistons allow control of volume 
changes of the sample, i.e. compaction due to a defined axial load or expansion induced by swelling due 
to water injection. Resulting changes in volume or axial force are measured with dial gauges and an axial 
oriented load cell.  
As can be seen from Fig. 2 the cell design facilitates measurements of fluid transport properties through 
the buffer respectively along the interface between block contacts, i.e. buffer/buffer and buffer/block at 
defined interface conditions. The cell diameter is 90 mm and the overall sample height is ca. 120 mm 
(consisting of two cylindrical specimens – 60 mm height). Sinter metal plates ensure access to the axial 
ends of the sample. 
The special design of the cell allows fluid injection (1) along the axial direction, i.e. for pre-saturation of 
the bentonite to induce swelling or measurement of the matrix permeability, and (2) through a central hole 
along the interface, i.e. investigation of contact permeability. 
 

It has to be mentioned that during the long-lasting tests significant corrosion occurs on the pistons which 
was observed after dismantling the samples. However, due to the double o-ring sealing systems no 
tightness problems were recognized during the saturation phase but local gas leakage occurred after the 
gas breakthrough. 
 

 
Figure 301 Principle of the new designed oedometer-cell for gas injection tests on 

buffer/buffer or buffer/rock interfaces at defined bentonite swelling 
pressures 

14.3 Initial characterisation (dry state) 

14.3.1 Triaxial strength / direct shear strength 
In order to investigate the effect of deviatoric loading on the hydro-mechnical integrity we performed five 
compression tests. The applied confining pressures varied between 1.0 and 20.0 MPa. After hydrostatic 
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compaction – pre-loading at the respective stress state – the samples were deformed in triaxial 
compression (σ1 > σ2 = σ3) with a constant strain rate of 2.5 ∙ 10-5 1/s. For comparison the obtained stress 
strain curves and the respective evolution of volumetric strain (i.e. dilatancy) are compared in Figure 302. 
 

 
Figure 302 Summary of triaxial test results on bentonite bricks in a confining pressure 

range between 1 and 20 MPa. Note the well pronounced effect of increasing 
confining pressure resulting in a change from brittle to ductile behavior. 

As general, starting from hydrostatical conditions the deviatoric stress increases to ensure constant rate 
deformation. Generally, the slope of the stress-strain curve of all samples exhibits the characteristic 
transition from initial quasi-elastic (linear) behavior to a curve with relatively large radius indicating 
typical strain hardening until failure at strains. The stress-strain curves depicted in Fig. 3 nicely 
demonstrate the effect of increasing pressure resulting in higher strength and deformability. 
As evident from the experiments, the deformation style changes from brittle to quasi ductile behavior 
with increasing confining pressure, as indicated by increasing failure strains and different post-failure 
behavior. One can see a change from a sharp stress-strain curve with a significant lower post-failure stage 
to a more or less broad plateau without a significant failure peak. 
Accordingly to that, as it is important for the later hydrological tightness, dilatant deformations occur only 
in a low peripheral pressure range (σ3 ≤ 5 MPa). At higher pressures (σ3 ≥ 10 MPa) brittle deformation 
is suppressed resulting in a significant compaction of several percent. The change of deformation 
behavior is also documented in the evolution of dilatancy. Whereas at low confinement dilatancy 
onsets at low strain significantly before the failure, dilatancy is suppressed at confining pressures 
higher than 5 MPa and compaction dominates during the whole deformation cycle. 
The visual inspection of deformed specimens after the experiment demonstrates the change of 
deformation style from brittle to ductile. At lower confining pressures, a complex shear failure signature 
occurred whereas at σ3 ≥ 3 - 5 MPa compressive failure dominates. 
For evaluating the strength behavior all strength test results (standard TC-tests and shear tests) as 
graphical depicted in Fig. 9 a simple MOHR-COULOMB-approach is used. It describes the shear 
resistance on a failure plane or on an already existing interface at critical stress conditions (shear failure) 
by a linear dependency of cohesion (c) and angle of friction (ϕ): 
 τf = c + σf · tan φ 
 
Only in the case of the initial bentonite matrix properties (matrix and residual matrix strength) a 2-part 
approach is used because at low stresses the shear strength is significantly lower than at higher stresses. 
The respective parameters are given in Table 14-2. 
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Table 14-2 Representation of the shear strength behavior of bentonite bricks (matrix) and 
bentonite/bentonite respectively bentonite/granite interfaces (dry and 
saturated state) on the base of a MOHR-COULOMB-criterion. 

τ = C + σN · tanφ 

1st range                     
(0 - 2,5 MPa) 

Tr
an

si
tio

n 
po

in
t 2nd range                     

(> 2,5 MPa) 

C 
(MPa) φ (°) (MPa) C (MPa) φ (°) 

Bentonite 
matrix: dry state 

matrix strength 1.4 36.7 2.5 3.5 20.2 
residual strength 0.8 29.8 5.0 2.4 21.5 

Interfaces       
(dry state) 

Bent. brick / bent. brick 0,02 21,0 
Bent. brick / granite 0,19 19,6 

Interfaces       
(saturated state) 

Bent. brick / bent. brick 0,61 10,1 
Bent. brick / granite 0 34,3 

 

To investigate the mechanical properties of the interfaces, the shear strength was determined in multiple-
step shear tests, each with 4 steps at normal stresses: σn = 0.5, 1.0, 2.0 and 4.0 MPa. During the tests the 
lower shear box was controlled displaced forward (resp. backward) with a shear rate of 0.002 mm/s. As a 
reference material for shear tests on interfaces between bentonite and granite we selected an artificial 
fractured cuboid of granite (20cm x 15cm x 7.5cm). The roughness of the artificial split surface was 
measured using a 3D surface scanner (maximum resolution is in the order of 2µm). As can be seen from 
Figure 303 the mean difference between highest and lowest asperity is in the order of 1.5 cm. 
 
According to the different material groups two different linear trends of results are clearly visible (not 
shown here). Whereas bentonite/bentonite interfaces show no cohesion but significant friction, obviously 
due to the sand content, demonstrate shear tests for bentonite bricks/granite a small but significant 
occurrence of cohesion, which was already indicated by post-evaluation of sheared interfaces. The tips of 
the existing roughness of the granite surface are pressed into the bentonite material, resulting in local 
erosion channels. 

The respective MOHR-COULOMB-parameters are given in Table 14-2. 
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Figure 303 Characterization of the granite contact surface. a) Histogram of the height 

distribution of the later shear surface. b) Sample dimensions. c) Scheme of 
the bentonite brick/granite aggregate prepared for shearing. 

 
Figure 304 Permeability testing at hydrostatic loading. a) Bentonite brick: gas permeability 

and volumetric strain (i.e. compaction) vs. confining pressure. b) Bentonite 
brick with artificial interface (saw cut): Note the permeability difference to 
the intact matrix. 

14.3.2 Gas permeability 
As a prerequisite for evaluation of the later saturation tests the gas permeability of the bentonite bricks 
was determined using different sample arrangements. As depicted in Figure 304 two different sample 
arrangements were used to realize axial gas-injection tests both on the intact matrix and also on an 
artificial interface between two bentonite bricks. 
Both samples were stepwise hydrostatically loaded (up and down cycle) with continuous gas injection 
which facilitates permeability determination by measuring the gas flow. From Figure 303, i.e. (left) intact 
matrix and (right) matrix with an artificial interface (saw cut) it becomes obvious that the “integral” 



 

 376 

permeability of the bentonite aggregate with an artificial interface is initially four orders of magnitude 
higher than the intact matrix, i.e. ko-interface ≈ 10-12 m2. Increase of confining pressure up to 10 MPa lowers 
the permeability for more than 2 orders, whereas unloading of the sample results in a significant 
hysteresis. This clearly indicates crack sealing. 

14.4 Saturated (or at least partially saturated) state 

14.4.1 Saturation procedure 
As prerequisite for the later gas injections tests bentonite brick assemblies should be defined saturated. In 
addition to swelling phenomena also the tightness of the bentonite buffer should be investigated under 
consideration of matrix and interface influeneces. At least two long-term series (each with 3 cells) with 
water supply for pre-saturation of bentonite (pfl was between 2 and 3 bar) were performed, whereby 
different load and injection geometries for bentonite/bentonite and bentonite/granite assemblies were 
realized: 

(1) central water injection through an injection hole through a central tube resulting (as proposed) in 
radial fluid flow along the brick interface: 

test 1: σax = 4.0 MPa  
test 2: σax = 2.0 MPa  

(2) axial water injection (without axial load) through the end plates (sintered metal) resulting in free 
axial swelling:   test 3. 

(3) Flooding and saturation of bentonite/granite assemblies – central water injection (see above): 

test 4: σax = 1.5 MPa  
test 6: σax = 0.5 / 2.0 MPa  

(4) Determination of the swelling pressure of a bentonite/bentonite aggregate by flooding under 
constant volume conditions with central water injection: test 5. 

 
Exemplarily, the various curves of water consumption and the resulting swelling during pre-saturation of 
bentonite/bentonite assemblies are summarized in Figure 305. Data on the hydraulical conductivity are 
given in Table 14-3. The results from the various tests can be summarized, as follows: 

(1) The applied slow water injection pressures of several bars were sufficient to saturate the samples 
despite the acting confinement (due to the axial stress) which varies between 2 and 8 MPa (see 
below). The water consumption during swelling depends 

a. obviously not significantly on the injection geometry, i.e. axial or central fluid injection 
b. and only weakly on the acting confinement, i.e. the resulting water permeability at σAx = 

2 MPa is only 30% higher than at σAx = 4 MPa 
 No preferred flow along the interface, i.e. matrix swelling dominates 

(2) More than 1 year water injection was not sufficient to reach full saturation, i.e. no water outflow 
was observed, but in the center full saturation is assumed. 

(3) The water permeabilities of the bentonite matrix (estimated from the quasi-stationary water 
inflow rate measurements during the tests) are in the order 6 – 9∙10-12 m/s (see Table 14-3), which 
are ca. a factor 2 lower than the lab data given in Sitz (2003). 

(4) The swelling pressure (test 5) with water was estimated to be in the order of around 8 MPa (after 
a saturation phase over more than 80 days). 

(5) In the case of bentonite/granite interfaces the initially measured water flow rates of the interfaces 
between the bentonite brick and the granite surface were firstly high but decreases with time (see 
Table 14-3b). Depending on the acting axial load, both compaction and swelling effects were 
observed. 
For data evaluation we used the approximate cubic law assuming laminar flow transmissivity of a 
single fracture perpendicular to the injection hole. The cubic law describes the relationship 
between the fracture width b and the fracture flow q for an ideal parallel plate configuration (e.g. 
Bear et al. 1991): 
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𝒒𝒏 = 𝒃𝟑

𝟏𝟐∙𝝁
∙ 𝟐𝝅 ∙ 𝒑𝒊

𝒍𝒏�𝒓𝒂𝒓𝒊
�
 (1) 

qn  - Fracture flow rate [m3/s] 
b   - Fracture width [m]  
µ   - Dynamic viscosity of water [Pa/s] 
pi - Injection pressure [Pa] 
ri - Borehole radius [m] 
ra - Radial flow radius [m] 

 

With this approach we estimated effective fracture widths b between 0.1 mm and 0.01 mm for 
test 4, respectively 0.02 mm and lower for test 6, whereby both results are generally reasonable. 
Due to the time depending swelling the available crack aperture is significantly reduced.  

 
 
 

 
Figure 305 Pre-saturation of bentonite brick aggregates (1st series) – Note the 

schematically indicated injection geometry. (left) σax = 2 MPa – central 
injection through an injection hole with radial fluid flow. (middle) σax = 4 
MPa – central injection through an injection hole with radial fluid flow. 
(right) σax = zero – axial water injection with free swelling. 
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Table 14-3 Hydraulical properties of various bentonite brick assemblies from long-term 
fluid injection tests. 

a) bentonite/bentonite aggregates (dry density: ca. 1.6 g/cm3) – Evaluation of the injection period between 
200 and 300 days. Note that in all cases no outflow of water was observed) 

no. 
∆p q A kf

*) 
  (bar) (ml/d) (m3/s) (m2) (m/s) 

test 1 2.0 0.185 2.14E-12 0.0079 6.8E-12 radial injection, σax = 4 MPa 

test 2 2.0 0.241 2.79E-12 0.0079 8.9E-12 radial injection, σax = 2 MPa 

test 3 2.0 0.171 1.98E-12 0.0079 6.3E-12 axial flooding, free swelling 

b) bentonite-granite aggregates - Summary of time-dependent (after flooding) hydraulical and crack 
properties. 

 
time 
(after 

flooding) 
(d) 

Axial 
Displac

e-
ment**) 
(mm) 

Vol. strain 
(%) 

Fracture 
flow q 
(m3/s) 

Injection 
pressur

e pi 
(Pa) 

Fracure 
width b3 

(m3) 

Hydrauli
c 

transmisi
bility T 
(m3) 

 

b 
(mm) 

kcr
  ***) 

(m3) 

Test 4 1.01 0.70 -1.13 6.0E-05 3.0E+05 7.0E-13 5.9E-14 0.089 6.6E-10 
1.99 0.71 -1.16 4.9E-06 3.0E+05 5.7E-14 4.7E-15 0.038 1.2E-10 
3.03 0.72 -1.16 4.0E-06 3.0E+05 4.7E-14 3.9E-15 0.036 1.1E-10 
9.01 0.61 -0.99 3.3E-08 3.0E+05 3.9E-16 3.2E-17 0.007 4.4E-12 

Test 6 0.00 -0.02 0.03 8.7E-07 2.5E+05 1.2E-14 1.0E-15 0.0230 4.4E-11 
1.10 -1.42 2.31 4.5E-11 3.0E+05 5.2E-19 4.4E-20 0.0008 5.4E-14 
1.79 -1.82 2.95 5.1E-12 3.0E+05 6.0E-20 5.0E-21 0.0004 1.3E-14 

  *) Due to the central fluid injection with flow in both neighbored interfaces only the half of fluid inflow was 
considered as effective flow rate. **)  Volumetric strain: + = compaction; - = volume expansion, i.e. swelling; 
***) hypothetical Darcy-permeabilities (kcr), if only the crack width b is assumed for fluid flow. 

 
 

14.4.2 Gas injection tests on partial saturated samples 
For the gas-injection tests we used a constant flow method with the experimental setup depicted in Figure 
301 at the following random conditions: 

• Gas flow measurements under constant volume conditions: 

A servo-controlled load frame (up to 250kN load capacity) ensures defined loading respectively 
constant volume conditions. The axial strain (measured between the load plates) is kept constant 
during the gas injection test (resolution: 1 µm), i.e. if the sample volume starts to increase due to 
gas-injection as indicated by axial deformation the axial force is automatically increased until the 
axial strain is pushed back to the initial value. During the test the change of the axial stress is 
measured via a load cell. 

