FI9800132

POSIVA 98-08

Modelling Gas Migration
in Compacted Bentonite
A report produced for the GAMBIT Club

P.J. Nash
B.T. Swift
M. Goodfield
W.R. Rodwell
AEA Technology pic
Dorchester, United Kingdom

I
29-39
August 1998

POSIVA OY
M i k o n k a t u 15 A , F I N - 0 0 1 0 0 H E L S I N K I . FINLAND
P h o n e (09) 2 2 8 0 3 0 ( n o t ) . ( + 3 5 8 - 9 - ) 2 2 8 0 3 0 ( i n t . )
Fax (09) 2 2 8 0 3 7 1 9 ( n e t . ) . ( + 3 5 8 - 9 - ) 2 2 8 0 3 7 1 9 ( i n t . )

ISBN 951-652-046-4
ISSN 1239-3096

The conclusions and viewpoints presented in the report are
those of author(s) and do not necessarily coincide
with those of Posiva.

S _

PoSÎV3

RôDOrt

Raportin tunnus - Report code

POSIVA 98-08
Posiva Oy
Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND

Julkaisuaika -rate

Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30

Elokuu 1998

Tekijâ(t) - Author(s)

Toimeksiantaja(t) - Commissioned by

P.J. Nash, B.T. Swift,
M. Goodfield ja W.R. Rodwell,
AEA Technology pic, United Kingdom

Posiva Oy

Nimeke-Title

KAASUN KULKEUTUMISEN MALLINTAMINEN KOMPAKTOIDUSSA BENTONHTISSA

Tiivistelmä - Abstract

Tässä raportissa kuvataan ensimmäistä vaihetta tutkimusohjelmasta, jonka tavoitteena on kehittää
laskentamalli. Tällä mallilla on tarkoitus simuloida kaasun kulkeutumista kompaktoidun bentoniitin
lävitse. Tavoitteena on arvioida bentoniittipäästöesteen vaikutusta kaasun paineen kehittymiseen ja
vetykaasun poistumiseen loppusijoitustiloissa sijaitsevasta kapselista
Tutkimusohjelman ensimmäisessä vaiheessa on arvioitu kaasun kulkeutumisen ominaisuuksia ja sitä
sääteleviä mekanismeja kompaktoidussa bentoniitissa. Myös alustava tietokoneohjelma on laadittu ja
sen toimintaa on testattu.
Mallissa oletetaan, että syntyvä mikrorakoilu bentoniitissa käynnistää kaasun kulkeutumisen. Lisäksi
oletetaan syntyneiden virtausreittien permeabiliteetin riippuvan kaasun paineesta.
Horsemanin ja Harringtonin hyvin kontrolloiduista kokeista saatuja tuloksia käytettiin uuden mallin
alustavassa arvioinnissa. Mallilla oli mahdollista saada kvalitatiivisesti esiin kaikki havaitut kokeissa
esiintyneet piirteet. Lisäksi mallin tulokset sopivat kvantitatiivisesti yhteen monilta osin koetulosten
kanssa. Kuitenkaan kaikkien testitulosten kanssa ei mallilla saavutettu kvantitatiivista yhteensopivuutta. Raportissa esitetään keskeisten parametrien vaikutukset mallilla saatuihin tuloksiin.
Lisäksi hahmotellaan jatkovaiheen tutkimustavoitteita.

Avainsanat - Keywords

bentoniitti, kaasun kulkeutuminen, mallinnus, loppusijoitustilat
ISSN

ISBN

ISBN 951-652-046-4

ISSN 1239-3096
Kieli - Language

Sivumäärä - Number of pages

81

Englanti

ti -

POSiVa Report

Raportmtunnus- Report code

POSIVA 98-08
Posiva Oy
Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30

. . .
Juikasuaka - Date
A u g u s t 1998

Tekija(t) - Author(s)

Toimeksiantaja(t) - Commissioned by

P.J. Nash, B.T. Swift,
M. Goodfield and W.R. Rodwell,
AEA Technology pic, United Kingdom

Posiva Oy

Nimeke-Title

MODELLING GAS MIGRATION IN COMPACTED BENTONTrE

Tiivistelma - Abstract

This report describes the first phase of a programme of work that has as its overall objective the
development of a computational model that can simulate the results of experiments on gas migration
through highly compacted bentonite, and will provide the basis of a model suitable to assess the
effects of bentonite barriers on the build-up of pressure and the escape of hydrogen gas from
disposal canisters in a radioactive waste repository.
In this first phase of the project, the possible mechanisms and controlling features of gas migration
through compacted bentonite have been reviewed, and a preliminary computational model of the
process has been implemented and evaluated.
In the model it is assumed that gas invasion of the clay occurs by induced microfissuring, and that
the permeability of the pathways thus created depends on the gas pressure (or the effective stress).
Experimental data on gas migration in compacted bentonite that was collected under well controlled
conditions by Horseman and Harrington was used in a preliminary evaluation of the new model.
The model was able to reproduce qualitatively all the features seen in the subset of the experimental
data used in the evaluation, and to provide quantitative agreement to substantial sections of the
results of test sequences, but quantitative agreement between simulation and experimental results
over a whole test sequence was not obtained. As part of the model evaluation, the dependence of the
results obtained on key model parameters is reported.
Outline plans for a further phase of work are suggested.

Avainsanat - Keywords

bentonite, gas migration, modelling, repository
ISSN

ISBN

ISBN 951-652-046-4

ISSN 1239-3096
Kieli - Language

Sivumaara - Number of pages

81

English

EXECUTIVE SUMMARY
This report describes the results of Phase 1 of the GAMBIT Club programme. This
programme has as its overall objective the development of a computational model that
(i) will adequately represent the principal features observed in experiments on gas
migration through highly compacted bentonite, (ii) can be used to analyse and interpret
experimental results, and (iii) will exist in a version suitable to assess the effects of
bentonite barriers on the build-up of pressure and the escape of hydrogen gas from
various disposal canister designs. The work is planned to take place in three phases.
During Phase 1 of the project the emphasis has been on developing an understanding of
the mechanisms and controlling features of gas migration through compacted bentonite,
and on the implementation and evaluation of a preliminary computational model of the
process.
The model that has been implemented is based on the approach agreed with the
GAMBIT Club members as that providing the most plausible interpretation of the
presently available experimental data on gas migration in compacted bentonite, namely
that gas invasion of the clay occurs by induced microfissuring of the clay, and that the
permeability of the pathways thus created depends on the effective stress (or
equivalently, when constant stress boundary conditions are applied, on the gas
pressure). It was considered that in highly compacted bentonite there would be little
opportunity for extensive pre-existing pathways to exist and provide a route for gas
migration through the clay, so that invasion of the clay by gas would necessarily require
the rupturing of inter-layer water films by micro-fissuring.
Accordingly, the new model consists of two stages: a gas pathway propagation stage in
which the theory of linear elastic fracture mechanics is used to develop a model of crack
propagation through the clay, and a continuous gas flow stage in which, after gas
breakthrough at the downstream face of the sample, gas flow is established across the
sample and the dilation of the gas pathways is dependent on the gas pressure in a way
designed to reproduce behaviour seen in laboratory tests.
A body of experimental data on gas migration in compacted bentonite has been
collected under well controlled conditions by Horseman and Harrington (1997). This
data, and the discussion provided by these authors, furnished the main basis for the
development of the current model, although consideration was also given to results
published by other authors, and a subset of the data was used in a preliminary
evaluation of the new model. The model was able to reproduce qualitatively all the
features seen in the experimental data used in the evaluation, and to provide quantitative
agreement to substantial sections of the results of test sequences, but quantitative
agreement between simulation and experimental results over a whole test sequence has
not yet been achieved. As part of the model evaluation, the dependence of the results
obtained on key model parameters is reported.

The performance of the model and the parameter values used in attempting to simulate
experimental results have been reviewed, and an outline of work to carry forward the
development of the model is proposed.
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1

INTRODUCTION

The overall objective of the GAMBIT Club programme is to provide a computational
model that will adequately represent the principal features observed in experiments on
gas migration through compacted bentonite, and that can be used both to analyse and
interpret experimental results and to assess the effects of bentonite barriers on the buildup of pressure and the escape of hydrogen gas from various disposal canister designs.
The work is planned to take place in three phases, of which the current phase, Phase 1
of the programme, has the following objectives:
a) to develop an understanding of the mechanisms and controlling features of gas
migration through compacted bentonite in order to be able to model the process;
b) to select an appropriate approach to modelling gas migration through bentonite and
to develop a model formulation;
c) to provide a computational implementation of the chosen model to a level sufficient
to test the adequacy of the model by comparison with experiment;
d) to carry out initial validation of the model by comparison of the model predictions
with a representative selection of the results of laboratory experiments carried out
by the British Geological Survey (BGS);
e) to consider whether the model can be applied to problems with field-scale
dimensions without introducing new or unexpected difficulties.
By the end of Phase 1 it was intended that a computational model should have been
developed and validated against experimental results to an extent sufficient to
demonstrate whether it provides a representation of the mechanisms of gas migration
through bentonite that is adequate to justify its further development or refinement and
its use in simulating a more comprehensive range of experimental results.
The data against which the preliminary modelling ideas of Phase 1 were to be tested
were to be taken from results obtained by Horseman and Harrington (1997); this
publication will be hereafter referred to as HH. The data and discussion provided by
HH also furnishes the main basis for the development of a model of gas migration in
compacted bentonite, although consideration was also given to the substantial body of
work by Pusch and coworkers (Pusch and Forsberg 1983; Pusch et al. 1985; Pusch et al.
1987; Pusch and Hokmark 1990; Pusch et al. 1990), and to the work carried out recently
by PNC (Tanai et al. 1997).
Mechanisms of gas migration in compacted bentonite are discussed in Section 2 of this
report. The mechanism favoured here as providing the best available representation of
gas invasion of water-saturated compacted bentonite, and agreed by GAMBIT Club
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members as the basis of the model development described in Section 3, is one involving
the propagation of gas pathways through the clay by gas-induced microfissuring. There
was a consensus amongst GAMBIT Club participants that it was likely to be the case
that for highly compacted bentonites (with a saturated density of, say, > 1.9 Mg m"3)
there would be little opportunity for extensive pre-existing pathways to exist and
provide a route for gas migration through the clay, so that invasion of the clay by gas
would necessarily require the rupturing of inter-layer water films in a process that it has
been suggested (HH) may be best regarded as a form of micro-fissuring of the clay. It
needs however to be recognised that there are still uncertainties in the interpretation of
the experimental data, and some particular details of the gas migration behaviour that
are difficult to explain, as discussed in subsequent chapters of this report.
Section 3 presents details of the mathematical basis and computational implementation
of a model of gas migration in compacted bentonite that has been developed following
the above interpretation of the experimental data. The model consists of two phases: a
propagation phase in which gas pathways are formed through the clay sample by
microfissuring, and a post breakthrough phase in which the key feature is the coupling
between pathway dilation and gas pressure (this also occurs during the propagation
phase).
The use of the model to simulate representative sets of data from the tests carried out by
HH is described in Section 4, and the behaviour of the model is reviewed in Section 5.
In Section 6 the way the GAMBIT Club programme should be carried forward is
addressed, and the report is summarised in Section 7.
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2
EXPERIMENTAL EVIDENCE FOR MECHANISMS OF GAS MIGRATION IN
COMPACTED BENTONITE
2.1

