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Foreword 
This report is the published product of a study by the British Geological Survey (BGS) 
undertaken on behalf of the Swedish radioactive waste management organisation, Svensk 
Kärnbränslehantering AB (SKB), and the European community under the auspices of the Fate of 
Repository Gases (FORGE) project.  This study was conducted in order to examine key 
processes involved in gas migration within compact bentonite, in relation to the KBS-3 concept 
for radioactive waste disposal. 
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Summary 
This report describes findings from Task 3.2.1 of the Fate of Repository Gases (FORGE) project.  
This task was focussed on the laboratory scale investigation of remaining key uncertainties in the 
migration of gas through compact bentonite.  Testing was conducted under representative in situ 
conditions, as are expected in the Swedish concept for geological disposal of radioactive waste.  
The results relate to the behaviour of pure and fully saturated, pre-compacted Mx80 bentonite, 
under constant volume and constant hydration conditions.  Three particular areas of uncertainty 
were addressed: (i) the coupling between applied water pressure, clay swelling and the resulting 
generated stresses, (ii) the influence of applied water pressure history on gas transport behaviour 
and the instigation of gas entry by pore-water pressure decline from elevated conditions, and (iii) 
the hydration and gas injection behaviour of a dual-density bentonite interface.  The findings 
indicate that advective gas flow under all tested conditions occurs by the formation of localised, 
dilatant pathways.  This conceptual model for gas entry behaviour, which relates gas entry to the 
local total stress at the point of entry, also appears to hold under all tested conditions. 

 

1 Introduction 
This report describes the final findings from Task 3.2.1 of the FORGE project, which was 
focussed on examining key processes in the advective migration of gas through compact 
bentonite.  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.  This task within FORGE was focussed on four main aspects of the system, which are 
described in the following report.  Topics addressed include: (i), 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 (Section 3) 
(ii) improved understanding of the mechanism for advective gas flow and additional evidence 
relating to the conditions under which this is likely to take place (Section 4), (iii) improved 
understanding of the influence of deviations from expected hydrostatic conditions and pore-
pressure cycling on the gas transport properties of bentonite (Section 5), (iv) and examination of 
the influence of low density zones at bentonite interfaces on the hydration, swelling and transport 
properties of the clay (Section 6).  As planned for a Swedish repository, all tests 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 
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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).  In Section 2 
we give a brief overview of the experimental approach.  The findings and associated 
experimental uncertainties are discussed in Section 7, along with the implications of these 
laboratory results for engineered barrier concepts involving a bentonite buffer. 

2 General methodology 
2.1 EXPERIMENTAL APPARATUS 

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, constructed initially to examine the sensitivity of gas flow in buffer bentonite to the 
test boundary conditions (Harrington and Horseman, 2003).  The CVRF systems consist of: (1) a 
thick-walled stainless steel pressure vessel, (2) a fluid injection system, (3) three independent 
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 pressure 
vessel (Figure 1a and b) comprises a stainless-steel steel, dual-closure, tubular vessel whose end-
closures (or platens) are secured by twelve, high tensile cap-screws that can also apply a small 
pre-stress to the specimen if required.  Filters are also housed in the end-closure (platens) at both 
the injection rod end of the vessel and the downstream end.  The position of the sink arrays ([1], 
[2] and [3]) and the stress sensors (labelled PT1, 2,3, 5 and 6) are shown in Figure1a.  Each sink 
array can also be isolated from the backpressure system and used to provide an independent 
measure of the local pore fluid pressure. 

Three CVRF apparatuses were used for the tests conducted in task 3.2.1, 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 in Section 6.  The other 
two apparatus (CVRF1 and CVRF2), and associated approach, are described here with a few 
notable differences highlighted.  In CVRF1 all ports, except those for the direct measurement of 
stress, contain sintered stainless steel porous filters which are profiled to match the bore of the 
pressure vessel.  The stress gauges are an in-house design, using a 6.4 mm steel push-rod fitted 
with an “O”-ring seal to compress a small volume of liquid contained within a chamber at the 
front face of a miniature Sensotec Model pressure transducer.  This rig also has a port with an 
independent pore-water pressure sensor, where the push-rod is replaced by a sintered stainless 
steel porous filter, enabling water pressure to act on the front face of the transducer. 

CVRF2 has no pore-pressure sensor directly connected to the pressure vessel itself, but the three 
pore-pressure arrays can be isolated in connection to a pressure transducer, allowing independent 
monitoring, or can be connected to the backpressure pump in order to monitor outflow.  Whilst 
sintered stainless steel filters are embedded in the end-closures and the central injection rods of 
both apparatuses, in CVRF2 the radial arrays contain sintered high density polyethylene plugs.  
In this set-up, stress measurements are made using push-rods which are each in direct contact 
with a Burster miniature load cell (Model 8402-6005), calibrated in-situ before testing began.  In 
both cases, the central filter is embedded at the end of a 6.4 mm diameter stainless steel tube 
which can be used to inject the permeant, for gas flow testing purposes. 

The pressure and flow rate of test fluid is controlled and monitored using either an ISCO 
Teledyne-100 or ISCO Teledyne-260, Series D syringe pump, operated by an ISCO pump 
controller.  These units have an RS232 serial port, which allows volume, flow rate and pressure 
data from each pump to be transmitted to a bespoke National Instruments logging system.  
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Additional test parameters are logged simultaneously by the same system and the typical 
acquisition rate for all data is one scan every two minutes.  All stress and pore pressure sensors 
were calibrated against laboratory standards by applying incremental steps in pressure, from 
atmospheric to a pre-determined maximum value.  This was followed by a descending history to 
quantify any hysteresis. 

 

 

 

Figure 1 – Cut-away sections showing the constant volume radial flow (CVRF) cells.   

a.)  CVRF1, showing the two end-closures with their embedded drainage filters, the central fluid 
injection filter, the twelve radial sink filters, the five total stress sensors and the independent 
pore-water pressure sensor. Sensors are as follows: [PT1] – axial total stress on the backpressure 
end-closure, [PT2] – axial total stress on the injection end-closure, [PT3] – radial total stress 
close to the injection end-closure, [PT4] – pore-water pressure close to the injection end-closure, 
[PT5] – radial total stress at the mid-plane, and [PT6] – radial total stress close to the 
backpressure end-closure. 
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b.)  CVRF2.  This cell differs from CVRF1 in the absence of the local pore-water pressure 
sensor and the measurement of total stress via push-rods in direct contact with load cells.  
Twelve radial sink filters (each 1/8” in diameter) are distributed as with CVRF1. 

During gas injection testing, helium was used as the permeant, due to its non-reactivity and 
similar molecular size to hydrogen.  Because of the need to measure very small flows with low 
permeability materials such as bentonite, testing was carried out under room temperature 
conditions maintained by an environmentally-controlled room, in order to minimise the impacts 
of temperature fluctuations.  There is some degree of inconsistency in the use of certain 
terminology in relation to gas injection testing and care must be taken to be certain of the chosen 
terminology when making comparisons between studies.  Testing generally comprises of in the 
application of a pressure gradient across the sample, until advective gas outflow is observed at 
the downstream end of the sample at some critical value of pressure.  This critical threshold is 
most generally known as the ‘gas breakthrough pressure’.  A further critical threshold also exists, 
defined as the ‘gas entry pressure’, which is the value at which gas first enters (or is, at least, 
observed to enter) the material.  However, as experimental determination of gas entry is non-
trivial, laboratory studies often test for the ‘gas breakthrough pressure’ instead.   References to 
gas entry and gas breakthrough within this report will relate to these definitions, as given here. 

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 6, 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 centre of the clay.  Standard geotechnical properties for each sample pre- and post-test 
are shown in Table 1.  The water content of the specimens was determined by weighing pre-test, 
then oven-drying post-test before weighing again. The void ratio, porosity and degree of 
saturation are based on an average grain density for the bentonite of 2.77 Mg.m–3 (based on an 
average of the values measured by Karnland et al., 2010).  Samples Mx80-8 and Mx80-10 were 
tested at conditions representative of expected hydrostatic conditions.  Detailed descriptions of 
these test programmes can be found in Harrington and Horseman (2003), but key findings are 
drawn on in the conceptual model described in Section 4.  Samples Mx80-13 and Mx80-14 were 
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tested under elevated pore-water pressure conditions and are described in detail in Section 5.  
Sample preparation for testing of a dual-density bentonite sample is described in Section 6. 

Table 1 – Geotechnical properties of the test specimens, before and after testing. 

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. 

3 Pore-pressure cycling 
3.1 INTRODUCTION 

A crucial function of the bentonite buffer is its ability to swell as a result of hydration by 
groundwater.  The relationship between applied water pressure and the resulting swelling 
pressure, Π, is therefore of crucial importance to performance of the engineered barrier system. 
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.  Such 
deviations, during the repository lifetime, may be related to long-term trends or may be cyclic in 
nature (e.g. as a result of successive glacial loading and unloading events). 

Laboratory experiments on Mx80 bentonite were conducted (as part of Task 03.01.02 of 
FORGE) to investigate the nature and form of the relationship between swelling pressure and 
pore-water pressure; from low to elevated applied water pressure conditions.  As described in 
Section 2.1, experiments were carried out under a constant volume condition, whilst the 
evolution of the total stresses generated during clay swelling was monitored.  Observations 
examining the relationship between pw and Π are presented in this section.  These findings are 
from constant volume testing of four bentonite samples (Mx80-10, -11, -13 and -14).  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 have also 
been published by Graham et al. (2014). 
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3.2 BACKGROUND 

The development of stress generated by swelling of Mx-80 and Montigel bentonite was 
investigated by Bucher and Müller-Vonmoos (1989), who observed a strong correlation between 
swelling stress, σ, and dry density.  By applying stepped increases in the applied water pressure, 
the consequent increase in σ was determined in order to delineate the relationship between the 
two.  For samples of dry density below 1.40 Mg m-3, this relationship was seen to be 
approximately linear.  However, low to moderate pressures were examined only. They also 
observed that for higher dry densities, swelling stress appeared less sensitive to increasing pw, 
with a generated value of only 60-70% of the applied water pressure, for a dry density of 1.90 
Mg m-3.  The authors suggested that this observed deviation from the standard effective stress 
law (Terzaghi, 1943) may be at least partly explained by the exceptionally small pore volume in 
highly compacted bentonite, which clearly limits the availability of free water within the 
material.  Bucher and Müller-Vonmoos also suggested that the addition of a proportionality 
constant could allow for this deviation from linear behaviour. 