• Gas injection at constant injection pressure on the, at least, partial saturated bentonite sample with 
a radial flow geometry: 

After finishing the water saturation gas was injected (instead of water) through the central pipe of 
the swelling cell which should result in radial flow if preferred flow along the former interface 
occurs. During the test the sample is allowed to drain in the axial direction, i.e. through the axial 
filter plates water can be expelled. The gas pressure is increased stepwise and the gas flow at the 
pressure-inlet is measured  

Generally, the behavior of the various samples during the gas injection tests was comparable. The results 
of test 1 are exemplarily documented in Figure 306 where the gas was injected at an initial axial load of 
σAx = 2 MPa. The course of stepwise gas-injection tests are summarized in Figure 306. During stepwise 
increase of the primary gas pressure the inflow of gas is measured with a flow-meter, i.e. during each 
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pressure step firstly the dead volume (e.g. tubes and filter as gas access to the sample) is pressurized 
which results in an inflow-peak. If gas pressure equilibrium before and after the flow-meter is reached 
and the sample behaves nearly gastight the apparent flow rate becomes zero if no gas penetrates into the 
sample. 
Importantly, when the gas pressure reaches the minimum stress (corresponding to the axial stress ≈ 2.1 
MPa) some fluid infiltration of gas into the sample happens as indicated by local gas flow. In the 
following steps the gas inflow stops. At gas pressures of 2.7 – 2.9 MPa a gas breakthrough occured, i.e. 
overcome of the capillary entry pressure, as indicated by quasi-constant gas-in-flow respectively 
observation of gas-outflow (i.e. bubbles in a burette) at the axial sample ends. 
 

 
Figure 306 Gas breakthrough experiment (test 1) – axial stress and gas pressure 

respectively resulting gas flow vs. time: σAx –init ≈ 2 MPa. 
Table 14-4 Gas injection tests (central filter plate with radial flow) on bentonite/bentonite 

aggregates – estimate of permeability assuming radial flow along a 5 mm 
thick hypothetical material slice. 

Test Remarks σAx-init 
(MPa) Pi (MPa) kconstant flow: b = 5mm (m2) 

1st Gas injection test:                    
exp. 1 - 1st series 

Saturation at  σAx  = 
2.0 MPa (central 
injection) at 
constant load 

ca. 2.0 1.8 (onset of local gas 
inflow) 

 

- 

 

2.7 – 2.9 (breakthrough) 1.2∙10-17 
2nd Gas injection test:          
exp. 2 - 1st series 

Saturation at  σAx  = 
4.0 MPa (central 
injection) at 
constant load 

ca. 4.0 3.5 (onset of local gas 
inflow) 

 

3∙10-20
 

 

7.5 (breakthrough) 1.7∙10-18 
3rd Gas injection test:                      
exp. 3 - 1st series 

Saturation without 
axial load, i.e. free 
swelling 

2.0                          
 

3.9 
(1st cycle - breakthrough) 

- 
 

∼3.0 4.5 (2nd cycle – br-th.) 5.5∙10-18 
4th Gas injection test:                    
exp. 3 - 2nd series 

Saturation at 
constant volume, 
i.e determination of 
the swelling 
pressure 

4.0 3.0  5∙10-19  
4.0 Gas injection continued: 

 pi increased from 3.5 - 7.8 
1.5∙10-18 
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The results of the various gas injection tests are summarized in Table 14-4. The gas injection tests on 
saturated bentonite/bentonite assemblies delivered very high gas entry pressures exceeding the minimal 
stress which has been axially applied by about several MPa (depending on the order of stress). A possible 
explanation could be that due to the central gas injection locally a high water pressure is generated. The 
local pore fluid pressure may be temporarily preserved during the fast pressurization with gas due to the 
low permeability of the matrix although the system is drained by the axial filter plates. However, it 
becomes obvious that the effect of the former interface as a potential pathway does not exist anymore. 
This may indicate that the interface is healed during the time-dependent swelling process. 
In contrast in the two gas injection tests on the bentonite/granite interface the gas-breakthrough occurred 
significantly below or, at least, if the minimal stress (given by the axial stress) is reached. 

14.4.3 Shear tests on saturated bentonite interfaces – demonstration of healing 
The results of the gas injection tests gave hints that the former interface between the bentonite bricks may 
be healed because the aggregate behaves like the intact bentonite matrix. It has to be mentioned that we 
understand healing as the development of interfacial cohesion which results in bentonite from 
electrostatic forces among fine particles (clay minerals) and water. Shear tests represent a simple way to 
quantify the amount of cohesion as already demonstrated before.  
To demonstrate that real healing took place we performed direct shear tests with all saturated 
bentonite/bentonite specimens on the former interface between both bentonite brick halves(Figure 307). 
After dismantling the samples from the oedometer-cell visual inspection of the former interface shows no 
indication for a mechanical or hydraulical weakness plane, i.e. only the color contrast indicates the former 
contact plane (Figure 308, inset). The bentonite/bentonite aggregate is oriented in the shear boxes that the 
interface can be sheared. The experimental procedure is the same as described in chapter 14.4.1. 
The results differ significantly from the shear tests performed on the dry or only short wetted contact 
planes. The following results are obtained from Figure 308. Exemplarily the results of the shear test 
performed at σn = 0.5 MPa are shown in detail (Figure 308a). As usual for intact material shear stress 
grows with progressive shear displacement in elastic manner up to a peak and then drops down to a 
residual value. During shear deformation, a bedding or interface plane tends to dilate upon shear due to 
the surface roughness and asperities. This effect turns back after certain amount of prescribed shear 
displacement and, if the peak strength is reached only up-sliding is observed. 
 
   

 
Figure 307 Direct shear tests on saturated bentonite brick/brick interfaces. a) Single-step 

shear test (SV1) on the healed contact between bentonite brick / brick 
surface. The test was realized with σn = 0.5 MPa. b) Comparison of shear 
stress curves on saturated bentonite/bentonite specimens, sheared at various 
σn.  
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Figure 308 Summary of three shear tests on “healed” interfaces between bentonite brick 

/bentonite brick in comparison to the former results on “primary” bentonite. 
The sample photos document the different material conditions. 

A comparison of the various shear strength test curves shows that peak and residual values become higher 
with increasing normal stresses but the increase of strength is not so significant indicating that the 
influence of the acting normal stress is low, i.e. the friction angle is only small. It has to be mentioned that 
the shear test experiment at σn = 0.75 MPa which was performed with the sample saturated at constant 
volume conditions (resulting in swelling pressure in the order of σAx ≈ 8 MPa (test 5) results in a 
significant steeper shape of the strength curve (SV4). This again confirms, that the interface is healed but 
the compression of the matrix is obviously significantly higher than for the other tests. Thus this test was 
not considered for the evaluation of the cohesion. 
In the following only the peak-shear stress values are used for comparison with earlier measurements on 
dry interfaces, which are plotted in Fig. 9 against normal stress, leading to open envelopes of the 
Coulomb type. The evaluation of the tests (saturated between σax =  0 and 4 MPa) which were sheared  
with σn = 0.5, 1.0  and 1.5 MPa documents a cohesion of 0.6 MPa in the τ-σn-diagram (the respective 
MOHR-COULOMB-parameters are given in table 2. This experimental finding clearly confirms the 
development of cohesion, i.e. real physical healing during saturation of bentonite/bentonite interfaces at 
low acting confinement. 
However, it is worth to note that the bentonite/granite assemblies show no development of cohesion 
between the respective surfaces (see data sets in Table 14-2). 

14.5 Summary and conclusions 
The performed lab investigations cover a wide field of hydro-mechanical properties of bentonite bricks, 
which represent a favourable option for constructing sealing plugs in different host rock environments.  
Based on the experimental results the following conclusions can be drawn: 

• At dry conditions gas flow along interfaces is at least 4 orders higher (i.e. 10-12 to 10-14 m2) than 
through the matrix (e.g. 10-16 to 10-17 m2). Increase of confinement significantly lowers the gas 
flow (10 MPa: more than one order) but the effect is more pronounced for interfaces than for the 
matrix. Unloading the sample demonstrates least partial crack sealing. 

• Saturation of bentonite brick aggregates, i.e. bricks with a common interface, was found not 
affected by the interfaces and only weakly by the acting confining pressure. However, in a 
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saturated system bentonite/bentonite interfaces will heal – not only seal - as demonstrated by the 
development of cohesion. Thus saturated bentonite blocks will not act as preferential pathways 
for gas. In addition, gas pressure induced re-opening of healed interfaces was not observed. 

• Despite saturation of the buffer gas will generally move along the interface between the clay and 
another material (e.g. the host rock with the EDZ). Because the gas entry pressure in the contact 
zone is lower than the pressure acting on the interface the saturation of the plug itself does not 
seem to affect significantly the transport mechanisms. 

• The gas breakthrough results in stationary flow but no significant effect on the total stress is 
measured, probably due to the localized gas flow. 

• For the saturated bentonite matrix the measured gas pressures (at gas threshold) under constant 
volume conditions significantly exceed the sum of the swelling pressure and externally-applied 
porewater pressure. The assembly of swelled bentonite blocks behaves like a homogenous matrix, 
i.e. no interface characteristics.  

• Shear displacement in the contact zone due to pressurization of the plug will not result in 
mechanical induced pathways because the saturated bentonite behaves plastic.  

The outstanding observation is that after saturation the bentonite block aggregate behaves not differently 
than the homogenous matrix despite the former interface. This has been confirmed as well by gas 
injection tests on the former interface as well by shear tests. The demonstration of the development of 
cohesion after pre-saturation is a favorable finding, because this verifies physical healing of the interface. 
In addition, cohesion inside the matrix helps to explain why the measured gas entry pressures are higher 
than the applied minimal stress. In contrast, the transition zone granite / bentonite behaves still as a 
prominent path way for gas. 
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15 Results and interpretation of the gas migration tests in 
concrete  

15.1 Foreword 
This report describes how experiments on the desaturation of cementitious materials were performed 
within FORGE WP3.4 "Engineered Barriers and seals – Concrete laboratory experiments" and it 
discusses the obtained results. 
The main goal of these experiments was to determine how gas flows through the cementitious materials 
used i.e. desaturation as function of gas pressure, the homogeneity of this desaturation (desaturation front, 
preferential pathways or fingering) and gas permeability. In order to determine desaturation in the 
concrete, a method is proposed based on CT scanning technique.  
 

15.2 Acknowledgements 
The research was realised with the technical support of T. Maes, J. Peeters, R. Mertens and F. Slegers. 
We also appreciated the input of Xavier Sillen from NIRAS/ONDRAF.  
We like to thank Dr. Ir. Manuel Dierick of UGCT (the Centre for X-ray Tomography of the Ghent 
University, Belgium) for performing the µCT scans. 
 
Next to the financial support of the European Commission in the framework of the FP7 FORGE 
project, this work is performed in close cooperation with, and with the financial support of 
ONDRAF/NIRAS, the Belgian Agency for Radioactive Waste and Fissile Materials, as part of the 
programme on geological disposal of high-level/long-lived radioactive waste that is carried out 
by ONDRAF/NIRAS. 

15.3 Summary 
For the final disposal of HLW and ILW in the Boom Clay layer, ONDRAF/NIRAS the Belgian Agency 
for radioactive waste and fissile materials, is considering a concrete-based engineered barrier concept. For 
HLW, the waste canisters or spent fuel assemblies are inserted inside a watertight metallic overpack 
which is placed inside a thick concrete buffer. For ILW the disposal packaging system consists of a 
concrete monolith. The supercontainers and monoliths will be placed in separate sections within concrete 
lined disposal galleries. Once installed in the disposal galleries, the space between the gallery lining and 
the supercontainer/monolith is filled with a cementitious backfil. As such, cement based materials become 
a major component in the engineered barrier system in the current Belgian disposal system design. 
The gas generated in the near field of a geological repository in clay can dissolve in the porewater and is 
transported away from the repository by diffusion as dissolved species Should the gas generation rate 
become larger thant the diffusive flux, the porewater will get oversaturated and a free gas phase will form.  
The aim of these experiments is to determine how gas will flow through a cementitious backfill i.e. 
desaturation as function of gas pressure, the homogeneity of this desaturation (desaturation front, 
preferential pathways or fingering) and gas permeability.  
Based on the currently available information, we assume that the desaturation process can be described as 
a classical visco-capillary 2-phase flow mechanism. The advantage of this classical visco-capillary 2-
phase flow is that its mathematical treatment is well established and implemented in numerous computer 
codes. 
To investigate the gas flow mechanism, a µCT scanning technique is proposed in which the attenuation 
value of a sample is related to a water saturation level. In order to achieve this relation samples were 
prepared with different saturation levels by conditioning them under controlled relative humidity 
conditions. Next, 3 samples were placed in an isostatic cell and desaturated with gas during resp. 6, 10 
and 13 days. Afterwards these samples were scanned and the attenuation values were recalculated to the 
degree of desaturation.  
Although it is feasible to use the µCT technique to measure differences in saturation, no desaturation 
fronts were found in the samples. This was probably due to a fast redistribution of the water during the 
time between the end of the experiment and the µCT measurement. To avoid this phenomenon, the 
methodology has to be improved.  
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15.4 Introduction 
The main mechanisms by which gas will be generated in deep geological repositories are: anaerobic 
corrosion of metals in wastes and packaging; microbial degradation of various organic wastes; radiolysis 
of organic materials in the packages. Corrosion and radiolysis yield mainly hydrogen while microbial 
degradation leads to a.o. methane and carbon dioxide. 
The gas generated in the near field of a geological repository in clay will dissolve in the groundwater and 
is transported away from the repository by diffusion as dissolved species. Should the gas generation rate 
become larger thant the diffusive flux, the porewater will get oversaturated and a free gas phase will form. 
The gas production rates for various waste types and packages, especially ILWs, although marred by 
large uncertainties, is expected to exceed the evacuation capacity of the engineering barrier system or host 
rock. Hence, one of our research objectives is to improve the understanding of gas transport modes 
through the Engineered Barrier System (EBS) and clay when the capacity for diffusive transport of 
dissolved gasses is exceeded.  
These issues are addressed in the context of the EC project FORGE (Fate of repository gases), which 
aims at acquiring a deeper insight in the gas transport processes from a phenomenological point of view 
and studies the gas migration behaviour in different host rocks, the disturbed zone and EBS. 
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15.5 Background 
 
For the final disposal of HLW and ILW in deep Boom Clay layers, ONDRAF/NIRAS the Belgian 
Agency for radioactive waste and fissile materials, is considering a concrete-based engineered barrier 
concept. For HLW, the waste canisters or spent fuel assemblies are inserted inside a watertight metallic 
overpack which is placed inside a thick concrete buffer (Figure 309). For ILW the disposal packaging 
system consists of a concrete monolith (Figure 310). The supercontainers and monoliths will be placed in 
separate sections within concrete lined disposal galleries. Once installed in the disposal galleries, the 
space between the gallery lining and the supercontainer/monolith is filled with a cementitious backfil 
(Figure 311). As such, cement based materials become a major component in the engineered barrier 
system in the current Belgian disposal system design.  