Summary of the Horseman-Harrington (HH) Experiments

As already indicated, the main experimental data used in this work, both as a source of
information for developing ideas about gas migration mechanisms in compacted
bentonite and to provide results against which to test the predictions of simulations, are
those provided by HH. A brief description of the main experiments reported by HH is
provided in this sub-section to assist understanding of later discussion.
A simplified schematic of the experimental arrangement developed by HH is provided
in Figure 2-1 to show the main features of significance in the interpretation and
modelling of the results. An experiment is performed with a sheathed cylindrical
bentonite sample which is held at a constant isotropic confining stress, by containment
in a pressure vessel filled with pressurised fluid, and which is fitted with inlets and
outlets at either end. Gas is injected at one end of the sample by displacement by water
from a vessel first filled with gas at a suitable initial pressure. The water is injected into
the vessel using a syringe pump with a controllable pumping rate (the displacing water
is not shown in the schematic, just the end effect of the pump in reducing the gas
volume). A constant backpressure is of l.OlMPa is applied to the other end of the
sample. The sample is orientated vertically with gas flow occurring from the top to the
bottom of the sample. Readings of the injection (upstream) gas pressure and gas inflow
Table 2-1. Summary of Results ofHH Experiments.

HHTest
Number
Mx80-4A

Pumping
Rate
(Hlhr 1 )

Entry

Gas Pressure (MPa)
Break
Peak
through

Steadystate

Confining
Pressure
(MPa)

375
16.20
16.20
15.23
16.31
16.00
0
13.5
16.00
375
15.26
15.12
16.00
180
14.65
16.00
90
14.28
16.00
45
13.92
16.00
0
12.0
16.00
a
9.02
9.03
8.99
9.00
Mx80-7
375
8.88
180
9.00
8.81
9.00
90
8.72
9.00
45
=5.0
9.00
0
* Only the second part of test Mx80-7, after steps were taken to resaturate the sample,
is considered
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Inlet end-cap
Pressure vessel
Bentonite sample
Flexible sheath
Water at confining
pressure
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Confining
pressure

Applied back
pressure

I

Fluid collection
system

Figure 2-1. Schematic of the Apparatus for the Experiments Reported by HH.

and outflow rates are automatically logged at regular intervals throughout each
experiment. An example of these measurements for one of the sets of results obtained
by HH is shown in Figure 2-2.
Each experiment is initiated with the upstream pressure below the confining stress and
with the pumping started at a fixed rate. A period of pressure build-up then occurs; this
can be seen in the example shown in Figure 2-2. During this period gas is entering the
"system" as it is compressed in the upstream vessel. (At this stage in the example
shown the volume of gas is being reduced in the upstream vessel at a rate of 375 (il hr 1 ,
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Figure 2-2. Experimental Results from Test Mx80-4A ofHH.

as indicated in Table 2-1). At a sufficiently high upstream pressure gas pathways begin
to propagate through the sample. Once breakthrough of the pathways has occurred at
the downstream end of the sample the upstream pressure will peak and then reduce
towards a steady-state value. (This is the first peak shown in Figure 2-2, and it just
precedes the first appearance of flow from the downstream end of the core.) The
pumping rate is subsequently altered one or more times producing further pressure
transients and steady-state pressures. Where the pumping rate has been increased part
way through a test a secondary peak upstream pressure occurs. All experiments are
concluded with a zero pumping rate (shut-in) period.
In the example of Figure 2-2, the first reduction in the pumping rate is from 375 to
0 |il hr"1, and takes place after the pressure at the initial pumping rate has approximately
stabilised. After the pressure has further declined following the stopping of the pump,
the pump is restarted at a rate of 375 (il hr"1 and the pressure increases again and passes
through a second maximum. This time, when the pressure has approximately stabilised
at the maximum pumping rate, the pumping rate is reduced through a series of steps to
180, 90, 45, and 0 |xl hr 1 , and the resulting transients in the pressure response can be
clearly seen in the figure.
Table 2-1 gives a quantitative description of the main features of a subset of the HH
experiments that are referred to in this report. Table 2-2 provides some other details of
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the experimental geometry and conditions that are common to all tests and will be
needed at various points in this report.

Table 2-2. Practical Parameters Applying to the Gas Migration Experiments.
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Cylindrical sample length

4.90cm

Cylindrical sample diameter

4.90cm

Gas used

helium

Laboratory temperature

20°C

Characteristics of Gas Migration Behaviour in Compacted Bentonite

The experimental data indicates the following general qualitative characteristics of gas
migration through compacted bentonite:
a) The gas pressure needs to reach a certain critical value before significant amounts of
gas will flow through the clay, and the critical pressure can be identified with the
swelling pressure plus the equilibrium external water pressure.
,b) Both gas entry to the clay, and the gas flow after breakthrough result in very little
desaturation of the clay.
c) Gas flow and the permeability of the bentonite drop as the applied gas pressure is
reduced, and flow is expected to cease when the applied pressure drops below a
certain level, although this point of flow cessation was not precisely identified in the
experiments reported by HH (it was estimated from the point at which flows had
dropped to a low value). Gas flow will generally start again if the gas pressure
returns to a value close to the original critical pressure.
d) Intermittent 'burst'-type behaviour, in which gas flows in short-duration pulses
separated by periods of quiescence, has been observed (e.g. Volckaert et al. 1995).
The results obtained by HH provide some quantitative data bearing on the above
characteristics of gas migration in compacted bentonite, albeit in a restricted rage of
circumstances. Some of these more quantitative aspects are discussed in the following
subsections.
It is envisaged that the computational model to be developed should be able to represent
characteristics (a) to (c) above, and provide a satisfactory quantitative simulation of the
results of HH. It should be noted in relation to the last requirement that there are some
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details of the results of HH which vary significantly between experiments conducted in
similar ways; this occurs most notably in behaviour during the period of gas entry and
breakthrough. Modelling of such differences in behaviour is not possible
deterministically and what will then be sought is the simulation of some appropriately
representative behaviour.
It is not envisaged that it will either be useful or practical to model the intermittent burst
type behaviour apparently sometimes observed (point (d) above). The timescales over
which the fluctuations occur are considered too short to be of interest in performance
assessment, but the behaviour does raise difficulties in the modelling approach about
how the downstream boundary should be treated (see below) to provide representative
average behaviour.
As noted in point (b) above, HH infer from their results that very little water is
displaced from the clay as a result of gas invasion, although their experiments did not
allow the water content of the downstream fluid flow to be directly measured. The fact
of negligible water loss may be relevant to barrier performance, as it suggests little
change occurs to the clay fabric (apart from gas pathway formation). Another relevant
factor investigated by HH is the resealing behaviour of the bentonite after gas flow has
ceased (see Section 2.1, point (c) above and the next Section). In addition to following
the procedures already noted, this was also investigated by carrying out gas migration
tests on a bentonite core containing a fabrication joint parallel to the flow axis. The
joint was found to have no discernible effect on gas migration behaviour.
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Breakthrough and Flowing Gas Pressures