Similar behaviour was also observed by Harrington and Horseman (2003) and Harrington and 
Birchall (2007), for Mx80 bentonite under a constant volume boundary condition.  Their 
observations also required the introduction of a proportionality constant, α (equal to dσ/dpw), to 
adequately describe the change in total stress, dσ, resulting from a change in applied water 
pressure, dpw. As such, for a clay-water system with the pore-water in thermodynamic 
equilibrium with an external reservoir of water at pressure, pw, the total stress acting on the 
surrounding vessel would be expressed as: 

𝜎 = Π + 𝛼𝑝𝑤          Equation 1 

where Π is the swelling pressure. 

Harrington and Horseman, 2003 also observed that for higher density bentonite, rather than 
swelling pressure continuing to decline with increasing pw to the point where liquefaction of the 
bentonite occurs, swelling pressure instead became increasingly insensitive to changes in applied 
water pressure at elevated values.  The same observation is made in this study, where the form of 
this relationship is examined at higher applied water pressures.  

3.3 EXPERIMENTAL APPROACH 

Testing was conducted using constant volume cells (as described in Section 2), designed to allow 
the total stresses acting on the surrounding vessel to be monitored during clay swelling.  An 
initial hydration phase was applied to every sample, during which de-ionised water was applied 
through all filters at a constant pressure of 1MPa.  The associated rate of inflow over this period 
was monitored and the resulting stress development recorded.  An example showing the typical 
stress development and rate of inflow is shown in Figure 2, clearly demonstrating the drop off in 
water inflow, as the sample swelling response reduces.  The samples were then subjected to an 
incremental series of constant pressure steps, applied only once a similar stage of inflow and 
stress development decline was observed. 
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Figure 2 – A typical hydration phase and consequent re-equilibration (sample Mx80-14). 

a.)  Inflow curve under a constant applied pore-water pressure of 1MPa.  b.) Axial and radial 
stress development as the sample swells. 

 

The test histories and resulting average total stresses are given in detail for each sample in Table 
2, with each sample experiencing at least one full loading and unloading cycle.  Samples Mx80-
10 and Mx80-14 where subjected to one and two full cycles, respectively.  In the case of 
specimen Mx80-11, three cycles were carried out and specimen Mx80-13 was subject to one full 
cycle, plus additional loading increments. 
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Table 2 – Test history for the four samples subjected to pore-pressure cycling. 

Sample Mx80-10 Mx80-11 Mx80-13 Mx80-14 

Stage Applied 
pw 

(MPa) 

Ave total 
stress 
(MPa) 

Applied 
pw 

(MPa) 

Ave total 
stress 
(MPa) 

Applied 
pw 

(MPa) 

Ave total 
stress 
(MPa) 

Applied 
pw 

(MPa) 

Ave total 
stress 
(MPa) 

1 1.0 6.3 1.0 8.2 1.0 22.1 0.9 6.7 

2 2.0 7.0 6.0 12.5 6.0 26.6 11.0 16.2 

3 3.0 7.9 11.0 17.1 24.1 43.1 20.9 25.8 

4 4.0 8.7 16.0 21.3 42.2 60.0 10.8 16.0 

5 5.0 9.7 21.0 26.0 24.1 45.7 1.0 6.9 

6 6.0 10.6 26.0 30.5 6.0 29.4 20.7 25.5 

7 7.0 11.5 31.0 35.2 1.0 25.2 30.7 35.1 

8 4.0 9.6 36.0 39.9 6.0 27.9 40.7 45.0 

9 1.0 7.4 41.0 44.8 24.1 43.3 30.8 36.0 

10 --- --- 46.0 49.4 42.2 59.6 20.8 26.4 

11 --- --- 31.0 38.7 --- --- 1.3 7.0 

12 --- --- 16.0 26.5 --- --- --- --- 

13 --- --- 46.0 50.4 --- --- --- --- 

14 --- --- 31.0 39.7 --- --- --- --- 

15 --- --- 45.7 50.5 --- --- --- --- 

16 --- --- 16.0 27.5 --- --- --- --- 

17 --- --- 1.0 15.3 --- --- --- --- 
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3.4 RESULTS FROM PORE-PRESSURE CYCLING 

In this section we present results from all four experiments.  A typical loading history is shown 
in Figure 3 (for sample Mx80-14) and demonstrates the significant timescales required to carry 
out testing of this nature.  The measured dry and bulk densities for each sample are given in 
Table 1.  All samples were found to be fully saturated after testing was completed.  Dry densities 
of the samples were ~1.55-1.75 Mg.m-3 and, therefore, above the dry density of 1.4 Mg.m-3 
where Bucher and Müller-Vonmoos et al. (1989) noted a change in the relationship between 
applied water pressure and the resulting stress generated.  An example of the consequent stress 
evolution resulting from pore pressure cycling in this study is shown n Figure 4a (for Mx80-14). 

 

Figure 3 – A typical applied water pressure loading history, applied to sample Mx80-14.  In the 
test shown, two loading and unloading cycles were applied to the specimen over the course of 
152 days.  The stress response observed in this test is atypical, in that no hysteresis was 
observed. 

In an ideal system (where alpha equals one), swelling pressure, Π, is equal to the effective stress 
(Harrington and Birchall, 2007).  In order to examine the validity of this relationship, swelling 
pressure was calculated using this assumption, as shown in the following section.  For all tests, 
the swelling pressure (assuming the above approximation) was clearly observed to decrease with 
increasing pore-water pressure as shown for Mx80-14 in Figure 4b.  This behaviour was 
observed by Harrington and Horseman (2003) at lower water pressures.  However, by 
investigating the form of this relationship over a more extensive range of pressures, it is clear 
that the sensitivity of the swelling pressure to changes in the applied water pressure decreases 
asymptotically as pw is increased (Figure 5).   Possible explanations for this behaviour include 
the reduced mobility of water under these conditions, or a reduction in the compressibility of the 
clay.  This implies that, within the range of expected repository conditions, there is a physical 
limit beyond which swelling pressure becomes insensitive to further increases in applied water 
pressure.  As such, care must clearly be taken when attempting to extrapolate swelling pressure 
behaviour at higher pore-water pressures, based on laboratory data measured at lower applied 
pressures.   
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Figure 4 – An example of clay response as a function of applied water pressure (sample Mx80-
13).  a.)  Stress response history, resulting from applied water pressure cycling.  b.)  Swelling 
pressure response history, resulting from applied water pressure cycling (for sample Mx80-13).  
Swelling pressure is calculated from the applied water pressure and the measured average total 
stress for each pressure step. 
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Figure 5 –Swelling pressure response, resulting from applied water pressure cycling, for sample 
Mx80-14.  Sample response was atypical for this test and displayed no notable retention in 
swelling pressure after unloading, though a significant deviation was seen mid-cycle. 

In addition, our results indicate that pore-pressure cycling may lead to a persistent elevation in 
the average swelling pressure of the clay, in spite of a consequent reduction in the applied pore-
water pressure.  By plotting the measured average total stress and the calculated swelling 
pressure at each applied pressure step for all tests (Figure 6), a significant degree of hysteresis is 
apparent for samples Mx80-10, Mx80-11 and Mx80-13.    In the case of sample Mx80-14, the 
observed behaviour is anomalous; whilst significant non-linearity in the behaviour of the 
bentonite (Figure 5) was apparent, the resulting swelling pressure after the first and second pore-
pressure cycles did not significantly deviate from the initially measured values.  Incremental 
values for α were calculated by fitting to the slope of the measured stress versus the applied 
water pressure between each step (i.e. calculating dσ/dpw).   The average total stress data for all 
tests yielded incremental alpha values consistently below one and ranging between 0.8-1.0 
(Figure 7), confirming the validity of previous results for Mx80 bentonite (Bucher and Müller-
Vonmoos, 1989).  It should be noted that the elevated swelling pressures observed in sample 
Mx80-13, were the result of a significantly higher starting dry density of the material (Table 1). 

In the case of test Mx80-14, 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.  However, 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.   
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Figure 6 –Bentonite response for all samples, as a function of applied water pressure.  a.)  
Average total stress plotted against externally applied water pressure (backpressure).  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 externally applied water pressure (backpressure).  Once 
returned to initial conditions, all samples except Mx80-14 displayed a significant retained 
swelling pressure (backpressure).  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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Calculated incremental values of α (a proportionality constant equal to dσ/dpw), 
resulting from applied water pressure cycling (for all four samples ).  Values are consistently less 
<1, lying within the range of 0.8<α<1.0. 
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3.5 SUMMARY 

In order to examine the form of the relationship between swelling pressure and applied water 
pressure, a series of tests were conducted on samples of pre-compacted Mx80 bentonite.  The 
experiments were conducted using a specially designed constant volume cell, which allows the 
evolution of the total stresses acting on the surrounding vessel to be monitored during clay 
swelling (at three radial and two axial locations).  The results clearly demonstrate a significant 
decrease in swelling pressure with increased applied water pressure, for all four samples.  
However, it is also apparent from the test data, that this sensitivity to changes in pw, is 
significantly reduced as the applied pressure is increased. 

In addition to this observed nonlinearity in behaviour, observations indicate that an elevated 
swelling pressure may be retained within the clay, as a result ofcyclic water pressure loading.  
The impact of this behaviour on factors such as the movement of gas and the mechanical 
properties of the engineered barrier may need to be considered when assessing repository 
performance in response to periods of elevated or decaying pore-water pressure (for example 
during interglacial and glacial events).  However, it should also be noted that such hysteric 
behaviour is not always observed and the cause of this remains, as yet, unclear.  Further testing 
will help to clarify the controls on this behaviour and to elucidate the nature of the relationship 
between pore-water pressure, swelling pressure and the resulting total stress in such systems. 

4 Gas migration in bentonite under expected hydrological 
conditions 

4.1 INTRODUCTION 

In the Swedish concept, the primary potential ‘sinks’ for escaping gas are fractures in the wall of 
the deposition hole.  Characterisation of the granodiorite at the Äspö hard rock laboratory in 
Sweden, has shown a proportion of these fractures may be conductive (Cuss et al. 2010).  Such 
fractures will also enable hydration of the bentonite by the in situ groundwater.  The CVRF 
apparatuses utilised in this study were 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.  Results from CVRF experiments both prior to, 
within and parallel to FORGE, provide the basis for a well-developed conceptual model for gas 
flow in bentonite.  Key features of this conceptual model are described in this section, and are 
also covered by Harrington and Horseman (2003) and Graham et al. (2012).  In accordance with 
expected conditions during any gas generation stage in the Swedish disposal concept, this 
behavioural description relates specifically to pure, fully saturated bentonite.  Findings relating 
to partially saturated bentonite and bentonite/sand mixtures were studied elsewhere in Work 
Package 3 of FORGE. 