 
Figure 309 disposal concept with supercontainers for HLW 

 
Figure 310 disposal concept with monoliths for ILW 
 

monolith 

lining 

backfill 
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Figure 311 monolith for packing canisters with compacted (CSD C) waste 
The concrete buffer to fill the supercontainer/monolith is an ordinary portland cement (OPC) based 
concrete. The main roles of this buffer are creating a favorable geochemical environment around the 
overpack (wrt. corrosion) by maintaining alkaline conditions and providing radiological shielding around 
the waste allowing human presence during handling and transport of the supercontainers without 
additional radiological protection systems.  
The concrete backfill fills the gaps between the supercontainer/monolith and the lining of the disposal 
gallery to prevent 1) a collapse of the gallery lining which could damage the supercontainer and 2) limit 
creep of the Boom Clay which could lead to a destabilisation of the host rock formation around the 
disposal gallery 3) avoids open spaces and minimizes voids (Van Humbeek et al., 2008). 
In consultation with NIRAS/ONDRAF, we selected the concrete backfill for study within the FORGE 
project.  
In the framework of the FP-6 ESDRED project (De Bock et al., 2009), an experimental programme to 
assess the feasibility of the "grout" backfilling technique (reference solution) was conducted. The used 
grout was developed in collaboration with BASF construction chemicals. It consists of a binding medium 
(¼ CEM I 52.5 N HSR LA + ¾ Limestone powder (CaCO3)), an additive (Superplasticizer Glenium®) 
and sand (Calibrated river sand 0 - 4 mm, washed and dried) (Van Humbeek et al., 2008). 
 
The technique and grout were tested in the ESDRED reduced scale mock-up (Figure 312). This mock-up 
represented a 5 m long and 2 m diameter (2/3 of real dimensions) section of a disposal gallery. The 
backfilling test was successful: the emplacement of the grout occurred without problems and the 
measured properties of the hardened concrete met the imposed requirements (Van Humbeek et al., 2007). 

 



 

 388 

 

 

Figure 312 pictures of the ESDRED small scale mock-up 
 

15.6 Objectives 
To evaluate the effect of a gas pressure build-up on the safety of an underground repository, the 
behaviour of all components has to be taken into account. 
One of these components is - as described in §2 - the backfill of the galleries. At a certain moment in 
time, the free gas phase which is formed due to the different gas generating processes will be present in 
the backfill. When gas starts to accumulate in the backfill, desaturation will take place. The backfill can 
serve as an important reservoir for gas and is therefore selected for more detailed investigation. The 
pattern of this desaturation process is still unknown: will there be a desaturation front, or will it rather be 
a fingering pattern? How will gas and water move: will there be 2-phase flow or another flow type? 
Based on the available information, we assume that the desaturation process can be described as a 2-phase 
flow mechanism. The advantage of this classical viso-capillary 2-phase flow is that its physical model is 
well established and implemented in numerous computer codes. 
However, this model can only be used when the flow mechanism is indeed a classical 2-phase flow 
mechanism. So the main aim of these experiments is to determine how gas flows through the 
cementitious materials used. Therefore a technique based on µCT is developed in order to measure 
desaturation and to compare this to simulations.  

15.7 Method 

15.7.1 Preparation of the samples 
Samples for the experiments were taken from the ESDRED small scale mock-up. They were taken by 
using a diamond core drill with water cooling. The cores have a diameter of 86 mm and a length of 
approximately 300 mm.  
Core samples that are taken for conditioning under different RH were immersed in water that was pre-
equilibrated with crushed cementitious material in order to saturate them.  
The cores to be used in the desaturation experiments are stored under vacuum in aluminium coated 
polyethylene foil. Prior to their use, the cores are cut into pieces of 60 mm long and are stored in water 
that was pre-equilibrated with crushed cementitious material in order to saturate them. 
As the surface of the samples is rather course and loose pieces of concrete could damage the rubber 
sleeve, the surface of the samples is protected with a layer of resin (Eccobond 45 Clear – Henkel). In 
order to create a smooth surface after the application of the resin, the samples are polished.  
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The concrete core (diameter 86 mm, length 60 mm) is packed in a sleeve from butyl rubber (diameter 84 
mm). A flange is placed at both ends of the concrete core and the rubber sleeve overlaps with the flanges 
to keep them at the correct position. The rubber sleeve is kept tight to the flange with a clamp. An 
eventual gap between the flange and the rubber sleeve is filled with a resin (Scotchcast 40, 3M) see 
Figure 313. 
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Figure 313 side view (top picture) and top view (bottom picture) of the prepared sample 
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15.7.2 Loading the isostatic cell 
As described in Jacops et al. (2011), the best method to perform these experiments is by using the 
isostatic cells. 
The design of the isostatic cell was described in detail in Jacops et al. (2011). 
When loading the cell, first the top plate and body are removed. Next the sample is placed on the 
supporting plate and the inlet and outlet of the sample are connected to the inlet and outlet of the bottom 
plate (Figure 314). Next, the body is mounted again and the top plate is positioned at a certain distance 
above the body. This allows to connect the upper in- and outlet of the sample to the in- and outlet of the 
top cover. Finally the top plate is placed on the body and all bolts are tightened. 
The cell is filled with demineralised water and the desired confining pressure is applied by connecting the 
lower connection of the confining volume to a syringe pump (ISCO). 

  

Figure 314 view inside the isostatic cell: empty (left) and filled with the prepared sample 
(right) 

 

15.7.3 Execution of the experiment 
After the emplacement of the sample in the isostatic cell, the cell is filled with demineralised water. The 
confining volume is connected to a syringe pump (ISCO) and a confining pressure of 44 bar is applied. 
Because of all manipulations during sample preparation, the sample can be slightly desaturated. In order 
to resaturate the sample, the inlet of the sample is connected to another syringe pump which injects water 
at 2 bar. At the outlet of the sample, the outflowing water is collected. 
 
After resaturation, the inlet of the sample and the lower filter are flushed with gas to remove as much 
water as possible. Next, the inlet is connected to the gas-injection system which is filled with He at 27 
bar. In Jacops et al. (2011) it was proposed to use a gas injection pressure of 35 bar (based on a 
simulation). However, preliminary experiments indicated that desaturation would occur too fast (gas 
inflow 8 ml /day). A good gas injection rate of ca 1 ml/day was obtained at 27 bar. The used gas injection 
system is described in Jacops et al. (2009).  
The outlet of the sample is connected to a syringe pump (ISCO) which applies a water pressure of 22 bar 
(backpressure).  
During the experiment, following parameters are followed as function of time: 

• gas pressure 
• amount of gas injected 
• water backpressure 
• amount of water expelled 
• confining pressure 

A schematic representation of the experimental set-up is shown in Figure 325. 
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When we stopped the experiment, all pressures were gradually decreased to avoid damage to the sample. 
 
When all pressure was released from the sample and the isostatic cell, the cell was opened and the sample 
was removed. Next the in- and outlet of the sample was closed with valves. The sample was packed in an 
isolated box and was sent to UGCT (UGCT, the Centre for X-ray Tomography of the Ghent University, 
Belgium). 

15.7.4 µCT scan 
CT: technique and parameters 
X-ray CT is a non-destructive technique that makes it possible to visualize the internal structure of 
objects. Figure 316 illustrates the working principle of X-ray computed tomography. X-rays are generated 
in an X-ray source. When the X-rays pass through the object, they are attenuated. The amount of 
attenuation is given by Beer's Law: 

( ) 




 ⋅−⋅= ∫

Lray
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                                            (1) 

I0(E) is the intensity for the generated X-rays with an energy E, s the position in the sample along the ray 
path through the object and Lray is the length of that path. µ(E) is called the linear attenuation coefficient 
and is a measure for the X-ray attenuation per unit length. The linear attenuation coefficient depends on 
the energy of the X-ray photons and on the density and atomic number of the material. 
 

4 

1 

 

 

3 

5 

6 

2 

1: isostatic cell 
2: confining volume 
3: sample 
4: gas-injection system with displacement transducer (at 27 bar) 
5: syringe pump (ISCO) – applies water backpressure (22 bar) 
6: syringe pump (ISCO) – applies confining pressure (44 bar) 
 

Figure 315 schematic representation of the experimental set-up 
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Figure 316 schematic overview of the working of a CT scanner 
 
After the X-rays have passed through the scanned object, the intensities of the attenuated X-rays are 
measured by a detector consisting of a large number of detector elements. Since the measured intensities 
depend on the materials lying on the path of the X-ray, they contain information on the interior of the 
object. By rotating the source and the detector around the object, different views containing information 
on different paths through the object are obtained. A mathematical algorithm can then reconstruct the 3D 
distribution of the linear attenuation coefficient in the object by combining all these measurements. (Chen 
et al., 2010) 
UGCT, the Centre for X-ray Tomography of the Ghent University (Belgium) designs, builds and operates 
self-made micro-CT scanners especially for scientific research applications. For this application scans 
were made on a scanner built around a dual-head Feinfocus source and two X-ray detectors, a high 
resolution CCD camera for low energy applications and a Varian flat panel detector with CsI scintillator 
for high energy applications. This scanner can reach resolutions down to 1 micrometer, but can also scan 
large objects up to 20 cm. (Chen et al., 2010) 
In this case the directional high-power tube head was selected in combination with the flat panel detector. 
Because of the size and composition a copper filter (1.5 mm thickness) and an aluminium filter (3 mm 
thickness) were placed in front of the tube to minimize beam-hardening effects. Remaining beam-
hardening effects are later corrected for in the reconstruction software. The obtained resolution was 100 
µm. 
 
Calibration samples: relationship between saturation and attenuation 
In order to link the measured attenuation coefficient to a certain degree of desaturation, a calibration 
curve needs to be drawn up. 
For this purpose, samples are prepared (diameter 86 mm, length 60 mm) with a different degree of 
saturation (see Table 150-1-1). Samples were firstly immersed into water (see section 15.7.1) with the 
intention to fully saturate them. The samples were then placed in a dessicator at a certain degree of 
relative humidity imposed by a saturated salt solution and their weight change was monitored.   
When the weight was stable (8 months), we considered that the sample had obtained the desired degree of 
saturation and was ready for CT scan. 
Two samples with similar diameter but with different thickness (7.8 and 14.7 mm) were oven dried 
(60°C) to determine dry weight. From these data a dry density of 1.9 g/cm³ and a porosity of 23.8 % was 
calculated (calculation based on mass loss considering full saturation).  
The calibration samples were sent to UGCT a few days before we sent the gas-desaturated samples. In 
this way, all samples were scanned one after another with the same parameters.  

Table 150-1-1: overview of salts creating different degrees of relative humidity (at T=21°C) 
Salt Relative humidity (% RH) 
LiCl2 11% 
MgCl2.6H2O 33% 
Mg(NO3)2.6H2O 54% 
NaCl 75% 
KNO3 95% 
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15.8 Numerical modelling 
Numerical implementation of classical visco-capillary two-phase flow models allows for a preliminary 
evaluation of the gas transport and desaturation process, thus provides guidelines for some experimental 
parameters like pressure of the injected gas and time control (e.g. at which moment the desaturated 
samples should be sent for the CT scan, etc.). The measured desaturation states  will be compared to the 
predicted results. If there is a good agreement, it would be an indication that in the future the gas transport 
in the backfill can be modelled sufficiently with the two-phase flow model. 
A one-dimensional (1D) transport model was set up in a 1D geometry with a length of 7 cm. The 
numerical software used here is CODE_BRIGHT, which is a finite element code developed by 
the Technical University of Cataluña (UPC), Spain (Olivella et al., 1996). The constitutive laws 
used in the numerical modelling can be found in (Yu et al., 2011) and the parameters used are 
listed in Table 10-1-2 and Figure 325.  
 

Table 10-1-2 parameter set used in the numerical simulation (based on test results from 
LML (Davy et al., 2011)) 

porosity (-) 0.186 

Water retention curvea λ 0.268 
P0 (MPa) 0.572 

Intrinsic permeability kin (m2) 4.08×10-12 
Relative permeability 4Ŝkrl =  ;  
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lD (m2/s) 1.1×10-9 

Liquid densityb Ρl0 (kg/m3) 1002.6 

β (MPa-1) 4.5×10-4 
α (°C-1) -3.4×10-4 

Henry's constant KH (MPa) 14970 
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Figure 317 correspondence between relative humidity and water saturation for the 

concrete samples (Davy et al., 2011)  
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A fixed water pressure of 2.3 MPa is prescribed at one end of the sample and a fixed gas injection 
pressure is applied at the other end. Two cases are tried with injected gas pressures of 2.5 MPa and 3.5 
MPa, respectively. The entire domain is initially fully saturated with Pl=2.3 MPa and atmospheric gas 
pressure. Gravitational effects on gas/liquid flow are ignored here.  
Numerical results show that for the case with a gas injection pressure of 2.5 MPa, the desaturation front 
progresses no more than 0.5 cm within 7 weeks. Results from the case with a gas injection pressure of 3.5 
MPa give a reasonable desaturation process within 7 days. Figure 318 presents the time evolution of the 
desaturation contour map for the latter case.  
As stated in the paragraph 4.3, preliminary experiments indicated that desaturation would occur too fast at 
3.5 MPa and a good gas injection rate of ca 2 ml/day was obtained at 27 bar. It is therefore clear that the 
model parameters used in the simulation need adaptation for evaluating the outcome of the experiment. 
The porosity used, 18.6 %, is lower than that measured by SCK•CEN for some witness samples, 23.8% 
(see previous section) which is quite low for such a low density concrete.   