As mentioned above, HH and others argue that gas penetration through bentonite
requires that the gas pressure exceeds the equilibrium external water pressure of the clay
by an amount equal to the swelling pressure of the clay. If the clay is in equilibrium at
the start of the gas injection test, the confining pressure will be equal to the swelling
pressure plus the water back pressure, so that the gas entry/breakthrough pressure would
be equal to the confining pressure. This of course presents experimental difficulties as
if the injection pressure exceeds the confining pressure then there is danger of rupture of
the sample sheaths, as occurred in some experiments reported by HH.
For those successful triaxial test experiments carried out by HH with a confining
pressure of 8, 9 and 16MPa, the initial breakthrough pressure was found to be within
±0.2MPa of the confining pressure. When gas was reinjected into the same core after a
period of no gas injection, the pressure at which gas flowed again was generally reduced
so that gas entry was at a pressure below the confining pressure. Increasing the
confining stress before a repeat injection raised the entry pressure again, but not by as
much as the confining stress had been raised so that entry occurred at pressures
significantly below the confining pressure. At 18, 20 and 22MPa confining pressures
the breakthrough gas pressures were 16.4, 18.0 and 18.9MPa respectively. In the three
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experiments that failed by sheath rapture, the gas pressures had risen to between the
confining pressure and about 2MPa above the confining pressure before failure. Note
that HH suggest that the copper sheath may exert an additional confining pressure of
~2MPa, so that there could be more difference between breakthrough gas pressure and
confining pressure than indicated, except for the last two samples which were sheathed
in Teflon.
If the gas has to create pathways in order to invade the clay, it is not clear how it can do
this at pressures below the confining stress. If this occurs for initial gas invasion, the
only plausible explanation, if the pathway creation mechanism is correct, seems to be
that the confining stress has not propagated throughout the sample, so that some regions
are at lower stress than expected, and possibly also able to absorb some local volume
dilation which is not transferred to the outer boundary of the sample. In the cases in
which gas had previously been injected, the lower gas entry may correspond to the
existence of pathways that had not completely closed.
The behaviour of the upstream gas pressure after breakthrough is also not
straightforward to explain. The results of HH show characteristic transients in the
upstream gas pressures and downstream gas flows following initial breakthrough of gas
from the bentonite core, and following subsequent successive stepwise reductions in the
rate of pumping water into the upstream void volume. In all cases the pressure declines
and tends (apparently) towards a steady-state value depending on the inlet flow rate for
the particular sample and conditions, and the steady-state pressures are all significantly
less than the confining stress.
In parallel with the post-breakthrough pressure decline, HH report a reduction in the
estimated permeability to gas of the sample, which lies in the range 0.1 10"20 to
2.9 10*20 m2, depending on the flow rate and cycle in the experiment (but note that there
is some arbitrariness in the way the permeability is calculated because of uncertainty in
the appropriate value to use for the downstream gas pressure in calculating the pressure
gradient (HH); see below). A natural explanation for this reduction in permeability is
that the gas pathways tend to close as the gas pressure reduces, and the simplest way of
representing this is in terms of a linear elastic response of the system to the changing
gas pressure.
In most approaches to the analysis of the propagation and deformation of fractures, the
fractures are represented as having narrow elliptical cross-sections. Simple models of
elastic pathway dilation following initial separation of closed surfaces by gas entry
would then require that the pathways close when the gas pressure falls below the
confining stress, assuming that this was initially uniform throughout the sample (see
Section 3.1.3). However, the experimental data indicates that once gas pathways have
been opened in compacted bentonite, they remain open at applied gas pressures much
lower than the confining stress. The steady-state gas pressures at the lowest gas
injection rates used by HH are 0.3 to 2.1MPa lower than the confining stresses. The gas
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pressure also decays very slowly once the gas injection pump is turned off, so that in no
case has gas flow from the core completely stopped by the end of the experiment. In
these cases gas is still flowing, albeit very slowly, at upstream gas pressures 3 to 6MPa
below the confining stress.
In order to explain these observations it is necessary to invoke some other mechanism
than simple elastic responses of conventional flat elliptical cracks. Possibilities might
include:
a) Plastic creep of the clay after pathway dilation, in particular so that the pathways
adopt a shape less easily closed than that originally formed in the fracturing process.
For example, surface forces might tend to reshape cracks with initial elliptical crosssections into ones with more circular cross-sections, and since these would initially
be in equilibrium with the internal gas pressure equal to the confining stress, they
would be difficult to close off by elastic deformation. Note that invocation of a
plastic response by the clay to the applied gas pressure will imply a time
dependence to the effects observed; shutting off the upstream gas flow immediately
after breakthrough might invoke a different response to shutting it off after an
extended period of flow through the sample.
b) Local loss of water so that the water content is less than that which existed
originally. This might delay the proper closure of cracks because of local volume
reduction of the clay.
c) There may be an energy barrier to pathway closure, for example in the reformation
of interlamellar films. It seems unlikely that such reformation of bonds would be
responsible for the effects observed since they would be expected to come into play
at separations of molecular dimensions at which it would be expected that the
permeability was close to zero anyway. A more likely energy barrier is one
involved in plastic deformation required to restore the original conformation.
Perhaps the fracturing of the clay is more disruptive than envisaged so that shearing
and disruption to the new clay surfaces makes it difficult for the cracks that have
been opened to reform as this would require the sort of plastic deformation
suggested above.
d) Contrary to the assumptions made here, gas pathway formation does involve the
"clearing" of preexisting pathways by the displacement of water and/or clay gels, as
proposed by Pusch and coworkers (Pusch and Hokmark, 1990; Pusch et al., 1990),
rather than fissure propagation. Such preexisting pathways must be supported to
some extent by the clay fabric (so that they do in fact exist) and therefore arguably
would not close as readily as newly formed fissures. The objections to this
mechanism are (i) that it is argued that in highly compacted bentonite such pathways
cannot exist, and (ii) that if gas follows existing pathways then the gas breakthrough
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pressure is presumably determined by the dimensions of those pathways and not by
the swelling pressure to which it does in fact appear to be related.
Note that, in some of the upstream pressure transients occurring after breakthrough, HH
observe "overshoot" in the pressure decline. The gas pressure goes through a minimum
before approaching its steady-state value. This may indicate a rate effect in the
response of the system to the changing gas pressures.
The issue of pathway closure acquires even sharper focus when considered in relation to
behaviour at the downstream boundary of the core in the triaxial geometry tests. Here a
backpressure of - l M P a is applied, compared to a confining pressure of from 8 to
22MPa. If the back pressure is representative of the pressure of the gas leaving the
core, it is difficult to see how continuous gas flow can be maintained without the
pathways closing under the influence of the confining stress. The erratic fluctuations in
the downstream gas fluxes about a trend line are probably a consequence of this
difficulty; gas pathways probably do not stay open continuously. It is worth noting in
this context that the experimental sample is orientated so that the flow direction is
vertical with gas entering the top and leaving the bottom of the sample. This means that
gas will tend to displace water from the porous disc and dead volumes in the outlet end
cap so that there would not be expected to be any free water present that could imbibe
back into the sample under the influence of matric suction as the gas pressure reduces.
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Estimated Gas Permeabilities

HH have estimated effective gas permeabilities, kg, once breakthrough has been
established from the standard form of Darcy's law obtained when the compressibility of
the fluid is taken into account:

where

kg
qa
R
T
Hg
L
vst
A
pgi
pwo
pco

is the effective gas permeability (m 2 );
is the volumetric gas flow rate corrected to standard temperature and
pressure (STP) ( m V 1 ) ;
is the universal gas constant (J mole'K' 1 );
is the absolute temperature (K);
is the gas viscosity (Pa s);
is the length of the sample (m);
is the partial molar volume of the gas at STP ( m ' m o l e 1 ) ;
is the cross-sectional area of the sample (m 2 );
is the inlet gas pressure (Pa);
is the outlet water back pressure (Pa);
is the capillary pressure at the outlet (Pa).
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The existence and specification of the capillary pressure (called apparent matric suction
by HH), pco, at the outlet is uncertain, and is taken by HH, somewhat arbitrarily, to be
the value of the inlet pressure minus the water back pressure after an extended shut in at
the end of the particular experimental sequence. The value is in the range 11 to 14MPa
for the high swelling samples and estimated to be about 4MPa for the medium swelling
samples. These apparent matric suctions are significant compared with the difference
between the breakthrough gas pressure and the water back pressure so the choice of the
values to be assigned to them can significantly affect the assumed pressure gradients,
and hence the calculated permeabilities.
The effective gas permeabilities calculated in this way by HH were, as indicated above,
in the range 0.1 10"20 to 2.9 10'20 m2, depending on the flow rate and cycle in the
experiment. The permeabilities at the highest flow rate used, that used to initiate gas
breakthrough, were in the much narrower range 1.3 10'20 to 2.9 10'20 m2. If the inclusion
of an apparent matric suction were not invoked in the estimation of the downstream gas
pressures, the calculated permeabilities would be significantly smaller, as the assumed
pressure gradient would be larger.
An additional observation that can be made from the experimental results is that the
"steady-state" permeability calculated after the upstream pressure has stabilised at a
constant injection pump rate shows, to a good approximation, an exponential
dependence on the upstream pressure. Such a dependence was noted by Volckaert et al.
(1995) in relation to results obtained from similar experiments on Boom Clay. These
authors expressed the dependence as one on the average effective stress rather than on
the upstream gas pressure, but as these two quantities only differ by an additive constant
for a particular test sequence, an exponential dependence for one implies a dependence
of the same functional form for the other with a different pre-exponential factor. This
dependence is illustrated here using two of the sets of results reported by HH: test
sequences Mx80-4A and Mx8O-7.
The key experimental data for test Mx80-4A is that shown in Table 2-1, and a plot of
calculated permeability against upstream gas pressure is shown in Figure 2-3.
Equation 2-1 was used to determine the permeabilities, with details of the experimental
conditions taken from Table 2-2 and the gas viscosity and the capillary pressure taken to
be 2 10'5 Pa s and zero respectively.
Figure 2-3 also shows an exponential fit to the "experimental" data points.
The corresponding plot for experimental test sequence Mx80-7 is shown in Figure 2-4.
Again the form of an exponential fit is shown.
While these exponential fits are not perfect, they are indicative of the behaviour that any
model of the post-breakthrough flow of gas through bentonite will need to exhibit in the
dependence of the apparent average gas permeability on gas pressure.
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Figure 2-3. Plot of Calculated Permeability against Gas Pressure for Test Mx80-4A.
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Pathway Characteristics

Information that would be extremely valuable to the understanding of gas migration
through compacted bentonite would be details of the dimensions, geometry and number
(or density) of pathways that carry gas through a sample of compacted bentonite.
Unfortunately no such data has been obtained, although in the future marker techniques
such as radiography or the use of chemical dyes may provide ways of obtaining some
data on the gas pathway characteristics. At the present time however it is only possible
to conjecture about the detailed nature of the pathways formed or followed by the gas.
On the basis of observations of cracking of the surface of an oven-dried sample of
compacted bentonite, HH postulate that microcracks with length of 3.4mm normal to
the propagation direction (side length of hexagons in an array with a repeat distance of
6mm) may be formed with a polygonal arrangement in the plane normal to the direction
of gas pathway propagation through the sample. This is typical of the cracking that
occurs when a desiccation and shrinkage front propagates into a solid from its surface,
but it is not known whether the behaviour that was observed is representative of the
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Figure 2-4. Plot of Calculated Permeability against Gas Pressure for Test Mx80-7.