4.2 PRE-GAS ENTRY (Pg < σ) 

Before gas testing was carried out, all samples were subjected to an initial hydration stage.  Care 
was taken during this phase to ensure that the clay was fully saturated and at hydraulic 
equilibrium before gas testing could commence.  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. 

After the bentonite was fully saturated, gas could be injected through the central rod, directly 
into the middle of the bentonite.  It should be noted that for all gas flow tests described in this 
report, no evidence (such as significant outflow at any of the filter arrays) was found for the 
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visco-capillary1

4.3 GAS ENTRY (Pg ≈ σ) 

 displacement of water from the clay, prior to gas entry.  This is consistent with 
observations relating to the primary mechanism of gas migration later in this section, as well as 
comments on the scarcity of free water available under such conditions (Bucher and Müller-
Vonmoos, 1989).  In tests Mx80-8 and Mx80-13, a small outflow was detected during the early 
stages of gas testing, which correlated with small, but long-term changes in local pore-water 
pressures.  In both tests this behaviour exhibited characteristics associated with ‘slug-flow’; a 
hydrodynamic pulse generated by water being forced out of the injection filter as gas enters.  An 
example of this behaviour is described for test Mx80-13, in Section 5.2.  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. 

In this report we describe the ‘gas entry’ phase as the point at which gas first becomes mobile 
within the clay.  In the laboratory, the exact moment of gas entry is non-trivial to detect.  
However a number of observations may provide evidence that entry has taken place.  In 
particular, a deviation in increasing gas pressure from expected ideal gas behaviour must occur 
once gas is present in the clay.  This behaviour is often concurrent or closely followed by a rapid, 
and generally localised, increase in measured pore-pressures, pp, in the vicinity of the point of 
gas entry.  Evidence from tests Mx80-8 and Mx80-10 (Harrington and Horseman, 2003; Graham 
et al., 2012), clearly demonstrates that 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 (Fig. 8). 

Comparison of measured sample saturations prior to and after each gas flow experiment (Table 
1) provides additional information relating to the mechanism of flow.  These observations clearly 
indicate that, as a result of the hydration phase, the degree of saturation actually increased over 
the course of testing.  Whilst significant quantities of gas were allowed to pass through the 
samples over long periods of time and at relatively high pressure, these findings suggest that 
very little water was displaced out of the bentonite during gas flow testing.  These findings are 
also consistent with prior observations of little or no desaturation during gas flow testing of 
Mx80 bentonite (Pusch and Forsberg, 1983; Harrington and Horseman, 1999).  This observation, 
combined with others given in the following section, leads 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 dilatant pathways to 
propagate. 

Where the bentonite is constrained under a constant volume boundary condition, pathway 
propagation events are likely to lead to significant perturbations in monitored stresses and pore-
water pressures (Figure 8) and such changes are often observed during this phase of gas 
migration in the CRVF experiments.  These perturbations regularly display time-dependent 
behaviour, characteristic of pathway propagation.   Monitored total stresses may also display 
step-like responses, as pathways grow during the approach to breakthrough (Figure 9).  It is also 
possible that localised consolidation may be ongoing in the near-field of opening gas pathways, 
resulting in small-scale hydrodynamic effects that perturb the local pressure distribution within 
the clay.  It should be noted that 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.  Such behaviour is likely to be related to the number/geometry (or ‘availability’) of 
sink filters and also a direct consequence of the constant volume boundary condition. 

                                                 
1 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. 



CR/14/064; Final 0.1  Last modified: 2014/05/02 08:48 

 15 

 

 

Figure 8 – Schematic representation of gas entry under a constant flow rate gas injection.  The 
internal pore-pressure, pp, is initially 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 values, 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. 

A primary consequence of this finding is that, while the point of gas entry in all tests 
demonstrates a clear predictability in relation to stresses within the clay, the pressure at which 
gas breakthrough may occur is highly variable in comparison and likely to be markedly 
influenced by experimental geometry/design.  Such effects are exacerbated in the laboratory, 
which may lead to the observation of high gas pressures before breakthrough.  However, at the 
field scale the compressibility of the clay, combined with the presence of interfaces and 
heterogeneities, will moderate extremes in behaviour, markedly reducing the likelihood of higher 
gas pressures.  Nevertheless, the important influence of sink availability and homogeneity of the 
clay on gas migration behaviour, should be noted.  Such factors have the potential to 
significantly impact the maximum gas pressure likely to be sustained by the buffer at the full 
canister scale. 

4.4 GAS BREAKTHROUGH (Pg > σ) 

Gas breakthrough occurs once a gas conducting pathway comes into contact with a sink filter 
and is manifested by a notable outflow of gas at the backpressure pump.  As a result, the 
injection pressure is seen to spike (Fig. 10), displaying the characteristic first breakthrough peak 
in pressure reported in earlier studies (Harrington and Horseman, 1999; Horseman et al., 1999; 
Horseman et al, 2004).  In the approach to breakthrough, high gas pressures may be achieved 
whilst an available sink is saught.  However, once peak pressure is reached pg is observed to drop 
close to the value of the measured total stress, which at this stage σ is seen to be offset from the 
measured pw by an amount similar to the swelling pressure.  These observations can be explained 
by a breakdown in the tensile strength of the bentonite, leading to the sharp pressure drop after 
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the peak (Fig. 10).  Higher gas pressures observed above the total stress before breakthrough has 
occurred are interpreted as being a consequence of the constant volume boundary condition. 

 

Figure 9 – Major gas breakthrough is accompanied by notable changes in the monitored stresses 
and pore-water pressures, shown here for test Mx80-10.  Clear step-like responses in the 
monitored stresses were observed during the approach to failure, which can be interpreted as 
distinct pathway propagation events. 

In the post-gas breakthrough phase, multiple observations demonstrate a pronounced coupling 
between pg, σ and pw (Harrington and Horseman, 2003; Graham et al. 2012).  Likewise, 
monitored outflow of gas at this stage generally exhibits localised characteristics, with a non-
uniform distribution between across the available sink arrays.  Furthermore, the distribution of 
flow is often seen to change abruptly and spontaneously, as localised flow ‘switches’ from one 
sink array to another.  These findings imply an inherent instability in the nature of these gas 
pathways, which results in dynamic flow behaviour as their spatial distribution evolves.  It is also 
noted that previously utilised pathways may not necessarily become conduits for future flow, 
implying that they may not be unique but are, instead, potentially arbitrary in nature. 

 
Figure 10 – Schematic representation of the gas breakthrough response under 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. 
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4.5 SHUT-IN RESPONSE 

The shut-in response of the clay can be determined, after gas breakthrough has been reached,  by 
stopping the injection pump and allowing the gas pressure and resultant outflow to decay 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 (Fig. 11).  In the case of 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.  Horseman et 
al. (1997) and Harrington and Horseman (2003), laid out a conceptual model describing this 
behaviour and attributed observations during shut-in to the collapse of conducting pathways in 
response to declining pressure, leaving a series of discontinuous, ‘remnant’ gas-filled zones 
within the clay (Fig. 11). 

Findings from testing sample Mx80-10 also demonstrate that a subsequent gas injection phase 
will exhibit a notable reduction in the peak gas pressure.  Such behaviour is indicative of a 
sample ‘memory’ of past injection (Harrington and Horseman, 2003).  The most obvious 
explanation for these observations is experimental artefact; the consequence of residual gas 
having only limited opportunity to diffuse away on laboratory timescales, resulting in remnant 
gas along prior flow paths impacting the 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.  These results highlight the capacity for pure 
bentonite to self-seal after a gas migration episode and indicate that such self-sealing behaviour 
is likely to be promoted, at the repository scale, by the continued hydration of the clay from the 
surrounding host-rock. 

 
Figure 11 – 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. 

4.6 SUMMARY 

Results at the laboratory scale, from this project and previous studies (Horseman et al., 1997; 
Harrington and Horseman, 1999; Harrington and Horseman, 2003) demonstrate that for pure, 
saturated Mx80 bentonite under expected in situ conditions, the primary mode of gas transport is 
dilatant pathway formation.  Significant findings that support 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 pressure required for gas  to enter the clay (iii) a 
strong coupling evident between σ, Π and pp after gas breakthrough has occurred, (iv), localised 
changes in σ, Π and pp, associated with the migration of gas (v) localised outflows during gas 
breakthrough, which appear non-unique, (vi) the spatial evolution of gas pathways with time, 
evidenced by unstable flow, (vii) no measurable desaturation in of any samples (post-gas 
testing), indicating that gas has not passed through the bulk of the clay. 
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A number of other recent studies highlight similar findings for gas flow tests involving 
argillaceous materials (Ortiz et al., 2002; Angeli, et al. 2010; Cuss et al., 2010; Skurtveit et al. 
2011; Harrington et al., 2012a; 2012b) and are also consistent with other 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.  In section 7.2, we discuss further the implications of these 
observations to numerical modelling approaches in bentonite. 

5 Gas migration in bentonite under elevated pore-water 
conditions 

5.1 INTRODUCTION 

In the conceptual model laid out for gas migration in bentonite under expected in situ conditions 
(Section 4), a strong association is described between the pressure at which gas entry occurs and 
the sum of the pw and the swelling pressure of the clay.  However, a number of possible 
mechanisms may lead to noticeable deviations from expected hydrostatic conditions during the 
lifetime of a repository.  In Section 3.4, observations were presented indicating that such 
deviations may lead to a persistent elevation in swelling pressure.  An improved understanding 
of the likely impacts of this phenomenon on gas-transport characteristics of the bentonite is 
therefore required.  Data was collected from two constant volume laboratory tests investigating 
this scenario, as part of FORGE.  The geotechnical properties for the samples used in these tests 
(Mx80-13 and Mx80-14) are given Table 1.  In Section 3.2, we describe the pore-pressure 
cycling phase which these samples were subjected to, in advance of gas injection testing. In the 
following sections we describe in detail the gas phase of both these experiments.  In contrast to 
earlier tests, gas injection was carried out at elevated pore-pressure conditions and breakthrough 
was instigated by dropping the applied backpressure, simulating a decline in pore pressure after 
prior elevation.  In a section 5.4 we summarise the gas migration behaviour observed and make 
comparison to that seen at expected pore-water conditions. 