 
Figure 318 scoping calculation of the desaturation front afer 7, 14, 21 and 28 days for a gas 

injection pressure of 3.5 MPa 
 

  

7 days 

14 days 

21 days 

28 days 
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15.9 Results and discussion 
In order to identify desaturation in the backfill, we have to link the measured attenuation values of the 
experimentally desaturated samples to a certain degree of saturation. This method is described in §4.4. 
As x-rays are more attenuated by water than by gas/air, we would expect higher attenuation coefficient in 
samples with high relative humidity and lower attenuation coefficients in samples with lower relative 
humidity.  
The results are represented in Figure 319.  
Slices are numbered from bottom to top and slice 1 is the first slice containing "sample material". The 
slice thickness is ± 80 µm. 
Due to artefacts created by the wideness of the x-ray bundle and the reconstruction algorithm, the first 
and last 200 slices have to be interpreted carefully as they contain also information from slices resp. 
below and above (hence air). Slices 200 to 550 should be considered as "representative".  
For data processing we used a software tool, provided by UGCT. This tool was programmed in LabView 
(National Instruments) and allowed us to calculate the average attenuation value for a selected region of 
interest and this for all slices of the sample.   
To compare the attenuation values of the different samples we used the average attenuation value for a 
large region of interest (ROI) on a representative slice 475. Results are represented in Table 1-3 and 
Figure 319. 

 
Figure 319 attenuation profile for a large ROI across samples conditioned at different RH. 
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Table 1-3 overview of measured parameters for the calibration samples 
Relative 
humidity (RH) 
(%) 

11 33 54 75 95 

Wsample (tstart) 
(g) 

823 819 821 809 823 

Wsample (tend) (g) 759 771 764 756 776 
Wt loss (g) 64 48 57 53 47 
% water Wt 
loss(1)  

40 30 36 34 30 

Sw (%)(1) 60 70 64 66 70 
% water vs. 
dry weight(2) 

14.6 16.4 15.4 14.2 17.2 

µslice475 (-) 0.481 0.500 0.489 0.491 0.496 
(1) To determine the % water loss and corresponding Sw, the initial amount of water is calculated 

based on the volume of the sample and the experimentally determined dry density (1.9 g/cm³) 
and considering that sample is 100% saturated at start.  

(2) the water content at equilibrium is obtained by subtracting the dry weight (calculated from 
dry density) from the Wsample(tend).  

 
 

 
Figure 320 relationship applied RH vs % mass lost 
When looking at the mass loss wrt. RH (Figure 320) the result for the sample at RH 33% is strange. As 
we don't have independent measurements for the RH levels, it seems doubtfull that this sample was really 
at RH 33%. It must be noted that our results (RH vs % saturation) differ from the results of Davy et al. 
(2011) presented in Figure 317.  
Plotting the attenuation value obtained for the different samples wrt. the water saturation level (Sw %) 
(considering that the samples were fully saturated at start) provides a nice linear relationship between µ 
and Sw (Figure 321) and in principle, this relationship could be used for interpretation of the desaturation 
experiments.   
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Figure 321 Relationship between the measured attenuation value (representative slice 475, 

large ROI) and the saturation level of the sample (considering full saturation 
at start). 

 
However, when looking at the attenuation value distributions for three concrete samples 
undergone desaturation in the isostatic cell (Figure 15), we notice that their attenuation value is 
significantly higher, compared to the samples which were desaturated in a dessicator (figure 11). 
Davy et al. (2011) noticed that at RH 98%, only 51.2% of the pore space was filled with water. So even 
for the samples that were stored under water before conditioning in a dessicator, it is possible that we did 
not reach full saturation upon immersion in water. We have strong indications for that because, before the 
desaturation experiment is started, the samples which were loaded in the isostatic cell were resaturated 
with pressurised water (2 bar) and 10-15 ml of water was injected. As pressurised water is able to fill 
more pores than unpressurised water, these samples will have a higher water content and thus a higher 
degree of saturation. And this higher water content will lead to higher attenuation values. 
As such, the relationship that we obtained for µ vs. Sw% is not correct because it assumed full 
saturation at the start. The water content vs. dry weight can however be calculated and a 
relationship with the attenuation can be drawn (Figure 322).  
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Figure 322 relationship between water content (% Water vs. dry weight) vs. attenuation 

value. 
 
Upon injection of gas, we expect the gas to push the water forward to the top of the sample. The amount 
of gas that was injected into the sample and the amount of water ejected are represented in Table 10-1-4. 
For samples 2 and 3, the water ejected is equal to the amount of gas injected but not for the 1st sample 
where more water was expelled compared to the volume of gas introduced. We don't have an explanation 
for that.  

Table 10-1-4 overview of time of desaturation, gas inflow and water outflow for the 3 
samples 

 
 
As desaturation leads to lower attenuation values and desaturation will decrease towards the top of the 
sample, we expect an increase in µ with slice number. However, the plotted attenuation value measured 
for a smaller region of interest (without cracks, which were created upon dismanteling of the set-up) 
looked homogeneous  (Figure 323). In this graph we observe no trend for the attenuation value as 
function of depth. The small variation in attenuation value can also be declared by the heterogenity of the 
sample. As visible on some images, the samples are not completely homogeneous due to the presence of 
inclusions (see Figure 324). 
 
 
 

 Sample 1 Sample 2 Sample 3 

Time of desaturation (days) 6 10 13 

Gas in (ml) 15 31 28 

Water out (ml) 23.5 32 27 
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Figure 323 : attenuation profile for a selected ROI across samples desaturated for different 

time periods. 

 
Figure 324 CT image of sample 3 
Based on Figure 323, we cannot draw any conclusion about desaturation front, although desaturation 
really took place as water was expelled from the samples.  
One possibility may be that although there may exist a desaturation front, after the experiment was 
stopped (with release of pressures) and before the samples were scanned the gas and water phase 
redistributed over the sample, leading to a rather uniform attenuation value.  
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Using the relationship between the attenuation value and the % water content (vs. dry weight) we 
calculate % water content (vs. dry weight) for the dehydrated samples and obtained a value of 18.6%.  
We could not verify this value as the samples were not weighed after dismantling of the set-up.  
As gas and water redistributed and no desaturation front was measured, we cannot compare the 2-phase 
flow model predictions with the experimental data. But we already noticed an underestimation of the 
desaturation in the model, compared to the experimental results. 
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15.10 Conclusion and way forward 
The main goal of these experiments was to determine how gas flows through the cementitious materials 
used i.e. desaturation as function of gas pressure, the homogeneity of this desaturation (desaturation front, 
preferential pathways or fingering) and gas permeability. In order to determine desaturation in the 
concrete, a method was proposed based on CT scanning technique.  
This report shows that it is possible to obtain a relationship between the saturation degree of cement 
samples and the attenuation value. So the proposed technique can be used to measure desaturation 
profiles. 
However, 2 problems were encountered. The first problem was a difference in the initial saturation state 
between the calibration samples and the experimentally desaturated samples which was caused by the 
used experimental procedure. The second problem was the presumed redistribution of gas and water in 
the short period of time between the end of the experiment and the scanning of the sample. Due to this 
rather homogeneous redistribution, it was not possible to detect a desaturation front and hence we could 
not compare the experimental results to the classical 2-phase flow model predictions. Furthermore, the 
scanning technique/reconstruction algorithm should be re-evaluated in order to get rid of the lowering 
effect of air on the attenuation values at the extremes of the scanned sample. So the final goal 
"demonstrate that gas flow in the backfill can be described with a 2-phase flow mechanism" was not 
achieved. 
Despite the experimental problems encountered, the method is still promising and we believe that by 
improving the experimental procedure and the experimental set-up, we should be able to get information 
on the gas flow mechanism in the backfill. 
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16 CO2 migration and reaction in cementitious 
repositories: A summary of work conducted as part of 
the FORGE project 

16.1 Summary 
Some repository concepts envisage the use of large quantities of cementitious materials – both for 
repository construction and as a buffer/backfill. However, some wastes placed within a subsurface 
repository will contain a significant amount of organic material which may degrade to produce carbon 
dioxide. This will react with cement buffer/backfill to produce carbonate minerals such as calcite, which 
will reduce the ability of the buffer/backfill to maintain highly alkaline conditions and as a consequence 
its ability to limit radionuclide migration. The reaction may also alter the physical properties of the 
buffer/backfill.  
The work presented here summarises the findings of a study conducted within the laboratories of the 
British Geological Survey into the impact of CO2 on a relatively permeable potential repository cement. 
The work investigated reaction-transport processes through elevated pressure laboratory experiments 
conducted at a range of likely future in situ repository conditions. These provide information on the 
reactions that occur, with results serving as examples with which to test predictive modelling codes. 
Thirty-two static batch experiments were pressurised with either CO2 or N2. Twenty six of these had 
durations of 10-40 days, with six more left to react for a year. The aim of them was to help investigate 
mineralogical and fluid chemical changes due to the diffusional ingress of CO2 into unconfined samples. 
Four flow experiments were also conducted, aimed at quantifying changes in the transport properties of 
the buffer/backfill cement under likely in-situ conditions as a consequence of carbonation due to the 
advection of free phase or dissolved CO2. 
All the cement samples showed rapid reaction with CO2, manifested by a colour change from grey to light 
brown. The cement blocks remained intact, even after prolonged exposure to CO2-rich fluids. 
Carbonation was associated with an increase in weight by up to 9%, though the samples did not change in 
overall size. Free phase CO2 gave slightly more reaction than dissolved CO2, possibly because of its 
higher concentration and greater ability to penetrate the samples. In terms of major reactions during 
carbonation, these were the breakdown of portlandite and calcium silicate hydrate (CSH) phases and the 
formation of carbonate phases and silica gel. The observed colour change was possibly caused by CO2-
enhanced reaction of small amounts of calcium ferrite minerals in the cement and oxidation of the iron to 
give a ‘rusty’ colour. 
Carbonation resulted in a series of reaction fronts that moved through the cement over time. These 
separated several reaction zones: Zone 1 = minor carbonation with minimal apparent volume change, 
Zone 2 = partial carbonation and very localised shrinkage, Zone 3 = complete conversion of portlandite 
and CSH, Zone 4 = dissolution of initially-formed carbonate minerals in the outermost parts of the sample 
by the surrounding, slightly-acidic water. The shrinkage in Zone 2 was expressed as small fractures 
(typically several mm long), though these do not appear to extend beyond this zone. Zone 3 contained a 
‘3D chickenwire’ meshwork of interconnected, higher-density, carbonate-filled micro-fractures (typically 
on a 10s-100s µm scale) that separated silica-rich areas having lower-density and high porosity, and 
concentric ‘relic’ reaction fronts. The small fractures of Zone 2 appear to have filled with secondary 
precipitates in Zone 3. Appreciable amounts of a Cl-rich phase were formed at the boundary of Zones 2 
and 3, which was aided by the presence of CO2. The formation of Cl-rich phases within a repository could 
be beneficial as it might help to immobilise 36Cl leaching from the waste. 
Controlled flow-rate carbonation experiments on cores of NRVB reveal decreases in overall sample 
permeability. These reflect porosity reduction due to conversion of portlandite and CSH to secondary 
carbonate minerals and silica gel. Small discharges of water were also released as a by-product of CSH 
phase carbonation. Detailed petrogaphic observations of partly-reacted cement samples show a series of 
reaction zones as per the static experiments. These observations, coupled with micropermeameter data, 
show the greatest reductions in porosity and permeability in a very narrow zone at the leading edge of the 
visible alteration front. Injection of free-phase (gaseous and supercritical) CO2 resulted in a halving of 
permeability, whereas use of dissolved CO2 reduced hydraulic permeability by about 3 orders of 
magnitude. These reductions could be beneficial within a repository setting, as they reduce the potential 
for radionuclide migration. Permeability of the carbonated cement is not completely blocked however, so 
there is still potential for the cement to vent gas with a view to preventing build up of pressure in and 
around the waste canisters. 
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Carbonation features and secondary phases observed in these experiments using a relatively 
porous/permeable cement, bear many similarities to those found in far lower porosity/permeability 
borehole cements used in CO2-storage operations. There are also similarities to samples of naturally-
occurring CSH phases which have been naturally-carbonated over prolonged timescales. A number of 
common carbonation processes may be operating in all these systems. 
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16.2 Introduction 
Some repository concepts envisage the use of large quantities of cementitious materials – both for 
repository construction and as a buffer/backfill. Key aspects of these materials are their good mechanical 
properties and their ability to buffer pH to alkaline conditions. Such high pH conditions are important as 
they greatly limit metallic corrosion and radionuclide solubility - and as a consequence, radionuclide 
migration. Some wastes placed within a subsurface repository will contain a significant amount of organic 
material (e.g. ion-exchange resins, contaminated clothing etc). Over time, these may degrade to produce 
carbon dioxide, which will react rapidly with cement buffer/backfill to produce carbonate minerals such as 
calcite. This may be beneficial in terms of immobilisation of 14CO2 if it were present. Carbonation 
reactions occurring on the inside of the repository cement will be quite separate to those occurring on the 
outside of the repository cement (through interaction with surrounding carbonate groundwaters), though 
they may share very similar reaction mechanisms. 
The conversion of cement minerals to carbonates will reduce the ability of the buffer/backfill to maintain 
highly alkaline conditions and as a consequence its ability to limit the migration of certain radionuclides. 
However, the reaction may also alter the physical properties of the buffer/backfill, possibly changing its 
permeability and strength. Although carbonation reactions might improve some properties, it is currently 
unclear whether the overall changes due to carbonation will be beneficial to long-term radionuclide 
immobilisation, or deleterious. 
This study investigated the effects of cement carbonation processes via laboratory experiments conducted 
at a range of likely future in situ repository conditions, including those expected over glacial timescales, 
which might influence the form of the carbon dioxide. Thus the experiments were run under conditions 
representative of those that might be found within a deep repository, with temperatures between 20-40 °C 
and pressures between 40-80 bar (equivalent hydrostatic heads of approximately 400-800 m) (Figure 325). 
Within this range of conditions, the phase behaviour of CO2 is such that it can exist in gaseous, liquid, or 
supercritical states, as well as dissolved in water in contact with these states. The results of the 
experiments will serve as examples with which to test predictive modelling codes that incorporate reaction 
kinetics, and coupling between geochemical reaction, porosity changes and fluid flow. 
Two types of experiments were conducted within the BGS Fluid Processes Laboratories: 
1) Numerous batch experiments to provide information on changing mineralogy and porosity upon 

reaction with free phase and dissolved gaseous, liquid and supercritical CO2. A detailed description of 
these experiments is given in Rochelle and Purser (2010), Rochelle et al. (2014) and Milodowski et al. 
(2013). These experiments involved samples that were unconfined, with reactions controlled by 
diffusion of free-phase or dissolved CO2 into the cement. Three cement pore fluids were utilised with 
compositions were based on previous calculations of those anticipated in the vicinity of a cementitious 
waste repository (Bond et al., 1995a,b): 

• A young pore fluid of high pH and with a significant component of NaOH and KOH (‘young near 
field porewater’ - YNFP). 