microfissuring suggested to occur in compacted bentonite during gas invasion, or is
particular to the oven drying of the bentonite.
In discussing similar experiments on gas migration through Boom Clay, Ortiz et al.
(1997) suggest that the apertures of fractures formed in the clay may be in the range 5 to
50(im, but again the experimental data to support any such estimates is lacking.
The only experimental constraint (beyond the dimensions of the sample) on the
characteristics of the gas pathways is that they must give rise to the measured gas
permeability discussed above of about 10'20m2, although even here it should be
remembered that there are uncertainties in the determination of the gas permeability
because of the ambiguity, already noted in the previous section, in the specification of
the gas pressure difference across the sample. The permeability constraint can however
be satisfied by a wide range of combinations of pathway geometries and densities. For
example, if the pathways are considered to exist as an array of identical cylindrical
capillaries parallel to the direction of gas flow, then the combinations of numbers and
densities of pathways shown in Table 2-3 all give rise to a gas permeability of 10'20m2.
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Table 2-3. Capillary Density / Radii Combinations Giving a Permeability o
Capillary
Density (m 2 )

Capillary
Radius (m)

Capillary
Pressure (Pa)

Porosity

1.00

5.30 102

2.63 10 6

5.70 104

1.154 10"8

1.00 101

5.30 103

1.48 10"6

1.01 10s

3.651 10 8

1.00 102

5.30 104

8.32 10 7

1.80 10s

1.154 10 7

1.00 103

5.30 105

4.68 10"7

3.20 105

3.651 10 7

1.00 104

5.30 106

2.63 10"7

5.70 105

1.154 10"6

1.00 105

5.30 107

1.48 10"7

1.01 106

3.651 10"6

1.00 106

5.30 108

8.32 108

1.80 106

1.154 10 5

No of
Capillaries

In Table 2-3, the permeability, k (m2), of parallel cylindrical pathways of constant and
equal radius, r (m), are calculated as (e.g. Dullien, 1992)
nwr

2-2

where n is the density of capillary pathways (m 2 ) (tortuosity of the pathways is
neglected for simplicity). The capillary pressure, pc (Pa), and gas-filled porosity, <j>,
which would be associated with the set of pathways are calculated as
2-3
2-4
yis the gas-water interfacial tension, which is taken to be 0.075 N m 1 throughout this
report (the value of water against air at 5°C (Weast, 1976)). In the axial flow
experiments of HH the cylindrical sample has a diameter of 4.9cm (Table 2-2).
Any number of capillaries between 1 and 106 appears capable of producing the required
gas permeability without giving rise to a capillary pressure which might be regarded as
excessive compared with the other pressures imposed on the system. There is no
evidence of significant water being ejected from the sample by gas invasion, so the
exceedingly low porosity associated with the number of gas occupied channels that are
sufficient to provide the observed permeability is consistent with that observation, but
this small porosity could be provided by dilation of the sample associated with
microfracturing as well as by displacement of water.
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Similar wide ranges of pathway numbers and dimensions can be shown to give rise to
the observed apparent gas permeabilities using other pathway geometries, for example
elliptical microfissures.
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3

SIMULATION OF GAS MIGRATION IN BENTONITE

A model for gas migration in compacted bentonite clay is described in this section. An
overview of the conceptual model is given in Section 3.1, and a complete description of
the mathematical model is contained in Section 3.2.

3.1

Overview of the Model

A one-dimensional model of gas flow through linear pathways has been developed to
study gas migration in compacted bentonite clay. The model is designed to simulate the
laboratory experiments undertaken by HH, including the multiple stage tests during
which the gas pumping rate was adjusted part-way through the experiment.

Gas
Flow

x

Figure 3-1. Schematic of a Propagating Crack in Compacted Bentonite.

The model operates in two distinct stages (i) pathway propagation, during which
pathways are formed across the clay by rupturing the clay surfaces apart, and (ii)
continuous pathway flow, which occurs after gas breakthrough once continuous gas
pathways have been established between the upstream and downstream ends of the clay.
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A schematic of the model for a single pathway during the pathway propagation stage is
shown in Figure 3-1. In this figure, 2b is the dilation of the crack, which can vary with
position along the crack, 2c is the width of the crack, which is constant for a particular
simulation, and a is the current length of the crack
Although the particular details of the model are developed for an isolated fracture in an
extended medium, it is assumed that multiple fractures can be treated as an assemblage
of these independent fractures. If the fracture density is large this may not be a
quantitatively accurate approximation, but it is expected that the effect of interactions
would be to change the values of the effective elastic constants, rather than the form of
the relationships invoked, so that the effect of any interactions between fractures could
be subsumed into the uncertainty in model parameters. (The issue of the equivalence of
individual fractures or whether the number of fractures remains constant during an
experiment is discussed in Section 5.)
The independent variables which are determined by the model are the gas pressure and
the dilation of the crack.
The model can be used to predict
•
•
•
•
•

The time of and upstream gas pressure when gas first enters the clay;
The time taken between gas first entering the clay and subsequently emerging at the
downstream end (breakthrough);
The peak upstream gas pressure after gas breakthrough at the downstream end;
The evolution with time of the gas flow out of the downstream end of the clay, and
of the upstream gas pressure;
The steady state upstream gas pressure at a given pumping rate.

Recall that after gas breakthrough the upstream gas pressure generally passes through a
peak and then falls, tending gradually towards a steady state. It is envisaged that the
pressure begins to fall because the capacity for gas flow created during the fissure
propagation phase exceeds the gas injection rate, but as the pressure falls the fissures
shrink reducing the flow capacity until it is in balance with the injection rate and a
steady state is reached.
The model for gas migration can be broken down into the four components described in
the following subsections:
3.1.1

Gas Flow Model

The gas flow model describes the rate at which gas will flow through the cracks in the
bentonite clay. It is assumed that the gas flow can be described by Darcy's law. This
states that the gas flux is proportional to the product of the pressure gradient and the
crack permeability. The permeability of the crack is determined from its dilation, and
will therefore vary along the length of the crack.
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A conservation equation is also required to ensure that mass is conserved.
3.12

Crack Propagation Model

The fracture propagation model determines the velocity at which the crack front
advances through the compacted bentonite clay and enables the transit time for first gas
arrival at the downstream end of the sample to be predicted.
The model uses a Griffith energy approach (Griffith, 1921, 1924) to determine the rate
of crack advance. An energy balance is created between the change in strain energy
arising from the extension of the fracture tip with the energy needed to create new crack
surface.
The rationale behind this assumption, which is presented in HH, is that crack
propagation in compacted clays involves the rupturing of thin water films which
"cement" the clay fabric, a mechanism which is akin to the process of hydraulic
fracturing (Gidley, 1989) for which the Griffith type models were originally developed
and successfully applied.
It is assumed that the cracks in the clay have an initial length. This assumption is
necessary in order to initiate the propagation of the cracks through the sample. The preexisting cracks may be akin to minor imperfections or flaws in the clay which act as
sites for the initiation of large-scale cracking.
Implementation of the crack propagation model involves iteratively modifying the crack
propagation velocity until a suitable value is found for which the creation of new crack
surface satisfies the Griffith energy balance.
3.1.3

Dilation Model

The dilation model describes the way in which the opening of the crack in the clay
responds to changes in the effective stress (or equivalently gas pressure). The starting
point for the development of the dilation models described in this section is the
assumption that the compacted bentonite clay behaves as a linear elastic medium.
Inelastic behaviour is dealt with largely through the time dependence discussed in the
next subsection.
The model uses two sub-models, before and after breakthrough, to describe the response
of the dilation of the crack with changes in the effective stress.
During the crack propagation stage it is assumed that the pathways are similar to flat
cracks or rock fractures in that they have a narrow aperture or opening compared to
their width. An elliptical cross-section for the pathway is assumed during this stage, as
illustrated in Figure 3-1. The appropriate dilation model for this type of pathway
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predicts that the dilation of the pathway is proportional to the effective stress (see
Appendix 1). A consequence of this dilation model is that the pathway will be closed if
the gas pressure is less than the confining pressure.
In the model, a crack advancing through the bentonite clay as shown in Figure 3-2 is
represented in the model as shown in Figure 3-3. The crack is divided up into a number
of sections (each having a gas pressure and dilation) which behave independently. The
resistance to relative movement that will exist between adjacent thin slices of the
material is ignored. Each section therefore determines its own balance between the
confining pressure in the clay, which acts to close the crack, and the gas pressure in the
crack, which acts to widen the crack.
After gas breakthrough at the downstream end of the sample, continuous gas flow
occurs through the sample. To deal with the difficulties of the predicted closure of
elliptical cracks when the gas pressure drops below the confining stress (see
Section 2.3) it is assumed that the cracks change their cross-sectional shape, and hence
their response to changes in effective stress, when gas breakthrough occurs. It is
assumed that a crack evolves to form a more circular or capillary like pathway. This is
represented in the model by altering the shape of the pathway at gas breakthrough from
an elliptical to a circular pathway. The transmissivity (product of the permeability and
the flow area) of each pathway is preserved at the point of the transformation. This

Compacted foencoiiiic clay
Con filling pressure, G, ?c\s
co close the crack
Crack filled with gas
Gas pressing, p, aces to open the cracl1

tf on of crack propagation

Figure 3-2. A Propagating Crack in Bentonite Clay.
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Forces acting to close (<T) and open (pi)
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Direction of crack propagation

Crack sections respond
independantly to
changes in pressure

Figure 3-3. Modelling a Propagating Crack in Bentonite Clay.