5.2 MX80-13 

As described previously in Section 3, sample Mx80-13 was of notably higher density than the 
other bentonite samples (Table 1), most likely the result of its lower saturation state, pre-sample 
preparation.  This initial state is consistent with the significantly higher cumulative inflow 
observed during initial hydration of the sample (~9.5ml) and led to much larger generated total 
stresses during sample swelling.  After cyclic pore-pressure testing was complete, sample Mx80-
13 was allowed to equilibrate at an elevated applied water pressure of 42MPa.  All filters were 
then isolated from the backpressure pump, except the central filter array, allowing the local 
evolution of pore fluid pressure to be monitored at separate locations within the clay.  Water was 
then swapped for helium gas as permeant and extreme care was taken to flush any residual water 
from the injection rod filter, whilst at pressure.  At day ≈138 an initial gas pressure was applied 
to the sample through the central injection rod, and maintained at a constant value of 42MPa (so 
as to allow equilibration), for a period of approximately 24 days. 
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Figure 12 – Sample Mx80-13.  System response to an applied gas pressure ramp.  The resulting  
increase in locally measured pore pressures (and less prominent increase in monitored stresses) is 
attributed to the occurrence of ‘slug flow’.  Once gas pressure was again held constant, pore 
pressures slowly returned to the value of the applied water pressure (pp 2). 

The injection pump was then switched to introduce gas at a constant flow rate of 40µl/hr (day 
149) in order to generate a gradually increasing excess gas pressure with time.  Over the 
following 18.6 day period (Figure 12) a steady increase in locally measured pore fluid pressures 
was detected in the two open arrays (pp1 and pp2), as well as at the downstream end-closure 
(backpressure platen).  This gradual increase was also observed in the associated total stresses 
along the length of the sample, though observations indicate changes in pore pressure were the 
driving force. 

In order to establish the nature of this flow, the injection pump was returned to constant pressure, 
as it reached a value of 52MPa.  At this stage, pore-water pressure was seen to continue to 
increase for several days after gas pressure was held constant.  A gradual decline in pore-water 
pressure was then observed over a period of more than 60 days, at a rate approximately three 
times faster than the associated decline in total stresses.  All these observations imply a hydro-
dynamic cause and are consistent with the slow progression of a small amount of water being 
forced from the injection filter and into the body of the clay.  These observations highlight the 
importance of hydrodynamic effects such as ‘slug flow’, when monitoring such small changes in 
flow. 



CR/14/064; Final 0.1  Last modified: 2014/05/02 08:48 

 20 

 

Figure 13 – Sample Mx80-13.  Decline in the rate of pressurisation, as gas pressure approached 
the maximum specifications of the CVRF apparatus. 

 

Figure 14 – Sample Mx80-13.  Outflow response over the first 155 days of gas pressurisation, 
which remained negligible over this time period. 
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After slug flow had ceased, the pump was returned to a constant flow of 40µl/hr (day 247) and 
excess gas pressure began to increase until it had just superseded the monitored average total 
stress (at around day 270).  At this stage gas pressure was close to the maximum specifications 
for the CVRF apparatus and the rate of increase in Pg could no longer be maintained (Figure 13).  
The injection pump was then reduced to a constant gas pressure of 64MPa (day 291.8).  The 
outflow response observed (Fig. 14) during this initial gas stage was seen to be very small (40 µl 
in around 155 days) and indicates that, even at these high pressures, gas did not enter the clay up 
to the value of the total stress. 

In order to induce gas flow, the applied water pressure was dropped from 42MPa to 37MPa at 
this stage (day 293.2), leading to an associated decay in stress.   The resulting pore pressure 
decline in the rest of clay was seen to be exceptionally slow (Fig. 15) and the filters in array 1 
(pp1) and both end-closure filters were opened to the backpressure pump, to speed the 
equilibration process (pp3 was kept isolated so as to continue monitoring pore pressure evolution 
within the clay).   In spite of this, twenty days after the applied water pressure was dropped, no 
notable outflows had been observed.  As such, the applied backpressure was dropped a further 
5MPa at day 325.3 (Fig. 16).  The result was an almost immediate gas breakthrough (monitored 
pore-water pressure, pp3, had only fallen by ~0.4MPa), indicating that the clay had already been 
very close to gas entry under these conditions. 

Gas flow was rapid after breakthrough, with 25.3 litres of gas (at standard pressure and 
temperature) being injected into the clay over a 15.7 hour time period.  As a result, the injection 
pump ran out of fluid at day 325.9, causing inflow to cease and leading to a drop in the applied 
excess gas pressure (Fig. 17).  However, significant outflow continued until around day 330.  
This behaviour is consistent with the closure of gas-filled pathways as internal pg declines.  Gas 
pressure was ~8.5 MPa above the average total stress at the point of breakthrough, but by the 
time outflow had ceased, the final gas pressure at the end of the test stage had declined to around 
57 MPa.  Given an applied water pressure of 32MPa, this equates to an apparent capillary 
threshold pressure of ~25MPa. 

Whilst the sink geometry at breakthrough makes the path of outflowing gas unclear, a number of 
observations suggest that the primary mechanism for gas migration during this test was by 
pathway dilation.  In particular, the estimated post-test saturation of the sample Mx80-13 (Table 
1) shows that the bentonite experienced very little desaturation during gas flow, in spite of  more 
than 25 litres passing through the clay during breakthrough.  The associated implication of 
localised gas flow, combined with the observation that gas entry occurred close to the value of 
the average total stress, are indicative of localised gas flow along dilatant pathways. 
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Figure 15 – Sample Mx80-13.  Local pore pressure decline in response to a reduction in the 
applied water pressure (pp 2) was found to be exceptionally slow and the filters in array 1 (pp1) 
and both end-closure filters were opened to the backpressure pump, to speed the equilibration 
process. 

 
Figure 16 – Sample Mx80-13.  Gas entry occurred by day ≈325, instigated by a reduction in the 
applied water pressure and associated decline in stress.  The injection pump ran out of fluid at 
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day 325.9, causing inflow to cease and leading to a drop in the applied excess gas pressure and a 
resulting reduction in outflow. 

 

 

Figure 17 – Sample Mx80-13.  As gas pressure was allowed to decay, it was observed to 
asymptote towards a value close to the average total stress within the clay. 

 

5.3 MX80-14 

As with sample Mx80-13, the gas injection phase of testing for Mx80-14 was carried following a 
programme of pore-pressure cycling.  After two full pore-pressure cycles, the applied water 
pressure was taken once more to an elevated value (41MPa) and allowed to equilibrate (Fig. 18, 
Stage (1)).  An excess helium gas pressure of 1MPa (42MPa in total) was then applied through 
the injection rod sample, directly into the middle of the bentonite sample (Fig. 18, stage (1)).  So 
as to provide observations of the pore pressure evolution during this period, all filters were 
isolated from the backpressure pump except those within the central filter array (monitored by pp 
2), which were used to maintain the applied water pressure boundary condition.  At this stage the 
applied gas pressure was 5MPa below the average total stress measured in the sample.  These 
conditions were maintained for a period of more than 50 days, during which time the monitored 
outflow response was negligible (Fig. 19).  No other detectable signs of gas entry were observed 
over this period of testing, in spite of the high gas pressure condition. 
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Figure 18 – Sample Mx80-14.  Test history for the first 80 days of gas injection (sample Mx80-
14).  Gas entry was first detected at day ~ 255 when gas reached the injection end-closure filter. 

 

 

Figure 19 – Sample Mx80-14.  Outflow response during the first 50 days of gas testing.  Very 
small fluctuations were observed, resulting from small changes in temperature within the 
environmentally controlled room.  However, no notable outflows were observed during this time. 
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In order to determine the impact of pore pressure decay, the applied backpressure was next 
reduced to 32MPa at day 225 (Figure 18, stage (2)).  Independent pore-pressure measurements 
were seen to decay as a result, as were the monitored total stresses within the clay.  Whilst far-
field hydrodynamic responses were observed (leading to a slight inflection in the descending 
pore pressure curves), there was no evidence of gas entry into the clay during this time.  At day 
244.4, the average total stress was observed to fall below the value of the applied gas pressure.  
However, clear evidence of gas entry was not observed until pg had fallen to the value of the 
highest monitored total stress (at the backpressure end-closure), which occurred on day 253.  
Two days subsequent to this the presence of gas within the bentonite was clearly inferred by the 
sudden increase in locally measured pore pressure at the injection platen (end-closure) filter (Fig. 
18).  The measured pressure rose to a value close to the applied gas pressure at this time, and was 
approximately equal in magnitude to the average total stress in the clay (Figure 20).  Local 
hydrodynamic responses were also observed in the pore pressures monitored at all other local 
filters at this time.  However, the observed pressure-pulse at the injection filter was seen to decay 
over the subsequent day, demonstrating the capacity for self-sealing within bentonite. 

This initial pressure-pulse was then followed by a series of further pulses of decreasing 
maximum amplitude (Fig. 20). An associated, but less pronounced, response was also observed 
in the monitored total stresses within the clay, indicating that these fluctuations were pressure 
driven.  These signals were most prominent for the sensors closest to the injection end-closure 
filter (σAx injection and σrad1), where gas pressure had previously been observed.   At the same 
time, very small inflows were observed to correlate with these pressure pulses (Figure 21), 
though no comparable outflows were detected.  This phase of ‘quasi-stable’ pressure cycling, 
about a mean, continued for over 30 days and is interpreted as a series of pathway opening 
events, which were unsuccessful in reaching a sink.  The frequency of these oscillations 
remained unstable, whilst the peak amplitude was seen to reduce with each successive event, 
until a phase of negligible observable activity was reached. 

 

Figure 20 – Sample Mx80-14.  Gas entry was followed by rapid self-sealing and a series of 
further pressure pulses of decreasing maximum amplitude. 
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Figure 21 – Sample Mx80-14.  At gas entry, small inflows were observed to correlate with the 
observed pressure-pulsing. 

As such, a series of decreasing steps in applied water pressure (each a 5MPa reduction) were 
instigated (Fig. 22, stages (2) to (5)) in order to encourage gas breakthrough to a sink filter.  Each 
step was held constant until the monitored local pore pressures had fully equilibrated (a 
minimum of 3 weeks in each case), with the final step being to an applied water pressure of 
17MPa.  However, the system displayed remarkable quiescence during this test stage, 
highlighting the ability of bentonite to sustain significant pressure gradients (25MPa for stage 
(5)) for substantial periods of time without major breakthrough occurring.  At approximately day 
392, after 15 days with no change in boundary condition and apparent system quiescence, the 
monitored pore pressure at the injection platen (end-closure) was seen to increase sharply to the 
value of the applied gas pressure.  The inherent time-dependency of this behaviour is best 
explained by the development of a gas-filled pathway/s within the sample.  Unlike the previous 
event, this elevated pressure remained close to pg, indicating the presence of an open and quasi-
stable gas pathway to the injection end-closure filter.  However, no notable change in outflow 
was observed to correlate with this event, suggesting that any gas-filled pathways had yet to 
intersect a filter in communication with the downstream pump (Figure 23). 