• A slightly lower pH pore fluid with a significant proportion of Na, K and Cl, and some Ca and OH 
(‘YNFP + Cl’). 

• An evolved pore fluid representing equilibration of groundwater with cement, and having lower 
pH and a chemistry dominated by Ca(OH)2 (‘Evolved near field groundwater’- ENFG). 

2) Four flow experiments with gaseous, supercritical and dissolved CO2 were undertaken, and were 
aimed at providing information on changing permeability upon reaction. A detailed description of 
these experiments, and the results from them, is given in Purser et al. (2013, in press). These 
experiments involved samples confined within Teflon™ jackets, and held within a uniform confining 
pressure. Free–phase or dissolved CO2 was pumped through the sample, with input/output flow rates 
and pressures used to derive permeability data. 
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Figure 325 Experimental run conditions plotted on a phase diagram for CO2. Conditions 

were 20° and 40°C, and 40 and 80 bar, though only 3 of the possible 4 
combinations of these were studied. 

Within a repository setting buffer/backfill cement has at least two key noteable functions; to maintain 
highly alkaline conditions and hence reduce radionuclide solubility, and to allow controlled escape of gas 
away from waste canisters. As a consequence of the need for the latter of these functions, the cement is 
relatively permeable compared to some other cements (e.g. such as those used for borehole sealing). Some 
gases generated within the repository (such as hydrogen) may undergo very limited chemical reactions 
once formed, and hence their migration will be largely controlled by transport processes. CO2 on the other 
hand, is highly reactive towards cement minerals, and so its migration will be controlled by a complex 
interplay between transport processes and chemical reactions. 
The cement composition used was the Nirex reference vault backfill (NRVB) cement (Francis et al., 
1997). It consisted of approximately: 26% Portland cement, 28.6% limestone powder, 9.8% lime, and 
35.6% water. The mixture was cast into cylindrical blocks of approximate size 12 cm diameter by 30 cm 
long, and was cured for at least 40 days prior to subsampling for use in the experiments - see Rochelle and 
Purser (2010) for more details. Use of this cement allows the present study to be comparable with 
measured parameters/datasets from earlier studies. It is acknowledged however, that the compositions of 
backfill cements used in any future repository may well be different to that used in this study, but it is 
considered that many of the reaction processes we observed are likely to be common to a wide-range of 
cements. 
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16.3 Summary of experimental results 

16.3.1 Static batch experiments 
A detailed description of these experiments is given in Rochelle and Purser (2010) and Rochelle et al., 
(2014), and only a summary is presented here. The aim of these experiments was to investigate fluid 
chemical, mineralogical, and textural changes upon diffusion-controlled CO2-cement reaction. The batch 
equipment used consisted of 316 stainless steel pressure vessels with wetted parts lined with PTFE 
(polytetrafluoroethene) ‘cups’, high pressure tubing was made of either 316 stainless steel or PEEK™ 
(polyetheretherketone), and O-ring seals were made of Viton®. The large blocks of cured NRVB were 
sub-cored to produce samples of 25 mm diameter and of 50 mm long, and one of these cores placed into 
each vessel, usually by attaching it to the fluid sample tube (Figure 326). This tube remained in place 
whether or not the experiment contained an aqueous phase or just free-phase CO2. Several experiments 
were run at the same time, and were often connected to the same pressure line to maintain uniform 
conditions between them (Figure 327). Temperature control was achieved through the use of either a LMS 
thermostatically-controlled incubator for experiments at 20 °C, or a Gallenkamp Plus2 oven for 
experiments at 40 °C (both accurate to better than ± 0.5 °C). 
Where used, a quantity (approximately 230 g) of cement porewater was placed into the PTFE liner of the 
vessel, together with a small magnetic stirrer bead to ensure good mixing of the fluids. The total volume 
of the solid and aqueous samples filled about 70% of each vessel. For experiments involving both 
porewater and cement, the fluid:solid mass ratio was about 6:1. No porewater was added to the 
experiments reacting cement with dry gases. Migration of either free-phase or dissolved CO2  into the 
cement was by diffusional processes. 
The CO2 and N2 were supplied to the reactors from ISCO 500D syringe pumps running in ‘constant 
pressure’ mode. The computerised controller allowed the pressure to be maintained to within 0.1 bar (0.01 
MPa). Pressure connections were placed at the top of the vessels so that aqueous fluids (denser than high-
pressure N2 or CO2) could not move out of, or between, the vessels. The vessels pressurised with CO2 
represented the ‘reactive cases’ and those pressurised with N2 the ‘non-reactive cases’. This allows 
discrimination between reactions purely due to CO2, and artefacts that might possibly be introduced by the 
nature/arrangement of the experiments. 
Sampling of the aqueous phase at the end of the experiments was carried out via the PEEK™ dip tube 
(with a 20 µm pore size polypropylene filter at the end), which ran to the base of the PTFE liner. Fluid 
samples were extracted whilst it was still under run conditions, pressure being maintained through the 
injection of extra CO2 into the headspace of the vessel. As much of the aqueous phase as possible was 
removed during this process to minimise precipitation of misleading carbonate minerals on 
depressurisation. The reacted cement sample was extracted after the vessel had been carefully 
depressurised. 
On opening the pressure vessels most samples were found to be intact, with the very few breakages 
possibly being a consequence of over-rapid depressurisation. It was also immediately apparent that the 
cement had changed appearance in the presence of CO2, having gone from a mid-grey to a light brown 
(Figure 328). Cement in contact with N2 showed little or no colour change. This colour change is thought 
to be due to reaction of calcium ferrite minerals and oxidation of the iron to give a ‘rusty’ colour. A 
similar colour change has been noted for borehole cements exposed to CO2 (Carrey et al., 2007). 
Prior to the start of the experiments accurate measurements were made of the diameter and length of each 
cement sample. This process was repeated at the end of the experiments, after the core samples had any 
surface moisture carefully removed, in order to ascertain if reaction with CO2 had caused any swelling or 
shrinkage of the cement. No changes in overall sample size were found. 
 



 

410 

 

 
Figure 326 Schematic diagram of an assembled batch reactor. 
 
 

 
Figure 327 Schematic diagram of the typical layout of batch reactors inside an oven. 
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Figure 328 Examples of cement cores before reaction (upper left hand image) and after 

reaction. Note the grey to brown colour change upon exposure to CO2, and 
the appearance of small (possibly sulphate mineral) crystals on the surface of 
the cement. 

Table 16-1 Percentage weight changes of cement samples relative to their initial weights 
after reacting for 10, 20, 40 and 365 days. YNFP was a young near-field 
porewater dominated by Na-K-Ca, YNFP+Cl was a Na-K-Ca-Cl porewater of 
more intermediate composition, and ENFG was an evolved near-field 
groundwater dominated by Ca and containing some Cl. 
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Each sample of reacted cement was carefully weighed at the end of each test and compared with their 
initial weights (

Cement weight changes 

Table 16-1). Several observations were made: 
1) For tests with dry N2 gas (non-carbonation experiments), all the cement samples lost weight. This 

seems to have been more pronounced with increasing pressure, temperature and especially timescale. 
The changes appear to be related to simple dehydration of the cement samples in the dry N2 gas. 

2) For tests with alkaline waters pressurised with N2 gas (non-carbonation experiments), there is more 
variation in sample weights. Generally speaking, most samples remained roughly the same weight 
(within ±1%). There are 3 exceptions to this: 

• The sample reacted at 20°C and 80 bar for 40 days (+2.06%). This weight increase is not typical 
of similar samples, and was unexpected. It is possible that it may be a consequence of a slightly 
under-saturated sample at the start of the test, and which took up a little extra water when it 
saturated during the 40 days of the test. 

• The two samples reacted for a year at 80 bar (+3.37% and +2.21%). These weight increases are 
thought to represent slow and continuous hydration of previously unreacted cement ‘clinker’ 
phases present within the cement during the extended duration of these longer tests. 

3) All the tests involving CO2 (i.e. carbonation experiments) gave cement weight increases (except for 
the one test where the sample broke up), and these were over and above the weight changes observed 
in the N2-pressurised experiments. This is interpreted as carbonation of the cement minerals such as 
portlandite and CSH gels, with the weight gain being associated with incorporation of the CO2 into 
secondary phases. 

4) Reaction with CO2 resulted in weight increases that were more pronounced with increasing timescale, 
and especially increasing pressure and temperature. The latter two parameters probably increasing the 
degree of reaction through more CO2 being present in the reactors, and increased reaction kinetics. 

5) The largest weight increases were found in tests with just dry CO2 (weight increases of approximately 
8%). In terms of molar quantities, the carbonation reaction produces at least as much water as amounts 
of CO2 consumed (equations [1] and [2]). A dry CO2 atmosphere would have helped remove this 
water from the cement sample, facilitating access of more CO2 to continue the reaction (see Reardon 
et al., 1989). 

6) There are broadly similar weight gains for samples reacted with dry supercritical CO2 for 40 days and 
for 1 year. This suggests that the vast majority of the cement carbonation was completed in the first 
few weeks or reaction. 

7) Given that the cement samples did not change size appreciably during carbonation, but did change 
weight, then their average density must have increased. 

 

Most cement samples showed broadly similar changes in mineralogy on carbonation. That said, 
macroscopic differences appear to be at least partially related to the state of the CO2 in the experiment. For 
example, free phase CO2 gave more pervasive alteration than dissolved CO2, which is possibly linked to 
ease of transport into the sample (e.g. Reardon et al., 1989). All cement cores showed some minor 
carbonation on the outside of them (typically 50-100 µm thick), including cores not deliberately exposed 
to high pressure CO2. These minor carbonation skins are most likely an artefact of sample handling (e.g. 
during cutting and exposure to air). They would have formed very rapidly, and prior to the experiments. 
This CaCO3 coating is very thin compared to the much thicker experimentally-induced carbonation rinds. 

Mineralogical changes 

Most cement samples displayed evidence for three main zones: 
• A core zone having only very minor carbonation. 
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• An intermediate zone of partial carbonation. 
• An outer zone of complete carbonation. 

In terms of general reactivity, all 3 phases of CO2 showed very similar reaction mechanisms with the 
cement. Key reactions were the conversion of Ca(OH)2 (portlandite) to a secondary carbonate such as 
calcite, and the conversion of CSH phases such as tobermorite to a secondary carbonate and silica gel, and 
the conversion of calcium ferrites and calcium aluminates to calcium carbonate and iron 
oxides/hydroxides and aluminium oxides.  

Ca(OH) 2  +  CO2  ⇒  CaCO3  +  H2O [1] 
portlandite                  calcite 

Ca5Si6O16(OH)2.9.5H2O  +  5 CO2  ⇒  5 CaCO3  +  6 SiO2  +  10.5 H2O [2] 
          tobermorite (a CSH gel)                          calcite     silica gel 

(CaO)2.Fe2O3  +  2 CO2  ⇒  Fe2O3  +  5 CaCO3 [3] 
          calcium ferrite                   iron oxide      calcite 
 

All experiments showed evidence for reaction fronts, and right at the leading edge of these there was 
commonly a very high porosity zone developed (due to dissolution). All experiments also showed a 
characteristic outer carbonated zone having a ‘3D chickenwire’ meshwork of interconnected micro-
fractures (typically on a 10s-100s µm scale). These micro-fractures may have been initiated at the reaction 
front, possibly as shrinkage cracks. However, predictive modelling (Purser et al., 2013; see Section 2.3) 
indicates that the complex interplay between mineral reactions, reaction rates, and back diffusion of 
calcium ions can result in repeating zones of narrow fronts of CaCO3 precipitation without micro-
fracturing. In some samples, larger shrinkage cracks up to several mm long were observed in the partly-
carbonated zone – some oriented parallel to the carbonation front, and some perpendicular to it. The 
shrinkage cracks subsequently fill with secondary carbonate. The ultimate product after carbonation was a 
matrix filled with a meshwork of CaCO3, finely granulated CaCO3 and a Si-rich gel phase. 
In terms of uncertainties, the intermediate zone of partial carbonation was very variable in width, ranging 
from µm to several mm wide. The reason for this variability is not totally clear. A second area of 
uncertainty is cement matrix/fabric heterogeneity. For example, a few of the cement samples displayed a 
‘woodgrained effect’, which was on a similar length scale to the samples used. This appears to be artefact 
of cement casting, producing coarser and finer layers. The coarser layers were associated with coarsely-
crystalline Ca(OH)2 cement filling the coarser pore space, whereas the finer laminations were dominated 
in CSH. CO2 preferentially altered the Ca(OH) 2 bands, resulting in uneven alteration and a ‘stripey’ 
appearance of some reacted cores (Figure 329). However, this did not change the nature of secondary 
phases produced. Whilst unwanted in these experiments, such heterogeneity is realistic, as it is likely to 
occur within actual repository cement. 
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Figure 329 Transmitted light image of polished thin section through core of NRVB reacted 

with ‘YNFP+Cl’ in the presence of gaseous CO2, 40 days at 40 °C under 40 
bar pressure. Top and sides of image represents outer edges of the cement 
core. Patterns or pathways of changes in hydration and alteration in the 
relatively unaltered cement are influenced to some extent by pre-existing 
heterogeneity (particle size segregations / laminations) in the original cement. 

 

Chemical changes in aqueous fluids in contact with NRVB cement were determined for most of the static 
batch experiments and only a subset are shown here (see Rochelle et al., 2014) for the full dataset). Prior 
to describing some of the more noteworthy results, it is important to note that most, if not all, of the 
experiments had not reached full chemical equilibrium. For example, whilst the outer parts of the cement 
samples may have been in equilibrium with the surrounding fluids, the central parts of the cement samples 
were still undergoing reaction. Thus, some dissolved species may have attained steady-state 
concentrations and have been in equilibrium with stable secondary phases, whilst others were still 
increasing in concentration. Reaction kinetics and the rate of transport of dissolved species through the 
cement are thus important considerations in assessing overall cement reactivity. Running experiments for 
different timescales provides some information as to whether steady-state concentrations had been 
achieved, with the 12-month long experiments being closest to full equilibration in this study. Comparison 
of data from experiments of the same duration provides information on the relative changes in fluid 
chemistry under different conditions. 