dilation sub-model is developed from consideration of a circular hole in an elastic solid
which is under zero strain when the internal gas pressure is equal to the confining
pressure (see Appendix 2). Any subsequent reduction in the gas pressure below the
confining pressure acts to reduce the radius of the circular hole below the zero strain.
The particular dilation relationship used here for this type of pathway involves a
modification of the simple elastic response so that an exponential relationship between
the dilation and the effective stress is predicted. This dilation model allows the gas
pressure to fall below the confining pressure whilst still maintaining an open pathway
(Appendix 2).
The two dilation models combined represent a crack opening process which is
hysteretic or not completely reversible. It is envisaged that a part of the initial dilation
during the pathway propagation stage is left imprinted on the clay. At some point after
gas breakthrough at the downstream end of the clay, the gas pressure in the clay starts to
decrease. The cracks in the clay start to close but the change in dilation occurs at a
slower rate (for a given change in absolute gas pressure) than it did during the initial
crack opening during the propagation stage. This results in a gas flow rate from the
downstream end of the clay at gas pressures below the confining pressure.
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3.1 A

Time-dependence Model

In addition to a change in the dilation behaviour as the crack "matures", it is also
envisaged that there could be a time lag between a change in the gas pressure and the
dilation response in the clay that this pressure change would normally produce. To
represent this a time dependence can be introduced into the dilation response of the
model during the post-breakthrough stage.
When the model of time dependence is enabled, a steady-state dilation is determined
from the gas pressure, which the actual dilation of the crack will converge toward if the
model is left for a sufficiently long period of time with no changes to the pressure field.
The parameters of the time-dependence model allow the duration of the time-lag to be
adjusted as required.
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Mathematical Model

A complete description of the mathematical model describing the flow of gas through a
single crack in compacted bentonite is provided in this section. Simple replication of a
single pathway is used to produce systems consisting of multiple identical pathways.
32.1

Equations for Gas Flow

In order to facilitate the subsequent discretisation of the mathematical equations of the
model using a moving grid to represent the growth of a fracture, consider the mass of
gas contained within a variable volume, V, whose boundaries are moving. Conservation
of mass requires that in the volume, V, with surface S
3-1
where

p
M
us
q

is the gas density (kg m"3);
is the gas flux (m s"1);
is the velocity of the boundary of the element of volume (m s"1);
is the mass source or sink of gas (kg m ' V ) ;

t

is time (s).

The gas is assumed to behave ideally so that
3-2

M
where

p
M
R

is the gas pressure (Pa);
is the mass of one mole of gas (kg mole 1 );
is the universal gas constant (J mole'K"1);
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T

is the temperature (K).

The gas flux, «(m s 1 ), is related to the pressure gradient by Darcy's Law

/J. dx

where

k
\i
x

is the permeability of the crack in the direction of propagation (m2);
is the viscosity of the gas (Pa s)
is the co-ordinate direction aligned with the direction of flow (m).

The effect of gravity has not been included in Equation 3-3, or in any of the results
reported here, as the forces on the gas due to gravity are here negligible compared to
those due to pressure gradients, and no mobile water is considered in the model
investigated.
Z22

Crack Propagation

The velocity of the tip of the crack in the clay is determined (Goodier, 1968) by
satisfying the Griffith criterion for crack propagation (Appendix 3)
3-4

where

Klc
a
a

is the critical stress intensity for the elastic material (Pa m"2);
is the confining pressure (Pa);
is the length of the crack (m).

The Griffith criterion is derived from an energy balance between the change in strain
energy arising from the extension of the crack and the energy used in creating new
crack surface area. The crack tip velocity is determined iteratively, by repeatedly
selecting a crack velocity which when converged yields a crack whose pressure field
satisfies Equation 3-4.
A simplified form of Equation 3-4 (Gidley et al., 1989) has proved more satisfactory in
the actual implementation of the model
Klc ,
where

pt

is the crack tip pressure (Pa).

3-5
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Time Dependence

Time dependence is introduced into the model via a notional geometry parameter,
h (m). For a circular crack, h would be the radius, whereas for an elliptical crack, h
would be the minor semi-axis of the ellipse. The dilation parameter h is a solution
variable within the model. The parameter, h, is related to a steady-state value, h^, (see
next section) by the relationship
3-6
where

A
K

is a rate constant (s*1) which determines the speed at which the geometry
parameter approaches its steady-state value;
is a dimensionless parameter (either 0 or 1) used to select one of two
possible models of time dependence.

For K = 0, the time dependence Equation 3-6 states that the change in the dilation
parameter, h, is proportional to the distance it is away from the steady-state value and
that it will eventually converge to a steady-state value. The further away from the
steady-state value that the dilation is, the faster will be its change towards the steadystate. Only the value K = 0 is used in the simulations reported herein.
Z2A

Crack Dilation

The crack steady-state permeability and cross-sectional area will depend both on the
shape (circular or elliptical) assumed for the crack, and on the crack dilation, or
equivalently the gas pressure. Two cases are considered here; elliptical cracks and
circular cracks.
It is always assumed that the crack will have an elliptical profile during the propagation
stage in which a continuous open crack is being formed across the clay. At some point
after the crack has formed across the sample it is assumed that the crack will have
adjusted to form a circular profile. In the model this adjustment occurs instantaneously
at breakthrough.
32.4.1 Elliptical Cracks
For an elliptical crack, the notional geometry parameter, h, is equal to the parameter b in
Figure 3-1.
The steady-state minor semi-axis of the elliptical crack, b^, dilates in response to the
internal gas pressure, p, in the crack according to (Appendix 1)
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2c(l-v2)

where

E
v
a

is Young's modulus (Pa);
is Poisson's ratio;
is the total stress or confining pressure (Pa).

The crack permeability, k (m2), in the direction of propagation is
b2c2_
3-8

where

b
c

is the dimension of the minor semi-axis of the elliptical crack (m);
is the fixed dimension of the major semi-axis of the elliptical crack (m).

The cross-sectional area of the crack (m2) is
A = nbc .

3-9

3.2.4.2 Circular Cracks
For a circular crack, the notional geometry parameter, h, is equal to the capillary radius
r.
The steady-state radius of the crack, /•„, dilates in response to the internal gas pressure,
p, in the crack according to (Appendix 2)

r

-re-T(p-a]

where

r0

3.10
is the crack radius (m) when p = a.

The background to the constitutive relationship of Equation 3-10 is described in
Appendix 2.
The crack permeability, k, in the direction of the propagation is

t-±

,

where

r

3-11
is the radius of the circular crack (m).
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The cross-sectional area of the crack (m2) is
A = 7tr2 .

3-12

In Equations 3-11 and 3-12, r is obtained from Equations 3-10 and 3-6, with h = r (the
boundary condition to Equation 3-6 is fixed by choosing r so that at breakthrough the
transmissivity Ak is conserved between the propagation and continuous flow phases of
the simulation).
32JS

Boundary Conditions

Boundary conditions are defined at the upstream (gas injection) and downstream (gas
exit) faces of the compacted clay sample. The boundary conditions can be adjusted
during the simulation.
3.2.5.1 Upstream Boundary Conditions
Three boundary conditions have been implemented at the upstream end of the clay.
a)

Constant Pressure Upstream Boundary Condition
The upstream boundary pressure (Pa) is assumed to be constant
Po=P H .

b)

3-13

Constant Rate Upstream Boundary Condition
The mass flow rate (kg s 1 ) entering the clay at the upstream end is assumed to be
constant. This is achieved by the appropriate use of the variable, q, in
Equation 3-1.

c)

Syringe Boundary Condition
The upstream end of the sample is connected to a syringe filled with gas,
initially at a given pressure and with a given volume. The piston in the syringe
can be moved according to a variable pumping rate which is piecewise-constant
in time.
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Downstream Boundary Conditions

The downstream boundary condition is specified separately for the two distinct phases
of the simulation.
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a)

Pathway Propagation Phase
The downstream boundary condition during crack propagation is that there is no
flow across the crack tip.

b)

Continuous Pathway Phase
The downstream boundary condition once a continuous crack has formed across
the clay sample is
Pm=Pd .
where

3-14
pd

is the downstream fixed pressure (Pa).

During this phase a modified crack dilation relationship is enforced at the
downstream end of the clay sample. It is assumed that the crack dilation over a
small distance, A, inside the clay at the downstream end, is given by the value a
distance A from the downstream end of the sample. That is
[Hi-A)
h =\ )
'
\h(x)

l-A<x<l
x<l-A

.

3-15

In practice, the small distance, A, is taken as the distance between the
downstream boundary surface and the centre of the grid block at the end of the
sample.
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Numerical Details

The model described in the previous section is developed into a form which is amenable
to computer based solution using a finite volume discretisation technique (e.g.
Heineman and Brand, 1989). The domain of the crack is discretised into a grid with a
variable number of cells. Pressure and dilation values are assigned at positions along
the crack at a fixed distance, Ax, apart with the exception of the last pair of pressuredilation values during the crack propagation phase which represent the crack tip. The
tip values are allowed to move towards the downstream end of the clay as the crack
propagates, subject to the constraint that if the distance between the tip and the adjacent
values exceeds the fixed distance Ax, additional cells are inserted behind the tip of the
crack.
Cells are defined by placing cell boundaries at the mid-point between adjacent pressuredilation values. As the cell boundaries are defined half-way between the pressuredilation values it follows that both boundaries of the last grid cell can move. If the
velocity of the tip of the crack, which is placed on the end grid cell boundary, is ut, then
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the velocity of the next cell boundary behind the tip is u/2.
Figure 3-4.

This is illustrated in

As a consequence of the moving grid at the crack tip, care needs to be taken when
considering the flow across the moving grid cell boundaries. When evaluating the flow
of gas across the boundary of a grid cell it is important to note that the flow across the
boundary is given by the gas velocity out of the cell measured relative to the velocity of
the grid cell boundary. It follows from this that the flow across the crack tip boundary
must be zero since the gas velocity must be equal to the crack propagation velocity at
the crack tip.
Cell boundary moves
with velocity ut/2

End cell boundary
moves with velocity ut

I
All remaining cell
boundaries are stationary
Figure 3-4. Schematic of Numerical Grid.