After a further period of negligible system activity, a significant outflow was detected at the 
central array on day 413.8 (Figure 23). Local pore-pressure in the other two isolated filter arrays 
(pp1 and pp2) was also seen to elevate to applied gas pressure at this time, indicating the 
development of a gas flow pathway along the length of the sample.  However, the detected 
outflow from the mid-array was observed to cease soon after and this behaviour also correlated 
with an associated decay in pore-pressure at the neighbouring sink arrays, which was particularly 
pronounced for sink array pp3.  These observations are consistent with the opening and closure 
of localised gas-filled pathways within the clay and demonstrate the immediacy of the self-
sealing response in bentonite. 
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Figure 22 - Sample Mx80-14.  Gas injection history, post-entry into the bentonite.  Gas 
breakthrough proved exceptionally difficult to instigate, as the clay sustained significant pressure 
gradients (up to25MPa for stage (5)) with no major outflow occurring. 

 

Figure 23 – Sample Mx80-14.  Significant outflow detected at day 414, followed by rapid self-
sealing. 
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Figure 24 - The initial gas breakthrough event in test Mx80-14.  A transient outflow occurred at 
approximately day 413.8, 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. 

 
Figure 25 – Sample Mx80-14.  The outflow response during pressure cycling, which was 
observed to decrease in magnitude with each outflow event. 
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This event was followed by a series of highly repeatable pressure pulses, measured in filter array 
pp3, each correlated with an associated outflow response (Figure 24).  Over time, the period 
between pressure pulses was observed to increase and the amplitude of the related outflow was 
seen to decrease (Fig. 25).  The repeatability in the onset pressure of each pulse demonstrates a 
clear pressure dependency to this phenomenon. These observations indicate that this behaviour 
may be the result of ongoing gas-driven deformation of the clay, as it seeks a sink from which to 
escape.  Figure 26 shows the associated changes in locally measured stresses during this episodic 
behaviour and indicates that whilst soon after gas entry stresses were strongly coupled with the 
local pore-pressure within the clay, by day 410 only very small perturbations were observed in 
relation to comparatively large changes in the local pore pressures.  This decreased sensitivity of 
measured stresses to pressure development is consistent with a transition to a regime controlled 
by the local gas pressure and is highly indicative of a network of transient fractures, allowing 
accommodation of pressure variations. At day approximately day 465, pressure in the filter array 
pp3 returned to the gas injection pressure and remained at this value, indicating a stable pathway 
from the injection point to a filter in this array had finally formed.   

 

Figure 26 – Sample Mx80-14.  Variation in local stresses evolution pressure cycling. 

Approximately 10 days later, two successive, quasi-stable periods of outflow were observed, 
indicating that the ability of the clay to maintain open pathways was developing further.  Smaller 
fluctuations in the monitored pore pressure in filter array pp1, in association with these events, 
suggest gas had found a path to the neighbouring sink array pp2, most likely by way of array pp3.  
However, the clay was still observed to self-seal effectively not long afterwards and steady-state 
flow was never achieved, despite the sample being subjected to significantly high gas pressures 
for more than 300 days.  From the first observations of gas entry, perturbations within the clay 
were seen to be highly localised and indicate a number of pathway ‘switching’ events as gas 
seeks an alternative means of escape from the clay.  Many observations relating to gas migration 
processes within this test are not well explained by standard visco-capillary flow concepts, but 
are highly consistent with the advective transport of gas, primarily by dilatant pathway 
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formation.  The instability and episodic nature of gas migration observed in this experiment is 
discussed further in the following section. 

5.4 DISCUSSION 

5.4.1 Pre-gas entry (Pg < σ) 

Testing was carried out at elevated water pressure for samples Mx80-13 and Mx80-14, resulting 
in high total stresses before the injection of gas began.  These initial conditions highlight that 
exceptionally high gas pressure can be applied to the bentonite, with no notable evidence of gas 
entry or displacement of pore water by visco-capillary action.  As described in Section 4, this 
behaviour is concurrent with gas flow occurring by dilatant pathway formation, as opposed to 
migration resulting from visco-capillary flow.  Such behaviour is also in-line with observations 
that  relatively little free water is likely to be present in the bentonite under these conditions 
(Bucher and Müller-Vonmoos, 1989). 

5.4.2 Gas entry (Pg ≈  σ) 

Gas entry was reached in both tests by applying a constant gas pressure at the injection rod filter 
and reducing the applied backpressure to the sample.  The resulting decline in locally measured 
pore pressures within the clay led to an associated reduction in total stress.  Gas entry was only 
observed to occur once the measured average total stress fell below the applied gas pressure (Fig. 
27).  The behaviour of saturated Mx80 bentonite at elevated pore-water conditions appears to be 
remarkably consistent with findings under hydrostatic conditions, in this respect. 

As in previous tests, experimental observations after gas entry also display characteristics of a 
highly localised process.  During this period of testing, typical observations include 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.  As with previous experiments, 
geotechnical measurements were made for both samples, before and after testing (Table 1).  The 
resulting data show that, in spite of the high applied gas pressures and extensive periods of gas 
flow during later stages of gas testing, no significant desaturation of the samples occurred.  
These observations are consistent with localised, as opposed to distributed, flow through the bulk 
of the clay and provide further explanation for the lack of significant water outflow before gas is 
seen to enter the clay. 

5.4.3 Gas breakthrough (Pg > σ) 

During the gas breakthrough phase, a number of important differences were observed between 
the two experiments.  For sample Mx80-13, breakthrough occurred soon after a step down in the 
applied backpressure and directly resulted in a continuous outflow from the clay.  Unlike more 
conventional tests, the characteristic peak in total stress and local pore pressure was not 
observed, though a marked peak in flow rate was observed at this time.  The form of this 
response appears to be characteristic for gas breakthrough instigated by declining pore-water 
pressure, under a constant pg condition.  In the case of Mx80-14, breakthrough occurred 
seemingly spontaneously, after a significant period with boundary conditions held constant.  The 
resulting breakthrough led to a small, transient outflow, followed by rapid self-sealing.  The 
differences between these tests could be the result of (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 3.4), (iii) the selected geometry of the hydration and outflow sinks, 
(iv) pre-existing weaknesses or heterogeneities within the clay.  However, an alternative 
explanation is that these differences simply reflect the innate variability in the gas breakthrough 
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process.  Whilst findings from all tests to date suggest that gas entry is a highly predictable 
process, repeatability of gas breakthrough pressures has yet to be demonstrated. 

 

 

Figure 27 – 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.  Localised fluctuations in stress and pore pressure are often observed, as gas 
pathways begin to form and propagate in the near-field of the sensor locations.  Pressure cycling 
and episodic behaviour may be observed during this phase as the clay is ‘worked’ to form stable 
pathways.  This behaviour is most likely a similar response, under these boundary conditions, to 
the stepped stress responses observed during some constant flow gas tests (Section 4.3, Fig. 9).  
Localised consolidation may also occur in clay surrounding propagating pathways, resulting in 
small-scale hydrodynamic effects in the near-field.  No evidence was found for elevated pore-
water conditions impacting on the gas entry behaviour of the bentonite. 

Although clear differences were seen between these two experiments, very high differential 
pressures were required in order to instigate breakthrough in both tests.  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.  Nevertheless, 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 4) and implies that gas 
breakthrough at elevated pressures is similarly closely linked with the stress state of the sample. 

Steady-state flow proved considerably more difficult to achieve for sample Mx80-14.  Here 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 evident in 
the post-entry behaviour of the clay.  This phase of episodic events displayed a strong cyclicity 
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with the pressure-controlled behaviour of the system being highly apparent (Fig. 26).  Despite 
this seemingly repetitive behaviour, an overlying temporal evolution in response was also 
observed, which displayed characteristics consistent with a continued ‘working’ of the clay, until 
a more stable outflow could finally take place. 

Similar behaviours have been observed in a parallel test programme (Harrington, January 2013) 
operating under more conventional pore pressure conditions.  As such, it seems likely that the 
elevated pore-water pressure condition is not the primary cause of this behaviour.  A more likely 
cause is the influence of sink filter geometry in these tests, as in both cases 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.  This suggests that this cyclic 
behaviour represents an ‘end-member’ phenomenon; the consequence of gas being unable to find 
a sink.  If correct, then this implies that such behaviours may also occur, to a lesser degree, in in 
less extreme scenarios.  Nevertheless, the controls influencing the duration and likelihood of this 
form of behaviour and the approach to steady-state flow, require further investigation. 

5.5 SUMMARY 

A primary objective of this task was to examine the influence of sustained periods of pore 
pressure elevation and consequent decline upon the swelling and gas flow properties of a 
bentonite buffer.  Pore pressure cycling experiments were carried out on two Mx80 bentonite 
samples (Mx80-13 and Mx80-14) under constant volume conditions.  Both samples were 
subjected to gas injection at an elevated pore pressure condition, following a phase of pore-
pressure cycling.  The consequent observations indicate that characteristics of the gas entry 
process are remarkably similar to those observed in similar experiments at lower applied water 
pressures.  As with tests conducted under more conventional pore pressure conditions (see the 
conceptual model laid out in Section 4), gas is only observed to enter the bentonite 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.  After gas 
entry has occurred, migration takes place in a highly localised fashion and appears inherently 
unstable in nature; switching from one conducting pathway to another.  The findings from these 
experiments are not consistent with standard visco-capillary concepts of two-phase flow.  
However, the observed behaviours can be explained by dilatant pathway formation as the 
primary mechanism for gas flow through the clay. 

In both tests, the Mx80 bentonite was noted to be able to sustain very large stress gradients for 
significant periods of time.  In the case of Mx80-14, highly episodic and unstable gas flow was 
observed, displaying a degree of meta-stability before switching to another state spontaneously.  
The results imply that whilst the system remains energised, gas will continue to seek a sink.  
Such behaviour is consistent with the development of highly unpredictable and potentially 
unique gas pathways, and the resulting inherent uncertainty in the time to breakthrough and the 
pressure at which it occurs.  As recent observations of similar behaviour have also been made in 
a parallel constant volume test programme on Mx80 bentonite at hydrostatic pore water 
pressures (Harrington, January 2013), this behaviour does not seem to be the direct result of the 
elevated pore pressure conditions.  Instead, it seems likely that these observations are the 
consequence of gas continuing to be unable to find a suitable sink.  This hypothesis is an 
intuitive one as 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).  Nevertheless, for sample Mx80-14 it is not possible to rule out the potential 
that this behaviour may have been exacerbated further by elevated pore water pressures.  
However, it is clear that such behaviour is not limited to these conditions. 