Fluid chemical changes 

In the absence of CO2, the pH of solutions in contact with the cement attained values of 12-13 expected 
for cement-equilibrated waters. However, the pH of the solutions showed a marked decrease on the 
addition of a CO2 (Figure 330). This observation mirrors those from previous studies where CO2 was 
reacted with samples of cement used to seal the gaps between steel borehole linings and the surrounding 
rocks (Rochelle et al., 2004, 2006, 2007). Note that in-situ pH would have been lower than those 
measured on cooled and depressurised samples. This applies in particular to the CO2-rich waters, which 
underwent extensive degassing of CO2 on sampling. 
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Figure 330 Changes in pH during the experiments (as measured at room temperature and 

pressure). Upper graph - nitrogen experiments, lower graph - CO2 
experiments. 

 
As the CO2 was present in excess, it would have provided the dominant control of pH. This can be 
represented by a series of reactions; first CO2 dissolution, then reaction of CO2 with water, and finally 
neutralisation of hydroxyl ions:  
 

CO2(g)  ⇔  CO2(aq) [4] 
 
CO2(aq)  +  H2O  ⇔  HCO3

-  +  H+ [5] 
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OH-  +  H+  =  H2O [6] 
 

Subsequently the rate of this reaction would have been dictated by the rate of production of OH- (or H+ 
consumption) by the sample of cement. A consequence of these reactions is an increase in concentration 
of dissolved bicarbonate. This illustrates the potential for CO2 to impact the high pH buffering capacity of 
the cement, and also to increase the concentration of potentially complexing ions in solution. 
The two most important phases in cement (portlandite and CSH phases) are both Ca-rich, and lead to a 
significant concentration of Ca in solution (Figure 331). The trends in dissolved Ca are more complex than 
for pH, as Ca solubility is a function of temperature, fluid composition and CO2 concemntration. For 
example, in the absence of CO2 warmer conditions lead to increases in Ca concentration for the ‘young’ 
porefluids, but lower concentrations for the ‘evolved’ porefluids. What is clearer however, are the 
increases in dissolved Ca concentrations in the presence of CO2, and this reflects dissolution of phases 
within the cement. In the presence of CO2, the phase controlling Ca solubility was most likely calcite, 
rather than portlandite or CSH phases as in the CO2-free (nitrogen-pressurised) experiments. 
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Figure 331 Changes in Ca concentrations during the experiments. Upper graph - nitrogen 

experiments, lower graph - CO2 experiments. 
 
Further evidence for dissolution of cement components can be gathered by considering silica 
concentrations (Figure 332). These are mostly much higher in experiments containing CO2. The lack of 
data for the nitrogen-pressurised experiments in Figure 8 reflects concentrations below the detection limits 
of the analytical technique used, and the mutual exclusivity of dissolved Ca and silica can be explained by 
equilibration with a CSH phase. The presence of significant Ca and silica in the CO2 experiments also 
suggests that the solution is no longer equilibrated by CSH phases – the outer parts of the cement having 
reacted. The source of silica in the CO2 experiments would have been dissolution of CSH phases. The 
broad consistency of the concentration of dissolved silica at 40°C suggests equilibrium with a common 
secondary Si phase, which in this case is likely to be silica gel formed through the carbonation of CSH 
(see reaction [2]): 
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Figure 332 Changes in SiO2 concentration  during the experiments. Upper graph - nitrogen 

experiments, lower graph - CO2 experiments. 

16.3.2 Flow experiments 
The aim of these experiments was to investigate changes in flow properties of NRVB cement in response 
to ingress of gaseous, supercritical and dissolved CO2. This was achieved by confining the cement test 
sample, forcing an advective flow through the sample, and carefully monitoring inlet and outlet flow rates 
and pressures. These results were then used to calculate flow properties. Details of this work are described 
in Purser et al. (2013, 2014). 
The same NRVB cement was used as in the static batch experiments, but this time it was sub-cored to 
produce samples of 49 mm diameter x 49 mm long. The small cylindrical samples were sandwiched 
between sintered filters (to facilitate fluid distribution) and stainless steel end caps. A Teflon jacket was 
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used to exclude the confining fluid. Volumetric flow rates into and out of the samples were controlled and 
monitored using a pair of ISCO-500HP, series D, syringe pumps operated from a single digital control 
unit linked to remotely operated LabViewTM software (Figure 333). Data collection was performed every 
2 minutes with a sub sample of this data being used for analysis. The tests were performed inside an oven 
at 40 °C. All samples were isotropically confined at 4 MPa above pore pressure. Four main tests were 
conducted: 
1) Partial carbonation of a sample using CO2 gas (NRVB-1) 
2) Full carbonation of a sample using CO2 gas (NRVB-2) 
3) Full carbonation of a sample using supercritical CO2 (NRVB-4) 
4) Full carbonation of a sample using water saturated with supercritical CO2 (NRVB-5) 

A typical test history comprised of a sequence of test stages, each designed to quantify the hydraulic and 
gas transport properties of the cement. A single experiment therefore, could provide information on pre-
carbonation hydraulic and gas permeability, plus post carbonation permeability. 
 

 
Figure 333 Schematic diagram of the flow test equipment. 
Initially, injection and backpressure pumps were filled with Ca(OH)2-saturated water to re-equilibrate the 
sample after initial assembly. Use of this fluid minimised the potential for portlandite leaching from the 
sample. Once complete, hydraulic testing commenced by increasing and decreasing the injection flow rate 
in a stepwise manor, doubling and halving the flow rate from 2125 µL/hr to 8500 µL/hr. N2 and CO2 
injection tests then proceeded; N2 to provide baseline data for an inert gas, and CO2 to carbonate the 
sample. Where appropriate, a second N2 gas test was undertaken after sample carbonation.  
 

Table 16-2 Summary of average permeability results from the NRVB cement carbonation 
tests 

Test Initial hydraulic 
permeability 

(m2) 

Hydraulic permeability 
after aqueous CO2 

injection 
(m2) 

N2 gas 
permeability 

(m2) 

CO2 
permeability 

(m2)  
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NRVB-1 4.3 x 10-17  N/A N/A 
NRVB-2 before N2 4.1 x 10-17  - - 
NRVB-2 after N2 4.2 x 10-17  2.20 x 10-19 - 

NRVB-2 after CO2 -  1.13 x 10-19 1.00 x 10-19 
NRVB-4 4.0 x 10-17  - 1.94 x 10-19 
NRVB-5 4.7 x 10-17 4.28 x 10-20 - - 

 
NRVB 1: Partial carbonation test with CO2 gas 
The hydraulic tests showed unaltered NRVB cement to be relatively permeable (Table 16-2). Previous 
studies of NRVB flow properties used deionised water (Francis et al., 1997), and report a slightly higher 
permeability coefficient of around 1 x 10-16 m2. It is thought that the use of deionised water in this earlier 
work may have caused some dissolution of phases within the NRVB. As a consequence, this may have 
resulted in artificially high porosity and permeability in the samples, and this may help explain the 
differences between our results and those of Francis et al. (1987). 
On addition of CO2 gas, injection pressure increased, indicating permeability reduction. For this first test, 
only a limited amount of CO2 was injected in order to investigate the carbonation front within the sample. 
As a consequence, steady-state flow conditions were not reached during the experiment, preventing 
calculation of gas permeability. An assessment was made of the amount of carbonation using an acid 
digestion method, with 19.5 g of CO2 found to have reacted with 158.2g of NRVB cement. This is 
comparable with the measured amount of CO2 injected using the high precision syringe pumps. 
The partially-reacted cement core displayed an obvious wedge-shaped reaction front (associated with a 
marked colour change) that had propagated half way along the length of the core (Figure 334), and was 
investigated in detail. Small-scale variation in permeability along the sample length was determined using 
a N2 micro-permeameter. These values are significantly higher than those for saturated NRVB quoted in 
Table 16-2 as these measurements were performed after the core had been subject to vacuum desiccation. 
However, the data provide an indication of the relative changes in permeability across the length of the 
sample. A reduction in permeability was observed within a narrow zone at the leading edge of the visible 
alteration front. This could account for the higher pressures generated during the CO2 injection stage of 
later experiments. Dissolution of CSH phases and portlandiate and leaching of calcium, are observed in a 
very narrow region in front of the leading edge of the carbonation. This is associated with enhanced 
microporosity in the same region. The calcium appears to have migrated towards the carbonation front 
where it is concentrated in a fine network of microfractures. The carbonated zone was very similar to that 
found in the static (diffusion-controlled) experiments comprised a 3-dimensional ‘chicken-wire’ 
meshwork of calcite-mineralised microfractures within a nanoporous matrix of amorphous silica and fine 
grained patchy replacive calcite, with disseminated remnants of brownmillerite from the original cement 
slag. Entrained air bubbles in the cement were also partially filled by vaterite. 
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Figure 334 Photograph of the cut core of partly carbonated cement from flow test NRVB-1. 

Note the lighter coloured carbonated cement (to the left), thin reaction front, 
and the relatively unaltered cement (to the right). Micro-permeameter data 
show decreased permeability close to the reaction front. 

 
NRVB-2: Full carbonation test with CO2 gas 
The hydraulic permeability data were found to be consistent with that of NRVB-1 (Table 16-2). 
Conductivity and permeability remained unaltered after the gas injection test with N2, confirming its non-
reactivity with NRVB. Maximum test pressures were significantly higher during CO2 injection compared 
to those observed during N2 injection. A marked breakthrough was signified by an increase in outflow 
after 22 days, and this continued until steady state conditions were achieved. Major gas breakthrough 
lagged behind the pressure peak, probably reflecting the complexity of the reaction fronts. Pre- and post-
carbonation gas tests (using N2) clearly show a change in permeability leading to increased gas pressures 
observed (Table 16-2). 
 
NRVB-4: Full carbonation test with supercritical CO2 
The initial hydraulic permeability data were again found to be consistent with that of NRVB-1 (Table 
16-2). Permeability data post-carbonation for supercritical CO2 show small reduction in permeability, that 
is broadly similar to that for gaseous CO2 (test NRVB-2).  
 
NRVB-5: Full carbonation test with dissolved CO2 
This test was different to the other flow tests in that CO2 was added to the cement core in solution. The 
dissolved CO2 was prepared at pressure by reacting cement-equilibrated water with an excess of high 
pressure CO2, and then filtering out the extensive CaCO3 precipitate that resulted. As the CO2 was only 
dissolved, it was effectively added to the cement at a much lower concentration compared the tests 
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involving free phase gaseous and supercritical CO2. It was immediately apparent that pressures increased 
upon carbonation (at a constant flow rate), and that flow paths within the cement blocked up rapidly. This 
resulted in an approximate 3 orders of magnitude decrease in hydraulic permeability (Table 16-2). 
Dissolved CO2 therefore appears to be very efficient in reducing cement permeability. That said, this 
probably requires an excess of cement to be present, as prolonged exposure to a flow of acidified CO2-rich 
water to carbonated cement will start to dissolve the initially-precipitated carbonate phases. 
 

Carbonation of NRVB cement samples during the flow tests resulted in similar mineralogical changes to 
the static batch experiments, plus the formation of reaction fronts that travelled through the samples. 
Portlandite and CSH phase were destroyed, and CaCO3 and silica were formed. This process is associated 
with localised porosity increases, which are then variably filled with secondary CaCO3. As the reaction 
front travelled through the sample, a tight zone of significantly reduced permeability was created. This has 
the ability to ‘armour’ some regions of the cement, leading to isolated islands of unreacted NRVB and so 
reducing its total buffering capacity. Overall bulk gas permeability is reduced on carbonation. While this 
behaviour may not adversely affect the transport behaviour of NRVB, further work is required to fully 
understand the complex coupling between fluid flow, permeability and carbonation. 

Mineralogical changes 

 

16.3.3 Modelling advecting CO2-cement reaction 
The PRECIP reaction-transport code (Noy, 1998) was used to produce an initial numerical representation 
of the cement carbonation experiments. This 1D code couples fluid transport to chemical reaction, and 
takes account of both changing porosity/permeability and mineral dissolution/precipitation rates. The code 
considers only a single phase fluid, and is thus a closer representation of dissolved CO2 flow experiment 
(experiment NRVB-5 described above). Whilst it cannot represent the injection of high pressure gas into 
an initially water saturated sample, its use may help understand some of the factors that control the system 
in the gaseous and supercritical CO2 flow experiments. Details of this work are described in Purser et al. 
(2013). 
A simplified cement composition was used, and represented as a mix of tobermorite, calcite and 
portlandite, with a porosity of 52%. The pore fluid in the cement was assumed to be initially at 
equilibrium with this mineral assemblage. The simulation involved fluid injected into one face of the 
sample, and that fluid comprised pure water equilibriated with calcite and CO2 at 4 MPa. The base case 
calculation assumed a large total reactive surface area (106 m2/m3) and relatively large reaction rate 
constants. The surface areas of the initial components of the column are approximately in proportion to 
their volumes. The simulated fluid injection rate was 3x10-7 m3 m-2 s-1 (2 ml hr-1 for a 49 mm diameter 
column), which generated a porewater velocity of 5.8x10-7 ms-1. For a 49 mm long column this 
represented an injection rate of approximately 1 pore volume per day. This combination of injection and 
reaction rates created a short reaction zone, about 9 mm long, that progressed stepwise along the cement 
column. The prediction of a reaction zone is noteworthy, as it mirrors what was seen in the experimental 
reaction products (albeit that they were of slightly different thickness). The use of a code employing 
purely equilibrium chemistry would have resulted in a very sharp reaction front and no prediction of a 
reaction zone. The model predicted the complete transformation of tobermorite to aragonite and 
chalcedony, followed by slower transformation of chalcedony to quartz, and of aragonite to calcite. 
Additionally, there was gradual dissolution of portlandite adding to the generation of aragonite. A small 
net reduction in porosity was predicted except near the inlet end of the column where the aragonite 
starting to re-dissolve. The pH of the outlet fluid remained high until the reaction zone reached the end of 
the column. 
The initial calculation was repeated with the dissolution rate of tobermorite reduced by a factor of 2.5, as 
were the precipitation rates for chalcedony and aragonite. The effect of this change was to increase the 
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length of the reaction zone to about 20 mm. Shown in Figure 335 are plots of changing pH and porosity 
over time, and of mineral abundance and Ca2+/HCO3

- concentrations after 100 hours of simulated time.  
Noticable in both base and reduced rate models are the spikes in aragonite precipitation at the end of each 
reaction zone step with corresponding reductions in porosity (Figure 335). The aragonite spike occurs just 
at the end of the tobermorite dissolution zone. The Ca2+ concentration drops to near zero at this point, but 
then rises again due to the dissolution of portlandite. The predicted gradient in Ca2+ concentration drives 
diffusion of calcium back against the porewater flow providing the material for the excess aragonite 
precipitation at discrete intervals. Back-diffusion of Ca2+ concurs with conclusions based upon 
observations of the reaction front from experimental materials and previous studies (Rochelle and 
Milodowski, 2013). However, the narrow zones of carbonate precipitation are on a cm-scale in the model, 
but at sub-mm scale in the experimental samples. Adjusting parameters in the model could probably 
produce a closer match to that observed in the experiments, though this would require more refined, much 
finer-scale models to better represent the complex interplay between diffusion, mineral reaction rates, 
mineral saturation and fluid flow rates. 