An illustration of the evolution of the numerical grid is given in Figure 3-5 which shows
the grid at two times k and I (l> k). At time k, after k timesteps have been completed,
the length of the crack is a* and the crack contains 10 cells. At time /, the length of the
crack has increased to a', and four additional cells have been inserted behind the crack
tip as the crack advances through the clay.
The finite-volume discretised equations follow directly from the application of
Equation 3-1 to the numerical grid. The surface terms in Equation 3-1 contain
parameters which need to be evaluated on the boundaries between cells. Arithmetic
averages are used for these calculations.
The resulting discretised equations are non-linear and are solved using a multidimensional Newton-Raphson iteration scheme. A solution of the resulting linear
equations is obtained using standard methods to reduce the Jacobian to LU form by
Gaussian elimination.
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Figure 3-5. Schematic of Evolution of Numerical Grid.

During the continuous flow phase of the simulation there is no fracture propagation so
the numerical discretisation grid is static and the solutions to the non-linear equations
are the required pressure and dilation values from which gas flows can be calculated.
During the fracture propagation phase the non-linear equations to be solved depend on
the assumed fracture tip velocity. An outer iteration loop, using interval bisection and
linear interpolation, is performed to determine the propagation velocity of the crack
required for stable fracture propagation. At the start of each timestep an initial velocity
estimate is made (using data from the previous timestep, if any) and the crack is
advanced to its new position. The crack stress intensity is then calculated using
Equation 3-5. If the stress intensity is not sufficiently close to the prescribed critical
value, then the crack velocity is adjusted and the outer iteration loop proceeds until the
stress intensity constraint is satisfied.
3.4

Data Requirements

A summary of the parameters required by the gas migration model is given in
Table 3-1. Where appropriate, a comment is made on how these parameters could be
obtained.
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Table 3-1. Data Requirements for Gas Migration Model.
Parameter

Explanation

a

Total stress or confining pressure (Pa)

Obtained from experiment

Time-dependent model constants

Free model parameters

Number of cracks

Free model parameter

Critical stress intensity (Pa m"2)

Obtained by experimental procedure

Gas viscosity (Pa s)

Standard value

Ideal gas law constants

Standard values

L

Sample length (m)

Obtained from experiment

Vo

Initial syringe volume (m3)

Obtained from experiment

9t

Syringe pump rate ( m V )

Obtained from experiment

Pd

Downstream pressure (Pa)

Obtained from experiment

E

Young's modulus (Pa)

Obtained by experimental procedure

V

Poisson's ratio

Obtained by experimental procedure

c

Fixed crack width (m)

Free model parameter

r

Equilibrium radius (m)

Free model parameter

Initial crack length (m)

Free model parameter

A, K

n
M,R,T

o

Comment
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4

DEMONSTRATION OF SIMULATION MODEL

The simulation model will initially be demonstrated by the use of an example
application. For this application experimental conditions taken from the range of those
used by HH have been assumed. Simulations have also been completed with variations
of model parameters from those used in the base-case example calculation to show how
these variations affect the results. Using the experience gained from these studies,
simulations have been carried out in order to model a subset of the experiments in HH
with parameters adjusted to give optimum fits to the experimental results.

4.1

Example Simulation

The example simulation has been designed to demonstrate the three main stages of the
HH experiments: an initial pressure build-up before any propagation occurs, the
propagation of gas pathways across the sample, and continuous flow of gas once the
pathways have been established. The procedure followed is the same as that used by
HH, namely the gas-filled volume of a vessel containing gas at an initial pressure well
below the confining pressure at the upstream end of the sample is reduced at a constant
rate by the injection of water. This causes the gas pressure to rise until gas flow through
the bentonite is initiated. The initial upstream gas-filled volume was 3 lO^m3, the initial
gas pressure 12MPa, and the pumping rate 360 (J.1 hr 1 .
Table 4-1. Model Parameter Values for Example Simulation.
Model parameter

Value

Young's modulus

4.3 106Pa

Crack half-width

2.0 10"7m

Initial crack length

1.0 10'6m

Critical stress intensity

1.25 102Pam1/2

Number of cracks

10000

Equilibrium radius

6.0 107m

Time-dependence constant, X

5.0 1 0 V

The model parameters used can be divided into two sets: the main model parameters
which were varied in the example sensitivity studies, and parameters which were fixed
in both the example simulations and (with the exception of the confining pressure) in all
the calculations reported here. The values for the first set used in the example
calculation are given in Table 4-1, and those for the other fixed parameters are given in
Table 4-2. The results of the simulation are shown graphically in Figures 4-1 and 4-2.
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Table 4-2. General Fixed Model Parameter Values.
Model parameter

Value

Poisson's ratio

0.45a

Time-dependence model, K

0

Initial upstream dilation

1.0 10 u m

Gas viscosity*

2 10 5 Pa s

Constant RTIM

6.09 10s J kg 1

Confining pressure0

16MPa

a

Daeman and Ran (1996)

b

Approximate value for helium at room temperature
(Weast, 1976)

c

Experimental value used in simulations of experiments

Initially the pressure rises according to the ideal gas law until propagation of a gas
pathway through the sample can occur (Figure 4-1). Once propagation has begun the
upstream pressure continues to increase, but at a slightly decreased rate due to the small
increase in gas volume produced by the propagation of cracks. As a crack develops in
the sample, its dilation at any particular point increases as the fracture propagates until
the tip reaches the downstream face of the sample. The pressure along the length of the
crack decreases from a maximum at the upstream end of the sample to approximately
the confining pressure at the tip of the propagating crack, while the magnitude of the
absolute pressure gradient increases along the crack (Figure 4-2).
On breakthrough at the downstream end of the sample, the downstream pressure
becomes equal to the back pressure, so the pressure gradient across the crack and the
flow rate rise. The pressure profile is similar in shape to that shown prior to
breakthrough in Figure 4-2, but with a significantly larger pressure gradient over most
of the sample length, and a much larger pressure drop over the last two grid cells. After
breakthrough the upstream pressure continues to rise for a time while the crack opens
further. The permeability therefore also increases during this period. Once the
permeability is sufficiently high the upstream pressure falls before levelling off at a
steady-state value. The dilation of the crack, and therefore the permeability, are time
dependent, so follow the changes in the upstream pressure but with some time delay,
reaching a maximum value after the upstream pressure and then falling to a steady-state
value. Figure 4-1 shows the average dilation of the crack after breakthrough as a
function of time.
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Parameter Variations

4.2.1

Crack Propagation Stage

Of the model parameters that have been varied those that affect the crack propagation
stage of a simulation are the critical stress intensity, the initial crack length, Young's
modulus, and the crack half-width.
Varying the critical stress intensity and initial crack length have opposite effects on the
initiation of propagation of the crack (Figure 4-3). The propagation equation
(Equations 3-4 and 3-5) shows that the pressure required to begin propagation is
proportional to the critical stress intensity and inversely proportional to the square root
of the initial crack length. Therefore decreasing the critical stress intensity or increasing
the initial crack length allows the crack to begin propagating at a lower pressure.
Similarly, increasing the critical stress intensity or decreasing the initial crack length
forces the pressure to a higher value before the crack begins propagating. The critical
stress intensity also controls the gas pressure at the crack tip during propagation. In
Figure 4-3 the extremes of the range of graphs shown are determined by the maximum
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Figure 4-3. Effect on the Upstream Pressure of Varying the Critical Stress Intensity or
the Initial Crack Length. The Range of Values for the Critical Stress Intensity and the
Initial Crack Length Were 10 - 3000 Pa mm, and IV8 - 10 5m Respectively.
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and minimum values used for the critical stress intensity. The range of values
investigated for the initial crack length has a barely noticeable effect.
The Young's modulus is an important model parameter that affects a simulation both
during propagation and after breakthrough of the crack (Figure 4-4). In the propagation
phase, the value of the Young's modulus does not affect the time at which propagation
of the crack begins, but does affect the time that the complete propagation stage takes.
This is because, by Equation 3-7, decreasing the Young's modulus increases the
dilation, and therefore the permeability, of the crack for the propagation stage, so the
total time for propagation decreases. Similarly an increase in the Young's modulus
produces an increase in the propagation time. The Young's modulus also affects the
peak value of the upstream pressure occurring after breakthrough; this is because of the
change in the time of breakthrough and upstream pressure at breakthrough. In the
simulations reported in Section 4, it is the effect of the choice of Young's modulus on
the continuous flow phase of the calculations that is most significant (see next
subsection).
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The time for propagation across the sample is controlled by the pressure at which
propagation begins (discussed above) and the half-width of the crack (Figure 4-5). A
larger half-width implies a larger permeability between the upstream end of the sample
and the crack tip, making it easier for the tip to advance (compare the effect of
decreasing the value of Young's modulus), so giving a shorter propagation time, and
vice versa.
422