CR/14/064; Final 0.1  Last modified: 2014/05/02 08:48 

 33 

6 Introduction of a dual-density interface 
6.1 INTRODUCTION 

Of particular significance in predicting the behaviour of migrating fluids in an Engineered 
Barrier System (EBS) is the influence of interfaces and discontinuities that are necessary within 
the system design.  In Swedish plans for an EBS, the waste canister is surrounded by rings of 
pre-compacted bentonite and the void space between the blocks and the deposition wall is filled 
with bentonite pellets.  This arrangement will initially generate a dual-density 
bentonite/bentonite interface with the potential to persist for significant timescales.  Observations 
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).  The 
degree of maturity of the buffer is likely to impact on this interaction and will depend on the 
ability of the bentonite to homogenise over the long term.  As part of WP3 of FORGE, an 
experiment was designed 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.    In this section we describe the introduction of a dual-density bentonite 
interface into a standard constant volume experiment (ICVRF-1).  Observations during hydration 
of the bentonite and from a first gas test are given.   Whilst additional gas testing is currently on-
going, the results were not available within the timeframe of this project and are presented 
elsewhere. 

 

Figure 28 – The Interface Constant Volume Radial Flow apparatus (ICVRF).  The ICVRF is 
shown in schematic profile, to highlight the top and bottom injection rods (filters are coloured 
orange and yellow), the end closure (platen) 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 the test figures 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. 
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6.2 EXPERIMENTAL APPROACH 

In order to investigate the properties of a dual-density interface in bentonite, a bespoke apparatus 
(ICVRF) was constructed, based on the CVRF design described in Section 2, but with the 
additional introduction of a second gas injection rod (Fig. 29).  Mx80 bentonite was provided by 
Clay Technology AB (Lund, Sweden) in powder form and as pre-compacted blocks.  The 
ICVRF is otherwise similar in design to CVRF1 (see Section 2).  The vessel provides a constant 
volume boundary condition and gas can be injected through either the top or bottom rods, 
directly into the clay.  All ports, except those for the direct measurement of stress, contain 
sintered stainless steel porous filters which are profiled to match the bore of the pressure vessel.  
For clarity, graphs showing pore-pressure or stress measurements within this vessel, are colour-
coded in relation to the filter colours in Fig. 28.  The stress gauges are an in-house design, using 
a 6.4 mm steel push-rod fitted with an “O”-ring seal to compress a small volume of liquid 
contained within a chamber at the front face of a miniature Sensotec Model pressure transducer.   
Data logging for this experiment was carried out using a bespoke National Instruments system, 
which was set to sample all channels at a time interval of two minutes.  As with all other 
experiments described in this report, fluid flow into and out of the pressure vessel was controlled 
and monitored using high precision ISCO syringe pumps. 

Two compacted blocks were made; one partially drilled through and one drilled through 
completely, to accommodate the injection rod.  The bentonite volume lost during this process 
was calculated and accounted for during geotechnical calculations presented elsewhere. Both 
blocks were lowered into the pressure vessel, before an additional 30% of the vessel chamber 
was filled with Mx80 bentonite powder (Fig. 28).  The powder was gently tamped down during 
this process, so as to minimise the initial degree of voidage within the clay, and the remaining 
voidage between the powder and the top of the sample chamber was noted.  The interface 
between the top compacted block and the powdered bentonite was positioned such that it directly 
intersected the topmost array of filters.  The top end-closure was then lowered onto the pressure 
vessel and then bolted, with a pre-stress of 10Nm applied by a torque wrench. 

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.  

6.3 HYDRATION OF A DUAL-DENSITY INTERFACE 

Before testing began, the array and platen filters (and associated pipework) in the apparatus were 
flushed with de-ionised water, so as to minimise application of air to the clay.  The bottom 
injection rod was also flushed with water via a separate drain.  A constant backpressure of 
500kPa was then applied with deionised water to the top and bottom end-closure filters (Fig. 28, 
highlighted in dark green and blue).  At this point the top injection rod line was also briefly 
allowed to flush to a separate drain before being isolated again.  The clay was then allowed to 
hydrate from the top and bottom end-closure filters for a period of just over 75 days, whilst the 
pore-pressure development was monitored through all other filters during this time. 

Figure 29 shows the inflow response of the backpressure pump during this period.  Small 
perturbations are present in the inflow rate, but the cumulative inflow curve shows a typical 
form, with an initially steep response followed by a clear reduction in the rate of inflow, which is 
generally attributed to the approach of hydraulic equilibrium.  During the same period of 
hydration the measured stresses in the clay (Fig. 30) display a similar form (also generally seen 
as typical in the approach to hydraulic equilibrium) as water is taken in and results in swelling of 
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the clay, which is constrained by the constant volume boundary condition.  Given the well-
characterised relationship between dry density and generated swelling pressure, it is also not 
unexpected to see the  notable difference in final total stresses measured in the clay; with higher 
and lower stresses being generated in the pre-compacted block (light and dark blue) and the 
powdered clay (light and dark green), respectively.  Stresses monitored in the middle section of 
the clay appear to represent a super-position of the higher and lower density clays, though the 
response is closer in form and final magnitude to that seen in the pre-compacted block.  It is also 
interesting to note that in the early stages of hydration, the rate of stress development is markedly 
greater in the higher density clay. 

 

Figure 29 – Test ICVRF-1.  Initial inflow curve during hydration of the dual-density bentonite 
sample. 

 

These observations are all consistent with expected behaviours in such materials.  However, the 
associated pore-pressure development within the clay during this period demonstrates the 
importance of other processes, not made apparent by the stress and inflow data.  Figure 31 shows 
the evolution of pore pressures at each of the isolated filters in contact with the sample over this 
timeframe.  Whilst a constant water pressure of 500kPa was applied at the end-closure filters, 
pore-pressure development is exceptionally slow in other regions of the clay.  These 
observations highlight the complexity of the hydration process in bentonite and demonstrate its 
ability to sustain significant pore pressure gradients for substantial periods of time.  Local pore 
pressure development is sporadic and favours different regions of the clay over time, even 
displaying a decline in pressure in some parts of the sample at times.  It seems likely that during 
the hydration phase, the clay itself acts as a barrier to its own hydration, leading to a negative 
feedback which may result in localised hydration processes and may impact on the progress of 
the hydration front in different parts of the material.  These findings also indicate that local pore 
pressure measurements may provide a more reliable measure of the hydration state of the clay, as 
opposed to observations of stress development alone. 
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Figure 30 – Test ICVRF-1.  Stress development during hydration at a constant applied water 
pressure of 500kPa. 

 

Figure 31 – Test ICVRF-1.  Initial hydration of the dual density bentonite sample at a constant 
applied water pressure of 500kPa.  The clay was found to sustain substantial pore pressure 
gradients over significant periods of time. 
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Figure 32 – Test ICVRF-1.  Pore-pressure development over the duration of the hydration 
phase.  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. 

 



CR/14/064; Final 0.1  Last modified: 2014/05/02 08:48 

 38 

Figure 33 – Test ICVRF-1.  Total stress development during hydration.  The majority of stress 
development occurred during the first three weeks of hydration.  Increasing the applied water 
pressure from 0.5MPa to 1MPa (day 160) led to only a very small increase in generated total 
stresses. 

After 70 days of testing, locally measured pore pressures in the bottom, mid-plane and both 
injection rods, had yet to reach the applied water pressure.  In order to facilitate the hydration 
process, the top, mid and bottom array filters were opened to the backpressure pump at day 76.9 
(Figure 32).  By day 160 all filters, except that in the bottom injection rod, had equilibrated.  The 
applied water pressure was next increased to 1MPa at this stage, and the associated response in 
the two remaining isolated filters (within the top and bottom injection rods) was monitored.  The 
pressures in these filters took over 50 days to respond to this change.  A small but clear drift in 
filter pressures was observed during equilibration, the cause of which has yet to be ascertained.  
Figure 33 shows the associated total stresses measured over the entirety of the hydration phase of 
testing.  These measurements show that the majority of stress development occurred in the first 
50 days of hydration.  In addition, the introduction of water to the array filters at day 76 appeared 
to have a negligible effect on stress development and the increase in applied water pressure (at 
day 160) only led to a very slight increase in the generated pressures within the clay, highlighting 
the propensity for the bentonite to ‘lock-in’ stresses during the initial hydration stage.   A number 
of smaller changes in total stress were also observed (between days 75 and 160), resulting from 
temperature fluctuations in the laboratory. 

6.4 GAS TESTING ON LOW DENSITY SIDE OF INTERFACE 

After hydration and equilibration of the sample at an applied backpressure of 1MPa, the water 
was swapped for helium gas as the injection permeant, whilst the constant applied water 
condition was maintained by the top, mid and bottom filter arrays.  Both top and bottom end-
closure filters, as well as the bottom injection rod filter, were isolated in order to monitor the 
pore pressure evolution in these three main regions of the bentonite.  The gas was allowed to 
equilibrate (whilst isolated from the pressure vessel in an independent interface vessel) at a 
constant pressure of 1MPa.  Water in all injection lines to the vessel was also swapped for gas.  
The filter in the top injection rod (within the lower density bentonite) was then flushed with gas 
at pressure, whilst connected to a drain.  A gas pressure equal to the water pressure (1MPa) was 
then applied to the top injection rod on day 218.  Injection was initiated on day 239 at a constant 
flow rate of 250µl/hr, with helium being applied to the lower density clay. 

Over the course of 27 days, gas injection led to a pressure build-up at the injection rod, which 
matched expected behaviour as predicted by the ideal gas law (Fig. 34).  A clear deviation from 
predicted behaviour was not noted until around day 264, once the applied gas pressure had 
superseded the measured radial and axial stress values in the top of the bentonite.  On day 266, 
pore pressure at the top end-closure filter rapidly increased to that of the applied gas pressure, 
whilst stresses measured by the top radial and axial load cells also increased to this value.  At the 
same time, smaller steps in stress were seen at other locations away from the top injection rod 
and similar changes were also observed in the far-field pressure response at the bottom end-
closure and injection rod filters.  This behaviour is interpreted as the direct consequence of the 
entry of gas into the clay and its progression towards the top end-closure filter. 