  

  

Figure 335 Mineral, porosity and aqueous concentrations at 100 hours of simulated time for 
the ‘reduced dissolution rate case’ (see Purser et al., 2013). 
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16.4 CO2 transport mechanisms 
In a repository setting, CO2 could be present in dissolved form (as CO2(aq), HCO3

-, CO3
2- or complex ions 

depending upon local fluid chemical conditions), but if enough of it were generated to exceed saturation 
then it could also be present as a free phase. In terms of transport mechanisms therefore, it could migrate 
as: 
• Diffusion of dissolved species along a chemical gradient. 
• Downward advection of dissolved species due to density increase of water upon CO2 dissolution (e.g. 

Kneafsey and Pruess, 2010; Pau et al., 2010). 
• Advection of free-phase CO2 along a pressure gradient, or buoyant upward advection. 

In this investigation, we studied the impacts of CO2 diffusion on NRVB cement via static batch 
experiments. The work focussed on the formation of chemical reaction fronts and the ensuing 
mineralogical and textural changes, rather than on measuring diffusion rates. The impacts of CO2 
advection were studied via flow experiments. These included flow of dissolved and gaseous CO2 (being 
the more likely forms in a future repository setting). However, we also investigated the flow of 
supercritical CO2 to scope cement reactivity under more extreme conditions. 
The nature of CO2 migration within the NRVB cement was also controlled to some extent by chemical 
reaction, a process that might not be apparent for other gases in different repository concepts (e.g. 
hydrogen migration through bentonite). Thus for example, CO2 consumption through the formation of 
secondary carbonate minerals would set up steeper chemical potential gradients, enhance the apparent rate 
of diffusion, and possibly lead to faster migration of carbonate reaction fronts. Conversely, the formation 
of secondary carbonate minerals could block porosity, leading to significant reductions in permeability in 
the flow experiments. In terms of overall migration of CO2 within cementitious systems therefore, it is 
necessary to consider chemical reaction, reaction kinetics and transport. 
The aims of this study did not include quantification of diffusion properties. However, we were able to 
track the net effect of diffusion-controlled carbonation via the progression of carbonation fronts as a 
function of time. It should be noted that the fronts do not record the position of the leading edge of CO2 
ingress, as minor amounts of CO2 reacted with cement in advance of the fronts. Instead, the carbonation 
fronts record the position where sufficient CO2 had permeated the core to enable enough carbonation to 
occur to change the structure of the cement (including complete carbonation of the reactive cement 
minerals). The fronts migrated by a few mm over several weeks (Figure 336). However, the data from 
several of the 40 day long experiments show quite variable degrees of ingress of the carbonation fronts. 
Whilst some of 40 day data are broadly in line with extrapolation of the 10 and 20 day data, some samples 
showed much slower ingress of the reaction fronts into the samples. We are unsure why this was the case, 
though sub-sampling from a heterogeneous cement block may have resulted in experimental samples of 
slightly different properties, and this might be one explanation. 
Whilst many of the samples used in the static carbonation tests showed relatively uniform carbonation 
when sectioned, some displayed carbonation focussed along specific zones. These appear to be regions 
made from coarser grains, with the coarser porosity infilled by Ca(OH)2. These were more reactive to CO2 
than the surrounding, finer-grained CSH-rich regions, resulting in non-uniform, complex reaction fronts. 
The cause of the original differences most likely relates to differential sedimentation of grains during the 
pouring and setting of the cement. The overall effect is to introduce a degree of uncertainty in the average 
position of the carbonation fronts, as different samples were affected to different degrees (i.e. small sub-
cores from one part of the original large cylinder of cement may be affected, whereas others will not). 
That said, only a few of the samples used for the static tests showed these features, and none of the 
samples used for the flow tests appear to have been affected. The addition of certain (usually organic) 
additives to the cement may be one way to minimise differential sedimentation, but these additives may 
have deleterious effects on the solubility and sorption behaviour of some radionuclides and thus be 
unwanted components within a repository (Francis et al., 1997). It is therefore possible that differential 
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sedimentation may be a feature of additive-free NRVB cement in a repository, and that diffusional 
transport may result in regions of carbonation having complex shapes. 

 

 

Figure 336 Three optical microscope images with maximum ingress of reaction fronts 
highlighted. Slides (a) and (b) are from experiments using a ‘young’ 
porewater, and (c) from one using an ‘evolved’ groundwater. Also shown is 
an illustrative plot of the average ingress of the leading reaction front into the 
cement over time. 

Experiments using an advective flow of CO2 resulted in relatively uniform alteration of the cement, with 
no preferential alteration along specific zones. Injection of CO2 was along the central axis of the core 
sample As a consequence of the fast reaction of CO2 and flow rate used this resulted in a cone-shaped 
leading edge to the carbonated zone (Figure 337). As per the static (diffusion-controlled) experiments, a 
reaction zone was observed, though this was thinner in the flow experiments. Once the apex of the cone-
shaped leading edge of the reaction front reached the outlet side of the cement sample it appeared to focus 
CO2 migration. The net effect was to leave small areas of isolated unreacted cement close to the outlet end 
of the cement sample. 
Flow in both the batch experiments (diffusion) and flowing experiments (advection) was via an open pore 
network. The NRVB cement is designed to have a very high permeability in order to allow gas migration 
and prevent excess pressures building up within a repository. Though some permeability reduction was 
observed in the laboratory tests, the carbonated cement still remained permeable to gas – though to a 
lesser degree. Whilst we recognise that the potential for excess gas pressures will also be governed by the 
rate of gas generation (including gases other than CO2), based upon the results of this study there is no 
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strong evidence to suggest that permeability will decrease sufficiently enough to allow excess gas 
pressures to develop (at least for realistic gas generation rates). It should also be recognised that CO2 will 
be consumed by the cement through carbonation reactions, a process which will act to reduce gas 
pressures. As such, mechanical disruption of the NRVB cement seems unlikely, and consequently the 
potential for gas transport along newly-formed cracks appears unlikely. 
There are however, two caveats to the above: 
1) We cannot rule out the possibility that much slower carbonation reactions (i.e. at rates more realistic 

of a repository timescale) might produce narrower reaction fronts with more efficient infilling of 
porosity, and consequent larger reductions of permeability. These may serve as more effective barriers 
to CO2 flow and allow higher differential pressures to develop. Indeed studies of naturally-carbonated, 
naturally-occurring CSH phases indicate that some reaction fronts can effectively ‘armour’ nodule-
sized masses of CSH phase from further carbonation for several thousands of years (Rochelle and 
Milodowski, 2013). 

2) As well as forming ‘chicken wire’ cracks, CO2-cement chemical reaction occasionally caused two 
types of slightly larger, but still very localised temporary shrinkage cracks to develop (Figure 337). 
These were mm-scale features, located at the active carbonation front, and were only observed for 
unconfined samples in the batch experiments. One set of shrinkage cracks was oriented approximately 
parallel to the flow direction and the other set were approximately perpendicular to it. Each of the 
small cracks was only a temporary feature, as secondary precipitation eventually sealed these as the 
carbonation front progressed through the sample. Thus an individual pathway may be temporary, but a 
longer-lasting, narrow, ‘dynamic’ zone of potential flow pathways associated with the actual 
carbonation front appears to have slowly moved through the cement. 

 

 
Figure 337 Partially carbonated cement sample showing zones having different degrees of 

carbonation together with associated reaction fronts. 
Issues of gas transport through cement are of interest to other industries as well as radioactive waste 
storage. Several relate to hydrocarbon/CO2 extraction, gas storage and the underground sequestration of 
CO2. A key concern is the behaviour and sealing of cements that line boreholes and provide a seal 
between the surrounding rock and the steel borehole liner. Whilst the migration of gases such as methane 
will be just subject to physical control, CO2 will react with the borehole cement. There are an increasing 
number of borehole cement carbonation studies, including laboratory tests, recovery of actual borehole 
samples, investigation of natural analogues, and predictive modelling (e.g. Carey et al., 2007; Rochelle 
and Milodowski, in press; Wilson et al., 2011). Of particular concern is the potential for CO2 transport 
along imperfectely-sealed interfaces between rock-cement and cement-steel. Whilst CO2 extraction and 
enhanced oil recovery (EOR) schemes may only consider borehole lifetimes of a few tens of years, those 
concerning underground storage of CO2 have to consider timescales of 10 ka to 100 ka – significant on a 
repository performance assessment timescale. Many CO2-cement reactions and transport processes appear 
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common to both CO2 storage interests and radioactive waste disposal, even though the permeability 
characteristics of the cements may differ significantly. 

16.5 The role of interfaces in CO2 migration 
Within a multi-barrier concept repository there will be many different interfaces between the repository 
components. It was not the aim of this study to study these interfaces, so only a few comments can be 
made about these. That said, our tests did generate interfaces between regions of partially-carbonated and 
fully-carbonation cements as a result of CO2-cement chemical reactions. This resulted in shrinkage cracks 
and reaction fronts, which potentially could act as foci for fluid flow. Shrinkage could have resulted from 
water loss during carbonation, or actual solids volume decreases. There are indications that this localized 
zone of shrinkage and porosity enhancement migrates over time, with secondary carbonate precipitation 
progressively filling porosity after it is created. This secondary carbonate precipitation is also controlled 
by very local back-diffusion of calcium ions creating very narrow fronts. Thus a ‘dynamic’ zone of 
increased permeability appears to move through the sample, and is longer-lasting than one specific 
shrinkage crack. 
Laboratory experimental studies and observations of boreholes as part of CO2 storage studies have shown 
that imperfections in the sealing of steel/cement and cement/rock interfaces can have an important control 
on gas migration (e.g. Carey et al., 2007: Rochelle et al., 2009). For example, a poor steel/cement bond or 
an unsealed engineered damage zone (EDZ) at the cement/rock interface can allow CO2 migration. Poor 
seals might also result from poor well management, or temperature cycling during periods of alternating 
production, injection, or shut-in. In the case of the study of borehole cement recovered from the SACROC 
Unit (Carey et al., 2007), zones of cement carbonation extended several metres up the well (i.e. into the 
overlying caprock) along the cement-rock interface (Figure 338). It is possible therefore, that if there was 
significant flow of acidic, CO2-rich water along this interface, then there is potential to enhance 
dissolution and magnify interface permeability. On the other hand, significant dissolution will only occur 
if there is sufficient flow to remove dissolved components. In conditions of low or no flow, then reactions 
may occur initially, but once they approach local equilibrium will do very little thereafter. Indeed, if 
carbonation reactions resulted in a reduction in porosity/permeability and reduced potential for fluid 
migration, then they might improve the sealing of the cement. Cement carbonation therefore has the 
potential to be either beneficial or deleterious depending upon the specific environment and degree of 
reaction. Given the smaller amounts of CO2 in the repository environment compared to CO2 storage, and 
the larger (and potentially excess) amounts of cement, there would appear to be a relatively low risk that 
cement carbonation would cause major problems in the repository environment. 
In terms of interfaces, CO2 storage studies need to consider just those between steel/cement and 
cement/rock (e.g. Carey et al., 2007; Rochelle et al., 2009). Also, these interfaces may not be clean as they 
may be variably covered with drilling mud. Whilst residues from drilling fluids will not be an issue in a 
repository setting, it will however be important to consider cement/cement interfaces. These could occur, 
for example, between cement grout/backfill and concrete boxes containing steel drums of waste, between 
layers of grout/backfill if emplacement was staged, or between cavern structural cement and 
grout/backfill. There could also be chemical or mineralogical differences across the cement/cement 
interfaces – such as when different formulations are used, between different ages of cement (hydrated 
phases in cement becoming more ordered over time), or if some of the cement were exposed to higher 
than ambient temperatures due to the presence of heat-emitting waste. 
There are other reactions will also occur along interfaces. Carbonation reactions generate water as 
hydrated calcium silicate hydrate phases convert to carbonate minerals. If this water were to migrate 
towards grains of non-hydrated cement clinker, then new cement minerals may form (e.g. calcium silicate 
hydrates), and these may help lower local permeability. There are indications from a limited number of 
laboratory experiments undertaken as part of CO2 storage studies (see Rochelle et al., 2009) that sealing 
along a cement-steel interface might actually improve with ingress of limited amounts of water or CO2, as 
this may result in new cement minerals growing and an improvement in sealing. 
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The behaviour of cement interfaces during carbonation is thus complex. However, one clear conclusion 
coming out of several CO2 storage-related cement carbonation studies was that a high quality initial 
bond/seal was the best way to minimise gas migration. A good seal may actually improve with limited 
carbonation, but a ‘leaky’ seal is likely to get worse. Similarly, well-sealed interfaces will be needed in a 
repository setting. 
 

 
Figure 338 Image of samples of borehole cement recovered after 30 years in a CO2-rich 

environment (modified after Carey et al., 2007). Note that carbonation was 
focussed along the cement/steel and especially the cement/shale interfaces. 