Post Breakthrough Stage

The crack half-width also has an indirect affect on the simulation after breakthrough.
This is because a crack with a larger half-width (and therefore larger average dilation) is
converted at breakthrough to a crack with a larger average radius (by conserving
transmissivity). For values of the crack half-width below some critical value the
resulting permeability after breakthrough is not sufficient to support the flow, so
initially the upstream pressure continues to rise and the crack continues to open.
However, for crack half-widths above the critical value the permeability is greater than
its steady-state value, so the upstream pressure falls, giving a peak at breakthrough.
Crack half-widths significantly above the critical value also produce minima in the
upstream pressure with values below the steady-state value; this is attributable to the
time dependence in the continuous pathway stage of the simulations (discussed below).
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Other parameters of the model that affect the continuous pathway stage of a simulation
are the equilibrium radius, the number of cracks, the constant, A, of the timedependence Equation 3-6, and Young's modulus.
Varying the number of cracks or the equilibrium radius (Figure 4-6) has a qualitatively
similar effect on a simulation. However the variation produced by varying the number
of cracks over the range 102 — 106 has a significantly less effect than the variation shown
in Figure 4-6 for variation of the equilibrium radius from 10'7 to 10'6m. In both cases
increasing the value of the parameter decreases the steady-state pressure that the
upstream pressure in the simulation tends to after its peak. Similarly for a decrease in
either parameter the steady-state pressure increases. If the steady-state pressure is
sufficiently high, the upstream pressure does not peak after breakthrough, but simply
increases towards the steady-state value.
The time dependence in the model controls the lag between the pressure at any point in
the crack and the dilation at that point. The smaller the value of A, the greater the time
dependence and the larger the lag tends to be. Where dilations lag behind pressures,
overshoots occur in the pressures while the dilations catch up (Figure 4-7). Therefore
decreasing A increases the peak upstream pressure occurring after breakthrough, and if
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sufficiently small produces additional minima and maxima in the upstream pressure
below and above the steady-state value respectively.
For the continuous flow stage of a simulation the relationship between the Young's
modulus and the dilation is given by Equation 3-12. In this case, for pressures below
the confining pressure as occur towards the downstream end of the crack, the dilation
decreases with a decrease in the Young's modulus. This in turn gives a decrease in the
permeability, the permeability being most dependent on the smallest dilations occurring
at the downstream end of the crack. Therefore a decrease in the Young's modulus
causes an increase in the steady-state upstream pressure, and vice versa (see Figure 4-4).
4.3

Modelling of Experiments in HH

4.3.1

TestMx80-4A

To simulate the results of experiment Mx80-4A the important model parameters were
set as specified in Table 4-3. The results of two simulations of this test are reported.
For the first simulation parameter values were chosen to give as good a match as
possible between the upstream gas pressure in the simulation and the corresponding
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values at the same times observed in the test for the portion of the experiment after
3 106s; that is, for the second phase of the test involving five transients as the pump rate
was first raised again to its value at the start of the test, causing a secondary pressure
peak, and then reduced in four steps. For the second simulation, the parameter values
were chosen to give a better match between the predicted and observed upstream
pressure values for the portion of the experiment up to the end of the first shut-in period
at 2.56 106s. In both cases the confining pressure and pumping rates were set to the
values for the experiment, as shown in Table 2-1; similarly the initial syringe volume of
2.5 lO^m3 and the initial upstream gas pressure of 12.0MPa were those used in the
experiment. All other parameters were fixed at the values given in Table 4-2. The
results of the simulation are shown in Figures 4-8 and 4-9.

Table 4-3. Parameter Values for Modelling Mx80-4A.
Model parameter

Value for
simulation 1

Value for
simulation 2

Young's modulus

3.0 106Pa

2.7 106Pa

Crack half-width

2.0 lO-'m

2.0 10"6m

Initial crack length

1.0 105m

1.0 105m

Critical stress intensity

1.4 103Pam1/2

1.4 103Pam1/2

Number of cracks

100

100

Equilibrium radius

2.4 lO^m

2.3 106m

Time-dependence constant, X

2.0 1 0 V

1.0 1 0 V

Comparing the values of upstream pressure from both simulations for the whole
Mx80-4A test with the results of HH, it can first be seen that the rate of the initial
upstream pressure rises are almost identical in all three cases, as indeed would be
expected to the extent that the p-V relationship for helium is well represented by the
ideal gas law under these test conditions. The simulated upstream pressure at
breakthrough is also very similar to the experiment value; this was achieved by the
choice of the half-width, initial crack length and critical stress intensity parameters, care
being taken to ensure that the dimensions of the crack were also realistic.
Simulation 1 then differs from the experiment in that it reaches a slightly higher peak
upstream pressure and reaches a minimum before tending to a steady-state value. This
overshoot is likely to be due to a large time dependence (that is, a lower value of A) in
the pathway dilation behaviour, and a better fit could be made to this pressure transient
by increasing the parameter A, at the expense of the fit to the time and value of the
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Figure 4-8. Upstream Pressure Versus Time for Mx80-4A.

second peak pressure. The rate of upstream pressure change between its peak value (at
6.5 105s) and its value when the pump was stopped (at 1.20 106s) is also larger in the
simulation, so that it reaches its steady-state value at the initial pumping rate before the
pumping rate is reduced to zero, unlike the upstream pressure in the experiment. There
may also be a difference between the values of the first steady-state upstream pressure
in the two cases; this comparison is complicated however by the fact that the
experiment has not reached a steady-state before the pumping rate is altered.
The pressure transient for the first shut-in period between 1.20 106 s and 2.56 106s starts
and ends at a lower upstream pressure in simulation 1 than in the experiment, and
neither case appears to have reached a steady-state by the end of the period; it is
therefore difficult to say how different the steady-state upstream pressures would be for
the first shut-in. However, the rate of pressure drop is larger for the simulation than for
the experiment (as it was for the first transient), so that it is likely that the results would
show some differences even with the same upstream pressure at the start of the shut-in
period.
At 2.56 106s the initial pumping rate of 375 u\l hr 1 is reinstated. This causes the
upstream pressure to rise to a second peak value at approximately 2.8 106s in both
simulation 1 and the experiment. The pressure at the peak is slightly smaller in the case
of the simulation; the fit to this part of the experiment could be improved by decreasing
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Figure 4-9. Permeability Versus Net Mean Effective Stress for Mx80-4A.

the parameter A. After the peak there is a small pressure drop to a slowly changing state
in both cases, the pressure in the simulation remaining slightly below the value in the
experiment.
The four simulated upstream pressure transients for simulation 1 occurring after
3.10 106s due to pumping rate changes to 180, 90 and 45 u.1 hr 1 and the second shut-in,
are almost identical to those of the experiment as the model parameters were chosen to
achieve this. The simulated and experimental steady-state upstream pressures were
matched by an appropriate choice of Young's modulus, and the calculated value of the
first steady-state pressure was adjusted through the value of the equilibrium radius.
Simulation 2 begins to differ from the experiment immediately after breakthrough
where the simulated upstream pressure reaches a peak at a slightly lower value than in
the experiment. The Young's modulus and equilibrium radius parameters for
simulation 2 were chosen so that the upstream pressure then falls to the same two endpoint values as in the experiment for the two post-breakthrough transients seen prior to
the end of the first shut in period. However, for the first of the two transients the
pressure drop initially occurs more rapidly than in the experiment, and for the second it
initially occurs less rapidly.
The consequence of fitting the upstream pressure of simulation 2 to that of the
experiment up to the end of the first shut-in period is that the steady-state upstream
pressures occurring after this time all occur at pressures greater than the corresponding
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steady-state values in the experiment. There is also no peak in the upstream pressure
before the first of these steady-states as there is for the experiment; this can be attributed
to the high value of the parameter A, which implies there is only a small time
dependence.
Figure 4-9 shows graphs of permeability versus net mean effective stress for the
simulations and the experiment. For consistency with the results reported by HH, all
are plotted assuming a capillary pressure of 11 .OMPa at the downstream face of the
sample in determining the permeability (see Equation 2-1), although the capillary
pressure was set to zero in the calculation of permeability within the simulation model.
An enlargement of the results for the later part of test Mx80-4A are shown in
Figure 4-10.
The graph for simulation 1 in Figure 4-9 begins at breakthrough (net mean effective
stress of about 1.9MPa) with a permeability increasing from zero and the net mean
effective stress decreasing as the upstream pressure increases to its peak value (shown
in Figure 4-8). The permeability continues to increase as the upstream pressure passes
its peak and the net mean effective stress begins increasing. The gas pathway reaches a
maximum dilation shortly after the pressure peak, then decreases, giving a peak and
subsequent decrease in the permeability while the net mean effective stress continues to
increase. The net mean effective stress then tends to a steady-state corresponding to the
first steady-state upstream pressure. With the characteristic lag associated with a time
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dependence in the dilation, the permeability also tends to a steady-state value.
As shown in Figure 4-10, for the shut-in period the permeability decreases to a
minimum while the net mean effective stress increases to a maximum due to the
upstream pressure decreasing to its second steady-state. When the initial pump rate is
reinstated the permeability increases and net mean effective stress decreases to
approximately the same values as for the first steady-state, but the graph follows a
different path such that for any net mean effective stress the permeability is higher
where it is decreasing than where it is increasing. This is similar to the behaviour seen
in the experimental results, and can again be attributed to the time dependence in the
dilation. The successive reductions in the pump rate to the second shut-in produce
further reductions in the permeability through intermediate steady-state values, finally
tending to zero.
At most points the graph for simulation 1 compares satisfactorily with that for the
experiment. Both graphs show similar hysteresis where the net mean effective stress
increases and decreases between approximately 2.5MPa and 3.5MPa. The main
difference is that the peak permeability attained in the simulation (immediately after
breakthrough) is approximately twice that for the experiment. Note however that the
time over which this large permeability difference occurs is quite short and corresponds
to the rapid pressure drop after breakthrough, so although it appears as a significant
discrepancy in Figure 4-9 it is relevant to only a small proportion of the duration of the
experiments.
Simulation 2 shows similar behaviour in permeability to that of simulation 1. However,
the effect of the smaller time dependence in the dilation given by the larger value of the
parameter A used in this case can clearly be seen, in that the curves showing the
increasing and decreasing permeability in Figure 4-10 are much closer together for
simulation 2 than simulation 1.
Comparing the graphs of simulation 2 and the experiment result shown in Figures 4-9
and 4-10, the main difference is again that the peak permeability is much larger for the
simulation than the experiment. In this case the hysteresis seen in the simulation for
values of the net mean effective stress between 2.5MPa and 3.5MPa is also much less
pronounced than in the experiment, due to the large value of the parameter A that was
used.
4.3.2