As such, gas entry pressure into the low-density slurry is estimated at a value ~3-3.5MPa, as 
compared to an average total stress of 3.4MPa and an average total stress in the top of the clay of 
2.6MPa.  Though no stress measurements were made at the exact point of gas entry it seems 
likely that the total stress in this location will have been within this range of values.  
Nevertheless, the association between gas entry and total stress is clearly evident, as with intact 
compacted bentonite (Section 4), in this dual-density system.  These findings also indicate that, 
in spite of the non-ideal behaviours observed during hydration, the onset of gas entry in the 
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lower density clay still appears to be relatively predictable from the total stress measurements.  It 
is also reassuring to note that the estimated gas entry pressure into this lower density clay is 
notably lower than CVRF tests on other pre-compacted bentonite blocks (Harrington and 
Horseman, 2003; Graham et al., 2012) and much closer to those observed at Lasgit (Cuss et al. 
2010; 2011; 2012).  This association is discussed further in Section 7. 

 

Figure 34 – Test ICVRF-1.  Gas testing through the top rod of the interface vessel, directly into 
the low density (slurry) side of the bentonite. 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 was 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 had entered 
the clay.  Entry only occurred once gas pressure had exceeded the measured total stresses in the 
top region of the bentonite. 

After the measured pore pressure in the top platen filter was seen to reach gas pressure, it quickly 
began to decline, indicating the propensity for the system to self-seal.  However, outflow did not 
cease entirely at this stage and pore-pressures again began to rise once more.  Over the next 10 
days, a period of continuing system development took place, characterised by spikes and steps in 
local pore pressure and stresses, overlying a generally increasing trend towards gas pressure.  
These localised fluctuations exhibit a pronounced coupling between pg, pw and σ, and are 
consistent with the formation of a network of dilational pathways within the bentonite.  As with 
data from test MX80-14, described in Section 5, pressure fluctuations in the top end-closure 
filter also display a clear decay in maximum amplitude over time, indicating the gas-driven 
‘working’ of the clay in order to achieve system stability.  It also seems likely that the amplitude 
of stress response is, in part, a function of the location of the sensor in relation to the pathway 
location/orientation.  Monitored stresses were also observed to grow in response to these 
increases in pressure (Fig. 35).  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.   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 
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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. 

 

 

Figure 35 - Test ICVRF-1.  Gas pressure continued 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 pressure led to the further development of pathways, 
stepwise increases in stress were observed in response.  The amplitude of these changes was seen 
to decrease with time, indicating time-dependent deformation of the bentonite. 
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6.5 DISCUSSION 

The apparatus designed for this experiment (ICVRF), provides a flexible filter arrangement, 
allowing the independent monitoring of pore pressure evolution, whilst simultaneously hydrating 
through other filters at a constant pressure.  Figure 8 shows the pore-pressure evolution during 
saturation of the bentonite and highlights the exceptionally slow rate at which this occurs.  This 
may partly be caused by localised saturation occurring in the vicinity of the injection filters; in 
essence leading to a ‘skin’ effect, which inhibits the penetration of water into the remaining body 
of the sample.  Nevertheless, recent observations from a parallel test programme indicate that the 
rate of hydration is comparably rapid in pre-compacted bentonite (Harrington, December 2013) 
If so, then addition of a simple dual density interface may well be primarily responsible for the 
significantly slower hydration rates observed in test ICVRF-1.  Although the observed rate of 
water flow into the clay had significantly reduced by the second month of testing, local pore 
pressure measurements demonstrated that substantial regions of the bentonite were still far from 
equilibrated. 

Coupled with these findings is the observation of significant heterogeneity in the pore-water 
pressure distribution being maintained by the bentonite over long periods of time.  Data indicate 
that Mx80 bentonite is able to sustain unexpectedly large pressure gradients during the hydration 
phase.  The hydration process was also seen to occur in a staggered fashion, favouring different 
regions of the sample over time.  Declining local pore pressures were also apparent at times, as 
hydration of other regions of the clay was favoured.  This ongoing regional evolution within the 
bentonite is not, however, apparent on inspection of the resultant inflow curve, which appears 
relatively insensitive to local fluctuations and is perhaps a less viable indicator of sample state 
than measurement of local pore-pressure evolution. 

Stress generation also appears relatively insensitive to these internal fluctuations in pore 
pressure, with the majority of stress development occurring in the earlier stages in hydration.  As 
would be expected, the load sensors in contact with the Mx80 slurry registered significantly 
lower stress values than those in contact with the pre-compacted bentonite blocks.  However, the 
clay was observed to maintain these stress gradients over lengthy periods of time (more than 200 
days).  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 (Cuss et al. 2010; 2011; 2012) and highlight the value 
of laboratory data to inform field-scale observations. 

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 
(Section 4).  In particular, gas entry only occurred once the applied pg exceeded the local stresses 
measured in the top of the clay.  Whilst this behaviour is concurrent with that observed in 
previous tests, it should be noted that the observed entry pressure of the slurry was significantly 
lower (~3-3.5MPa) and at a value much closer to that observed at Lasgit (Cuss et al. 2010; 2011; 
2012). 

6.6 SUMMARY 

In order to investigate the influence of a simple dual-density bentonite interface on swelling and 
fluid flow behaviour, a bespoke experimental apparatus has been designed and constructed as 
part of FORGE.  The findings to-date highlight the marked complexity of the saturation process 
in pure bentonite.   Testing under a constant volume condition, and at a constant applied water 
pressure, hydration of the bentonite is incredibly slow and continues long after monitored 
stresses are observed to plateau.  Stress magnitudes appear to be ‘locked in’ to the material in the 
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earlier stages of hydration and final stress values appear directly coupled to the initial rate of 
stress development.  Instead, measured local pore pressures seem to be a more suitable indicator 
of the approach to saturation, and demonstrate the ability of bentonite to sustain significant 
pressure gradients over substantial periods of time.  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 single density bentonites sample under similar 
laboratory conditions, have previously shown relatively uniform and predictable behaviour, the 
introduction of this simple, initially dual-density interface appears to significantly impact the 
pore pressure evolution, which is clearly not uniform and evolves in an inconstant fashion.  
Further testing is required to examine the permanency of any observed influence. 

However, despite the complexities seen during the hydration process, the gas injection phase of 
testing demonstrated highly similar gas flow behaviour to results for single density bentonite 
samples (Sections 4 and 5).  Findings were of behaviour concurrent with the conceptual model 
for gas flow laid out in Section 4, where gas flow occurs via the formation of dilatant pathways.  
In addition, gas entry only occurred once the applied pg exceeded the local stresses measured in 
the top of the clay.  A number of other observations add weight to this conclusion including the 
observation of localised fluctuations in pg, pw and σ and clear evidence of hydromechanical 
coupling, driven by applied gas pressure.  However, one important difference to a standard 
compact bentonite gas-flow test was the notably lower gas entry pressure resulting from injection 
into the lower density slurry (~3-3.5MPa); much closer in value to that observed at Lasgit (Cuss 
et al. 2010; 2011; 2012). Regional measurement of the total stresses, demonstrates that this 
difference results from the lower stresses generated in the low density zone of the bentonite, 
which had remained ‘locked in’ for more than 200 days.  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. 

7 Discussion 
7.1 EXPERIMENTAL UNCERTAINTY 

WP3 of FORGE, has involved a significant experimental component from a number of 
laboratories, deploying a range of methods to study bentonite under a variety of conditions.  It is 
therefore important to emphasise the conditions under which these experiments were undertaken 
and which part of the repository environment they were designed to relate to, before the findings 
can be interpreted and utilised appropriately.  Each section within this report has highlighted 
these conditions and various relevant aspects of the experimental set-up.  There are, however, a 
few general points relating to this experimental programme which we reiterate here, for the sake 
of clarity. 

All tests described in this task relate to the following context: 

• Pure Mx80 bentonite 
• 100% saturation 
• Constant hydration condition 
• Constant volume condition 

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. 
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In order to verify the saturation state of the material before gas testing, water inflow and local 
pore pressures were monitored carefully, until equilibration was achieved.  Additional certainty 
was provided by matching total inflow values with expected values calculated from measured 
geotechnical characteristics of the bentonite pre-testing.  Saturation was also confirmed by, post-
test geotechnical measurements, which indicated (in all cases) that the samples remained at, or 
very close, to full saturation (Table 1), even after gas flow testing had taken place. 

Another potential source of uncertainty relates to the spatial and/or temporal upscaling of results 
from the laboratory.  A primary benefit of laboratory testing is the potential to develop process 
understanding at this 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.  Whilst this may need to be an iterative process, a full and accurate 
understanding of the likely processes involved can be derived in this way.  The engineered 
nature of bentonite also favours this approach, as assuming the homogeneity of the clay, 
laboratory-scale observations must directly relate to field conditions for regions of bentonite that 
are at a comparable level of maturity. 

In order to allow for the influence of time, testing was carried out as slowly as possible, with 
emphasis on improving understanding of the underlying physics.  Additional care was also taken 
to ensure sample equilibration and to reach steady-state behaviour wherever possible (e.g. 
holding gas injection pressure consistent to confirm the presence of slug flow in test Mx80-13).  
In all experiments carried out as part of this task within FORGE, the behaviour observed is 
highly indicative of a distinct threshold for gas entry (related to the sum of Π and pp).  Gas 
injection in these experiments was carried out at a variety of rates and boundary conditions, yet 
this observation of threshold-type dependency was seen in all tests.  As such, the evidence 
clearly suggests that this threshold is independent of rate and should scale well to longer time-
scales.  Nevertheless, it is important to consider the potential for other effects to become 
significant at longer timescales.  For example, the possibility of consolidation of the bentonite, 
due to an excess gas pressure, may have a more dominant role over long timeframes. 

Discussions within FORGE have also highlighted the requirement for certainty in relation to 
potential experimental artefacts.  In particular, it is helpful for the possibility of interfacial flow 
impacting on experimental data to be excluded.  In the case of the experiment described in this 
report, the CVRF apparatuses used were 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 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. 

Terminology and its application can also provide an additional uncertainty.  In particular, the 
criteria for defining ‘gas entry’ and ‘gas breakthrough’ is ambiguous; 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 defined in Section 2.1.  Care has also been taken to describe the particular observations 
used to determine their onset in each experiment.  However, it is important to be aware of these 
differences when making comparisons between findings between different experiments and, 
even more so, between laboratory programmes.  This is especially important for gas injection 
testing in bentonite, where experimental geometry has clearly been seen to influence the point at 
which gas breakthrough occurs. 
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7.2 IMPLICATIONS 

The laboratory evidence presented within this report, demonstrates that for pure, saturated 
bentonite, the primary mechanism for advective transport of gas is by the formation of dilatant 
pathways.  This is a mechanism which is not yet well represented within classic porous-media 
flow models, which were constructed for use in clay-poor, medium- to high- permeability 
materials.  In contrast, the results presented in this report suggest that these standard, two-phase 
flow models may not be suitable for bentonite and, potentially, other clay-rich, low- and ultra-
low permeability materials.  Nevertheless, there is a temptation to mimic the bulk behaviour of 
the system by utilising such models, which may provide satisfactory results after history-
matching, under an unchanging system geometry.  However, this approach fails to address the 
underlying physical processes and may prove less successful for long-term fore-casting 
purposes, especially when applied to a new system geometry.  If it is necessary to model these 
processes in detail and fully represent the dilatant flow process, then a realistic numerical model 
must capture the complicated hydro-mechanical coupling between the applied gas pressure, local 
pore pressure fluctuations and the generated stresses within the clay.  An additional level of 
complexity which would need to be considered by such a model is the potential for the 
occurrence of feedback processes during gas flow. 