16.6 Upscaling from laboratory to repository scale 
The experiments in this study were designed to simulate the potential upper and lower bounds of likely in-
situ pressures and temperatures, and replicate specific scenarios as realistically as possible. We 
acknowledge however, that the experiments are relatively simple and have tightly-controlled conditions, 
and may therefore not replicate the complexities of ‘real’ systems. Also that there is a compromise in 
terms of timescales, as we are trying to simulate slow/low flow rate processes lasting 100s-1000s of years 
within a few months in the laboratory. Equally, we note that the sample sizes studied are far smaller than 
repository scale.  
Upscaling of the processes identified by this study can be achieved by comparison with analogous 
systems. Whilst such systems may not have been studied in as much detail as the experimental samples of 
this study, they can provide information on temporal and spatial scales well in excess of those possible by 
experiment. Thus for example, in terms of physical size, for cement carbonation reactions there is very 
similar behaviour (qualitatively) with multi-metre scale observations of carbonated borehole cement from 
CO2-production wells (e.g. Carey et al., 2007). Though the cement formulations may be different between 
those used as NRVB buffer-backfill and borehole seals, many of the phases involved and reaction 
processes appear similar in both cases. Though Carey et al. (2007) do note a degree of alteration of the 
bulk cement, their results clearly demonstrate the importance of interfaces (steel-cement, and cement-
rock) in facilitating CO2 migration, along which CO2 moved several metres in 30 years. 
Extension of temporal scales to several thousands of years is possible through the study of analogous 
systems. Thus for example, modern borehole cements have been in use for a few 10s years, Portland-type 
building cements 10s to approximately l50 years, Roman cements approximately 2000 years, other 
building cements up to approximately 5000 years, and naturally-carbonated naturally-occurring cement 
minerals for timescales of 10000s to 100000s of years. In relation to the current study, broadly comparable 
observations have been made of material from; carbonated borehole cements (Carey et al. 2007 - reactions 
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over 10s years), and naturally-carbonated cement minerals reacted for >1000s years (natural analogues, 
Figure 339) (Rochelle et al., 2007; Rochelle and Milodowski, 2013). The size and age of some of these 
analogous systems are much closer to those required for repository assessments, and the similarity 
between observations of laboratory experiments and analogues leads us to believe that we can successfully 
translate many of them to repository scenarios. 
 

 
Figure 339 Transmitted light image of thin section through altered calcsilicate nodule.  It 

shows zoned alteration: A - quartz-rich zone with minor larnite; B – larnite 
with minor spurrite or paraspurrite; C – Inner zone of the late-stage 
alteration rim, with secondary porosity highlighted by blue resin; D – zone of 
carbonation reaction with scawtite, amorphous silica and calcium carbonate; 
E – host marble. Sample MPLM802B, Scawt Hill, Northern Ireland. From 
Milodowski et al., 2009). 

  
Whilst some processes may behave similarly over a range of temporal and spatial scales, there are some 
notable differences. One of these appears to be the thickness of the carbonation interface. In the laboratory 
samples carbonated as part of this project it was possible to observe several discrete reaction fronts within 
a broader reaction zone. However, studies of naturally-carbonated naturally-occurring cement-type 
minerals (Milodowski et al., 2009, 2011; Rochelle and Milodowski, in press) show a very narrow, single 
reaction front between carbonated and non-carbonated regions. It is possible that these differences are a 
function of the complex interplay between a series of reactions having very different rates, and we do not 
underestimate the difficulty in comparing these systems because of the very different CO2 partial 
pressures, state of the CO2, cement composition, CO2 ingress rates etc. Nonetheless, it does seem possible 
that differences in the relative rates of fluid flow and mineralogical changes have less of an impact as 
timescales increase, leading to narrower reaction zones over longer timescales. It is possible that these 
narrower zones may also become more efficient at sealing permeability. It would be useful to investigate 
the permeability of the carbonation zones and how this changes over prolonged timescales. 
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16.7 Potential impact of CO2 on repository safety functions 
Information presented in the previous sections clearly demonstrates that carbonation of cement can alter 
its pereability. At microscopic scales carbonation results in a patchwork of high porosity/permeability 
domains enclosed by thin low porosity/permeability zones. At a somewhat larger (millimetric) scale, there 
was some evidence that unconfined samples could develop stress cracking close to the carbonation 
reaction fronts, though these features were very localised and could be filled by secondary carbonates as 
the reaction fronts moved through the sample. For larger samples (several cm in size), the net effect of 
carbonation is to reduce permeability - at least halving its original permeability. 
Such reductions in permeability are beneficial in terms of containment as they would act to limit 
radionuclide migration. The NRVB cement used in this study is designed to be relatively permeable, so as 
to safely vent gas pressure build-up within the canisters The reductions in permeability observed in the 
tests conducted here, still allow for some gas migration through the samples of cement, albeit at a reduced 
rate. As a consequence, it seems unlikely that carbonation would cause overly high gas pressures to 
develop in the waste canister or around its vent, and so the risk of mechanical disruption appears low. That 
said, dissolved CO2 was particularly effective at reducing permeability (by about 3 orders of magnitude, 
compared to a halving for gaseous or supercritical CO2). Around the vents of waste canisters there could 
therefore be different regions of carbonation having different permeability, depending upon whether they 
were carbonated under conditions dominated by predominantly dissolved CO2 or free phase CO2. 
Assessing which type of carbonation will dominate will be a complex function of gas generation rates, 
cement permeability, and rate of cement reaction.  
Most of the carbonation observed was relatively uniform. However, a small number of (mainly diffusion) 
samples showed some evidence for carbonation along specific zones. These are thought to relate to 
differential settling during cement pouring and curing. Similar features could form in a repository setting, 
and could provide preferential routes for CO2 migration if they occurred on a large scale. Such cement 
heterogeneity could be minimised through the use of organic additives to enhance cement flow behaviour. 
However, Francis et al. (1997) note that the presence of such organics may enhance the mobility of some 
radionuclides. It will be important therefore, to consider carefully the pros and cons of adding additives to 
repository backfill cement. 
There is clear evidence that cement carbonation can result in a lowering of cement pH buffering capacity. 
As many metallic radionuclides have low solubility under alkaline conditions, but higher solubility as pH 
decreases. Potentially therefore, carbonation may facilitate local radionuclide migration. That said, if as 
seems likely, the repository contained an excess of cement that was more than sufficient to react with all 
the produced CO2, then overall pH buffering to alkaline conditions could still be effective for many parts 
of the repository. 
It is anticipated that carbonation reactions would help immobilise 14CO2 if that were present. However, 
one less expected observation concerning solute migration was the enhanced localised uptake of dissolved 
chloride (Cl-) by the cement. 36Cl presents particular issues within repositories, due to its long half-life, 
ease of uptake into biological systems, and relative mobility in many settings. Uptake of Cl- was most 
clearly revealed by significant decreases in dissolved Cl- in the experiments using more ‘evolved’ 
porewater compositions (i.e. porewaters reflecting interaction between saline groundwater and the cement) 
(Figure 340). 
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Figure 340 Chloride uptake in 40 day static batch experiments. Note decreases relative to 

the starting solutions, especially at 20°C. YFNP 1 = young (Na/K/Ca/OH) 
near-field cement porewater, ENFG = evolved (Ca/OH) near-field cement 
groundwater. Upper graph - nitrogen experiments, lower graph - CO2 
experiments. 

 
Many of the experiments showed decreases in dissolved Cl-, not just those pressurised with CO2. The 
NRVB cement appeared to be immobilising Cl-, especially at lower temperatures (in this study 20 °C) 
where Cl- uptake was especially favoured. Smaller, but still significant, amounts of additional Cl- were 
taken up in equivalent experiments pressurised with CO2. The additional stability provided by the 
presence of CO2 possibly suggests that it may exist as part of a solid-solution series with Cl- and CO3-
endndmembers. 
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Detailed mineralogical observations in the region around carbonation fronts revealed the presence of small 
amounts of two fine-grained, Cl-rich solid phases. One was a gel-like Cl-rich CSH, the other was only 
found in the 20 °C experiments and occurred as fine-grained radial fibrous crystal aggregates of a calcium 
chloroaluminate phase, probably hydrocalumite (Ca4Al2O6Cl2.10H2O) (Rochelle et al., 2013; Milodowski 
et al., 255) (Figure 341). Element mapping clearly showed that these Cl-rich phases were found on the 
cement-side of the reaction front (Figure 342). It would appear that they are only stable under higher pH 
conditions (i.e. where CSH phases were still present). 
 

 
Figure 341 BSEM photomicrograph of radial fibrous secondary calcium chloroaluminate 

phase. This formed within altered cement just behind the leading edge of the 
carbonation front. 

The secondary Cl-rich phases were only stable where CSH was present, and we envisage that they 
progressively breakdown as carbonation reactions consume the CSH around them. The released Cl- then 
migrates via diffusion towards the remaining CSH and re-precipitates. This dissolution/precipitation 
process continues until all of the CSH is reacted (in the case of a limited quantity of cement), at which 
point the Cl- would be released back into solution. 
The uptake of Cl- in CO2-free cement systems concurs with observations undertaken as part of previous 
experimental radwaste-cement studies (Glasser et al., 1998). Cl- uptake in CO2-rich systems has also been 
previously noted as part of borehole stability studies for the deep underground storage of CO2. Rochelle et 
al. (2006, 2009) found increased Cl- uptake in CO2-rich experiments compared to CO2-free experiments, 
and Carey et al. (2007) report a Cl-rich secondary phase in recovered samples of borehole cement that had 
been exposed to CO2-rich fluids for 30 years.  
The apparently likely occurrence of Cl-rich phases within cementitious repositories, raises the question of 
whether performance assessment calculations could include them (many current approaches assume 
conservative, i.e. non-reacting, behaviour of Cl-). Inclusion of such phases would likely retard the overall 
predicted migration of 36Cl, lowering eventual releases to the biosphere, and hence improving safety 
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calculations. Equally, they may allow for higher initial loadings of 36Cl in the waste. It would be useful to 
investigate these phases further. 
 

 
Figure 342 High resolution images of a cement carbonation front. Note the abundance of Cl 

on the partly-carbonated side of the reaction front, and its near absence in 
the fully-carbonated cement. 
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16.8 Concluding remarks 
The proceeding sections summarise the findings of our experimental study conducted as part of the 
FORGE project. This work has allowed identification and quantification of processes occurring during 
cement carbonation, and this will help inform predictive modelling of repository evolution. The 
buffer/backfill cement appears to have coped with carbonation well, remaining intact, and with some 
properties apparently improving (such as reductions in permeability). Uptake of Cl by the cement was also 
identified, and this could also be beneficial in terms of retarding the mobility of 36Cl. The work also 
confirmed that cement carbonation leads to a loss of pH buffering to alkaline conditions. 
The study also highlighted several areas where further investigations could be useful. These include: 
• Assessing the likelihood for compositional heterogeneity within the cement as a consequence of 

settling during and after pouring. 
• Quantifying the longevity of the reaction zones identified, and whether they evolve into a single 

reaction front over long timescales. 
• Better defining the likelihood of cement micro-fracturing during carbonation, mechanisms controlling 

the formation of narrow carbonate precipitation zones, and their impact on permeability. 
• Quantifying how efficient secondary phases are at ‘armouring’ cement from further carbonation, and 

how the permeability of this carbonated zone changes over time. 
• Precise identification of the Cl-rich phases forming within the altered cement, and consideration of the 

impact such phases could have on 36Cl retardation and repository safety functions. 

Carbonation features and secondary phases observed in these experiments using a relatively 
porous/permeable cement, bear many similarities to those found in far lower porosity/permeability 
borehole cements used in CO2-storage operations. There are also similarities to samples of naturally-
occurring CSH phases which have been naturally-carbonated over prolonged timescales. A number of 
common carbonation processes may be operating in all these systems, and consideration of all these 
sources of information is needed to help provide a clear picture of cement carbonation. 
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17 Summary of the findings in WP3: 
Gas migration in the EBS 
The purpose of WP3 was to examine how unresolved issues related to gas migration could detrimentally 
alter the hydraulic and mechanical (and potentially the thermal and chemical) properties of the engineered 
barrier systems. A detailed series of laboratory and field scale experiments was undertaken to provide new 
fundamental insights into the processes and consequences of gas migration through the engineered barrier 
and seals of repositories. 
The main focus of the work has been on the migration of hydrogen gas through barriers and seals 
consisting of bentonite or bentonite sand mixtures. This also includes the interfaces between bentonite and 
other system components. However, some work has also been done for gas migration in cementitous 
barriers. 
 
Bentonite based barriers 
In an unsaturated or partially saturated bentonite there is a linear dependence between gas flow rate and 
pressure gradient, which indicates that two-phase flow is the dominating transport mechanism. This may 
also be the case for saturated sand-bentonite mixtures if the sand content is sufficiently high. 
At a degree of saturation of ~80-90% or higher the behaviour changes entirely. No flow of gas will take 
place in the bentonite unless the applied pressure is equal to or higher than the total stress. The only 
transport mechanism is the omnipresent diffusion of dissolved gas. Diffusion has not been a key issue in 
Forge, but evaluated diffusivities are well in line with what has been presented elsewhere. 
If the gas pressure reaches a higher value than that the pressure in the bentonite a mechanical interaction 
will occur. This will lead to either: 
1. Consolidation of the bentonite, and/or 
2. Formation of dilatant pathways  
Consolidation means that a gas volume will be formed within the clay that and that the clay is compressed. 
The effect is clearly observed at low clay densities. This increases the clay density closest to the gas 
volume and the local swelling pressure is increased to balance the gas pressure. There is however a limit 
to the extent of consolidation. 
At some critical pressure, pathways will be formed and the gas will become mobile. The pathways are 
characterized by  a strong coupling between σ, Π and Pp, localised changes in σ, Π and Pp, unstable flow, 
exhibiting spatio- temporal evolution,  localised outflows during gas breakthrough and no measurable 
desaturation in any test samples.  
It is still unclear when consolidation ends and pathway formation starts. In some tests, pathways form 
when the gas pressure reaches the sample pressure. An example of this is the full scale Lasgit test. Other 
tests show pathway formation at an overpressure at about 20-30%, while there also are tests where 
breakthrough occurs at pressures 2-3 times higher than the sample pressure. The effect is clearly geometry 
dependent, but other factors may be involved as well. 
However, it is clear that classical two-phase flow models cannot correctly represent gas migration in a 
compacted saturated bentonite.  
In Forge, substantial effort has been devoted to the study of gas migration in interfaces. A simple 
summary of the findings is: 
1. Interfaces will, not surprisingly, be the preferred pathway in an unsaturated system 
2. If given the opportunity, gas will generally move along the interface between the clay and 

another material in a saturated system as well. This does not however seem to affect the 
transport mechanisms (previous paragraph).  

3. In most cases bentonite/bentonite interfaces will seal upon saturation and will not be 
preferential pathways for gas.    

4. It is possible to design experiments where the gas is “forced” to move through the matrix 
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In Forge WP experiments have been performed in a multitude of different setups, boundary conditions, 
geometries (small and full scale) and materials. Overall, the results from the tests provide a consistent 
story. This indicates that the knowledge about the processes involved could be upscaled to repository 
conditions, both in time and in space. 
 
Concrete barriers  
The studies of gas migration in concrete within Forge have been limited in comparison with the studies of 
bentonite.   
The key achievement have been an improved database for gas permeability in concrete under different 
conditions as well as understanding on how carbonation, from CO2 gas, will affect the permeability of 
concrete.   
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