Dilatancy has been included in some recent numerical models, in order to represent the processes 
involved more accurately.  However, there is currently a paucity of data relating to the spatial 
distribution and temporal evolution of gas pathways involved in this process, which is limiting 
further numerical model development at present.  An alternative approach is to utilise the 
observed threshold dependency of gas migration during repository design, so as to mitigate this 
eventuality. A well-informed conceptual model has been developed, relating gas entry to total 
stress within the clay (Section 4; Graham et al. 2012).  This model exhibits a high degree of 
predictability 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 36.  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.  This expanded data-set will 
include repeat gas entry values for the dual-density interface test (ICVRF-1), which have been 
conducted outwith the scope of FORGE.  In spite of the preliminary nature of the findings shown 
in Fig. 36, the association between gas entry and stress state is highly apparent. 

A significant amount of experimentally-generated data and associated process understanding is 
now available to numerate this conceptual model, resulting from the large amount of laboratory 
testing carried out across the WP3 partners in FORGE.  Such a model provides a sound 
foundation from which to draw on when attempting to understand and assess the potential 
consequences, should gas migration occur in a repository.  Evidence from the laboratory testing 
reported here indicates that were such migration to occur, it is unlikely to lead to the 
displacement of large volumes of water.  There is, however, one potential exception to this, 
which cannot be excluded at the present time; it is conceivable that the application of high gas 
pressures, over significant periods of time, could possibly lead to compression and drainage of 
the clay.  The potential for this phenomenon is currently not well understood, especially since the 
effect is only likely to be of significant magnitude over long timescales.  However, one 
favourable aspect of the material performance over the long term is its propensity to ‘self-seal’ 
after a gas migration event.  The laboratory experiments outlined in this report demonstrated this 
capacity repeatedly, with clay seemingly recovering its barrier characteristics rapidly, even 
between individual gas migration events.  This behaviour was also seen to be further assisted by 
rehydration, which notably reduces prior ‘memory’ of gas migration and restores the clay close 
to its original state. 
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Figure 36 – A preliminary cross-plot showing key parameters for several gas injection tests.  
Care needs to be taken when comparing values estimated from different tests, with varying 
methods used to characterise the point of 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.  The dotted line is not a trend line and represents unity. 

Another aspect of importance is the potential for gas pressure escalation as the result of its 
generation at a rate which exceeds its dissipation.  Findings from testing within FORGE 
demonstrate that, at the laboratory scale, it is possible to maintain notably high excess gas 
pressures before gas entry into the clay takes place.  Whilst such pressures might conceivably 
have the potential to damage repository infrastructure/performance, 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.  As such, these higher pressures are 
effectively the direct consequence of a combination of the apparatus geometry, in combination 
with the applied constant volume condition at this scale.  Although these factors 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 highly unlikely to be achieved.  This hypothesis is, to-date, supported by 
the field-scale findings from Lasgit (Cuss et al. 2010; 2011; 2012).  However, it should be noted 
that current ‘maturity’ of the bentonite may also play a role in this.  It does seem reasonable to 
assume, however, that potential scenarios most likely to impact on repository functions will be 
those involving multiple non-ideal factors during a concurrent timeframe (e.g., the generation of 
high excess gas pressures being coincident with glacial loading). 

The effects of pore-pressure elevation and decline (such as might result from glacial loading) 
were also investigated within this WP3 task.  Findings demonstrate that swelling pressure 
reduces non-linearly with increasing pore-water pressure, becoming less sensitive to changes at 
elevated pressures.  Results from three of the tests demonstrate that pore-pressure cycling can 
lead to a small but persistent elevation in the swelling pressure of the clay, even after the applied 
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pore-water pressure is reduced to its original value.  The cause of this behaviour remains, as yet, 
unclear, but these observations may provide fundamental insight to the processes involved in 
system coupling within these materials.  It also seems plausible that, as a result of this behaviour, 
the mechanical and transport properties of the buffer may, in some scenarios, potentially be 
altered as the result of such excursions from expected hydrostatic conditions.  Nevertheless, a 
clearer understanding of the controls on this behaviour will require expansion of the data-set by 
further testing. 

In order to examine the potential impact of pore-pressure elevation on gas flow behaviour, two 
experiments were also subjected to gas injection after pore-pressure cycling.  Findings from 
these experiments indicate that gas entry behaviour is not significantly affected by a previously 
elevated pore-pressure history.  Certainly, when gas entry at elevated pore-pressure conditions is 
instigated by a decline in the applied water pressure, the resulting behaviour appears remarkably 
similar to that at expected hydrostatic conditions.  As such, it appears that the relationship 
between gas entry pressure and locally measured total stresses is consistent with the conceptual 
model for gas entry at lower pore-pressures (Section 4), irrespective of previous test history.  A 
large number of observations in both these experiments also indicate that the subsequent 
advective transport of gas is also consistent with this model, and occurs via the propagation of 
localised, dilatant pathways.  It, therefore, seems unlikely that excursions from expected 
hydrostatic conditions in the repository will impact on the gas entry behaviour of the bentonite.  
It should, nevertheless, be noted that 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.  It is, however, 
much less trivial to draw conclusions on the influence of prior pore-pressure cycling upon the 
behaviour of migrating gas, once it has entered the clay.  The differences in the approach to gas 
breakthrough in these two tests makes comparison particularly difficult, especially considering 
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. 

Observations relating to the post-gas entry phase do, however, provide insight into the evolution 
of the system in the approach to breakthrough.  In particular, a 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 escape is easily achievable, this phase is 
short and may not be apparent before breakthrough occurs.  However, if gas is unable to find a 
sink, a constant pressure condition alone may be enough to energise the system sufficiently for 
continued evolution.  This behaviour may be sustained for significant periods of time, while gas 
continues to seek a sink, and may display seemingly spontaneous changes (though it is likely this 
is a result of limitations in the number of points of observation within the material).  This 
‘flipping’ in system behaviour, from one meta-stable state to another, is clearly gas pressure-
driven and appears to be highly unpredictable in nature.  Observations suggest that 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.  Findings from all the experiments conducted within this task 
indicate that the presence and distribution of sinks (ie. conductive fractures/faults) within the 
borehole will, therefore, be of primary importance to the duration and nature of this phase of gas 
migration, both under normal and elevated pw conditions. 

The final aspect examined in this task was the influence of the dual-density bentonite interface, 
generated by the use of pellets as infill between the rock-wall and the pre-compacted block rings.  
Results from hydration of a bentonite powder/compacted block interface, highlight the 
complexity of the hydration process in clay.  Pore pressure evolution was observed to be 
incredibly slow, with significant pressure gradients being maintained over substantial periods of 
time.   The heterogeneities in the stress distribution generated by a dual density sample were also 
observed to persist throughout testing, indicating that the early evolution of these stresses is of 
primary importance.  These evolving pore pressures and ‘locked-in’ stress distributions are all 
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features observed at the field scale at Lasgit (Cuss et al. 2010; 2011; 2012).  The observation of 
these behaviours even at the laboratory scale suggests that a better understanding of the 
fundamental processes that allow such heterogeneity to be sustained may be required in order to 
predict the permanency of such features on repository timescales.  If such behaviour is not 
transient in nature and cannot be discouraged, it may be necessary to engineer barrier systems to 
allow such features.  It may also even be possible to utilise such behaviour to the advantage of 
the system design. 

Gas injection into the lower density clay side of the interface also displayed many similar 
features to the other CVRF tests.  In particular, the pressure at which gas entry occurs still 
appears to be relatively predictable from the value of the locally measured total stress.  This 
implies that the presence of a dual-density interface will not indirectly impact on gas entry 
behaviour of the buffer.  However, the lower stresses, which appear to remain locally ‘locked-in’ 
to the bentonite in lower density zones, may have an inherently lower gas entry value as result.  
Injection into the lower density slurry confirms this value to be significantly lower than within 
the pre-compacted block (~3-3.5 MPa) and at pressures much closer to those observed at Lasgit 
(see Fig. 36).  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.  In order to better examine the 
degree of permanence of this interface and its role on gas migration, continued gas testing of 
dual-density interfaces is required.  Findings from all the experiments presented in this report 
demonstrate that, even at the laboratory scale, the processes involved in gas flow through 
bentonite are highly complex.  Testing in the laboratory (both within and outwith FORGE) has 
provided continual insight that can be applied to field testing and highlights the value of applying 
these complimentary approaches to better understand processes relevant to gas flow in 
engineered barrier materials. 
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8 Conclusion 
This task within FORGE has examined key uncertainties associated with the advective transport 
properties of pre-compacted bentonite.  Testing has been conducted on the laboratory scale, 
under representative in situ conditions, in order to compliment field-scale observations.  The 
results relate to the behaviour of fully saturated, pure, pre-compacted Mx80 bentonite under 
constant volume and constant applied water pressure conditions; as expected in Swedish plans 
for an Engineered Barrier System.  Remaining uncertainties relating to the swelling, hydration 
and multi-phase flow characteristics of Mx80 bentonite were investigated in order to solicit 
information concerning the underlying processes involved.  In particular, testing has examined 
the impact of elevated applied water pressures, pore-pressure cycling and the influence of 
density contrasts on the swelling and gas transport characteristics of bentonite. 

In this report we describe a conceptual model based on laboratory observations, which describes 
the migration of gas in pure Mx80 bentonite through dilatant pathways and relates the gas entry 
pressure to the local value of the total stress (Horseman and Harrington, 1997; Harrington and 
Horseman, 2003; Graham et al., 2012).  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 displayed, 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.  It is, therefore, apparent that the point of gas 
entry into the bentonite is reasonably predictable, but the time, location and conditions that lead 
to gas breakthrough are highly variable in nature and, consequently, non-trivial to determine. 

Testing examining bentonite swelling properties found swelling pressure to be slightly 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. 

An additional test programme has investigated the influence of a dual-density bentonite interface 
and highlighted the complex nature of the hydration process, with observed features displaying 
strikingly similar behaviour 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 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 that 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 
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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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