TestMx80-7Part2

Two attempts were made to simulate the results of experiment Mx80-7 Part 2. The
important model parameters were set for each simulation as specified in Table 4-4. For
the first simulation the parameter values were chosen to match as closely as possible the
upstream gas pressure to that of the experiment for the portion of the experiment up to
the shut-in at 9.47 105s. For the second simulation the parameter values were chosen to
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match the upstream pressure to that of the experiment during the shut-in period. In both
cases the confining pressure and pumping rates were set to the values of the experiment
(as in Table 2-1). The initial syringe volume used was 8.6 10"5m3 and the initial
upstream pressure was 3.0MPa, both values being those for the experiment. All other
parameters were fixed at the values given in Table 4-2. The results of the simulations
are shown in Figures 4-11 and 4-12.
Table 4-4: Parameter Values for Modelling Mx80-7 Part 2.
Model parameter

Value for
simulation 1

Value for
simulation 2

Young's modulus

6.5 105Pa

5.0 106Pa

Crack half-width

2.0 10"6m

2.0 106m

Initial crack length

1.0 10"5m

1.0 105m

Critical stress intensity

1.0 10 2 Pam I/2

1.4 10 3 Pam l/2

Number of cracks

100

100

Equilibrium radius

2.4 lO^m

8.0 107m

Time-dependence constant, X

1.0 10V

1.0 l O V

By appropriate choices of the model parameters for simulation 1 it was possible to get a
very good match to the upstream pressures of test Mx80-7 Part 2 of HH for all times up
to the shut-in time. The only slight deviation between the upstream pressures in the two
cases occurring before the shut-in is immediately after breakthrough, where the pressure
drops to its steady-state value more quickly in the simulation than in the experiment.
This is likely to be due to the large value of the time-dependence parameter used, giving
the dilations in the simulation virtually no time dependence.
The consequence of fitting the upstream pressure in simulation 1 to the experiment up
to the shut-in is that during the shut-in period the upstream pressure in the simulation
tends towards a substantially higher steady-state value than in the experiment.
Simulation 2 represents the best fit of the upstream pressure to that of the experiment
during the shut-in period. The upstream pressure in the simulation is the higher of the
two at the start of the shut-in, it is then slightly lower for the middle part of the shut-in
period, and becomes higher again by the end of the shut-in period. A better fit is not
possible because the rate of decrease of the upstream pressure in the experiment
changes abruptly at approximately 2.2 106s, with no correlation to any identified change
in the experimental conditions. It is not possible to model this in a simulation without
changing the boundary conditions at this point.
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Choosing the model parameter values to fit the upstream pressure to the experiment
after shut-in has the effect that the preceding pressure transients all occur at pressures
higher than in the experiment, with pressure differences between steady-states that are
further apart. Propagation also starts slightly later, although this is due to adjustments
made to the parameters to help maintain the general shape of the first pressure transient
after breakthrough.
The permeability for simulation 1 matches that for the experiment well. The main
difference is that the peak permeability (occurring shortly after breakthrough) is
approximately twice the peak value occurring in the experiment. For both the
experiment and simulation 1 the changes in the upstream pressure between
breakthrough and its first steady-state are small giving the small variations seen in the
net mean effective stress. For the shut-in period the permeability drops rapidly towards
zero while the net mean effective stress increases to a steady-state value of
approximately 3.4MPa. There is no subsequent increase in permeability in this case, as
was seen in Figures 4-9 and 4-10 for test Mx80-4A, as the test is concluded after one
shut-in period.
The permeability for simulation 2 has a peak value only slightly less than the
experimental peak but the corresponding plots in Figure 4-12 appear quite different
owing to the difference in upstream pressure between the times of 5.5 105s and 9.5 K^s.
This causes the peak permeability for simulation 2 to be offset to lower values of the net
mean effective stress. The small time dependence in the dilation (and therefore
permeability) for simulation 2 also has the effect of making the permeability larger than
it would otherwise be at each value of the net mean effective stress where the
permeability is increasing and smaller where the permeability is decreasing, thus
producing a graph which follows a similar path whether the permeability is increasing
or decreasing, without showing the loop seen for example in Figure 4-9.
4.3.3

Comparison of Parameter Values Used in Simulating Tests Mx80-4A and Mx80-7 Part 2

A comparison of the values of the parameters used in the simulation model to obtain the
fits to the two tests Mx80-4A and Mx80-7 Part 2 (Tables 4-3 and 4-4) shows that the
main differences occur in the values of the Young's modulus and the time-dependence
constant. The Young's modulus of the sample is expected to be dependent on the
confining pressure, so this variation between the simulations is reasonable. It is also
possible that under a higher confining pressure a sample will be able to react less
quickly to changes in pressure so a greater time dependence is also reasonable.
Comparing the simulation of Mx80-4A with simulation 2 of Mx80-7 Part 2 shows that
there is also a difference between the values of the equilibrium radius that have been
used.
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Comparing the simulation of Mx80-4A with simulation 1 of Mx80-7 Part 2 shows that
there is a difference between the values of the critical stress intensity used. The critical
stress intensity controls the ease with which a crack can propagate, the lower the value
the more easily the crack propagates, therefore the less the upstream pressure needs to
be above the confining pressure for propagation to occur. In both the experiments
propagation occurs at pressures only slightly above the confining pressure, but in the
case of Mx80-7 Part 2 the pressure is closer to the confining pressure, therefore a lower
value for the critical stress intensity was used for the corresponding simulation.
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5

DISCUSSION OF SIMULATION MODEL

In this section the performance of the implementation of the model of gas migration
through compacted bentonite is reviewed in terms of its success in reproducing
experimental results, the reasonableness of the assumptions made and the alternative
approaches that could be adopted. An attempt is made to highlight areas of uncertainty
and the modelling approach and issues which should be particularly given further
attention.
It should be noted that the model has been implemented in a modular form using an
object orientated design methodology to construct the simulation program. In object
orientated designs, different functional elements of a model are separated into separate
software components, so that it would be relatively straightforward to change the submodels used to implement the particular constitutive relationships described in this
report by changing the associated objects, if grounds for selecting better relationships
were apparent.

5.1

Comparison of Simulation and Experimental Results

The detailed comparison between predictions obtained from the simulation results and a
subset of the experimental data reported by HH was provided in the previous section.
These comparisons showed that the model is capable of reproducing qualitatively all the
features seen in an experiment, and of giving good quantitative agreement over
extended periods of the experiment which involved a number of pressure transients
following changes in pump rates. However, it was not possible to obtain quantitative
agreement between calculation and experiment over the whole of an experimental test
sequence, and for test Mx80-4A it was difficult to simultaneously model both of the two
successive pressure reduction transients that followed the first gas breakthrough; the
difficulty arose because these two transients have qualitatively different shapes.
Some at least of the experimental data exhibits transients that display different
functional forms, seemingly according to whether they occur after breakthrough, after
pump rate changes, or after the pump is turned off. It is to be expected that the
simulation model will necessarily produce consistently similar shaped transients in all
these cases. This suggests that there may be some features missing from the model that
influence the experimental results. In the first case, there would not in reality be the
sharp change between the pre- and post- breakthrough flow mechanism as in the model
(with all the pathways breaking through together, and the geometry of the pathways
changing); there will probably be a slower transition from one state to the other as
pathways continue to breakthrough at the downstream boundary and perhaps as
pathway shape and size evolves. This would affect the shape of the transient. In the
other cases, as the pump rate is reduced in a step-wise fashion to produce further
pressure transients, the shape of the transients are modelled by a combination of the
shrinkage of pathways and changing gas flow. In addition to this there could be the
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effect of the closing of some pathways. If there is variation in the extent to which the
latter contributes to the reduction in permeability with pressure, then the characteristics
of the transients could vary, particularly perhaps after turning off the pump, when at
some point it is assumed pathways must close.
The qualitative agreement between theory and experiments, with the ability to
demonstrate all the features seen experimentally, gives some confidence that the basic
physical assumptions made in the modelling approach may be reasonable. The key
features are gas pathway formation by fracture propagation followed by "continuous"
gas flow and gas pathway maintenance, with the pathway dimensions coupled to the gas
pressure. The model predicts that gas pathway formation can occur by fracture
formation on timescales consistent with those inferred from the experimental results.
The difficulties in reproducing quantitatively and simultaneously a complete
experimental sequence suggests that the pathway dilation model that is being used has
some deficiencies, and that the model may not have a complete enough representation
of processes occurring around gas breakthrough time and when higher gas injection
rates are re-established after a shut in period.
A further way of evaluating the relationship between experimental and predicted results
is to examine the reasonableness of the parameter values used in making the
predictions. As noted in Table 3-1, a number of the parameters used in the model are
amenable to experimental measurement whereas others are free model parameters. The
two parameters for which it is possible to make some comparison with published values
are Young's modulus and the critical stress intensity (the uncertainty in Poisson's ratio
is not considered sufficient for variation from the assumed value of 0.45 given by
Daeman and Ran (1996) to be significant).
Values of Young's modulus used in simulating the experiments of HH are in the range
0.7 - 5MPa. These values compare with the much higher values of 50 - 300MPa for
compacted bentonite which are suggested by a collation of data by Daeman and Ran
(1996). In fitting the predictions of the model to the experimental data reported by HH
Young's modulus is adjusted primarily to fit the data in the post-breakthrough phase of
the simulation. This is when the gas pathways are modelled as cylindrical capillaries. It
may be that the need to use values of Young's modulus which appear rather low in the
dilation model for this geometry is a reflection that this dilation model does not display
sufficient responsiveness to changes in pressure and that compensation for this has to be
provided by the use of a low value of Young's modulus. The cylindrical pathway
model does after all represent an extreme adjustment to the pathway geometry, and it
may be more likely that some more easily deformable geometry intermediate between a
flat elliptical crack and a cylindrical capillary is what is actually formed. (Note that we
have not here addressed the distinction between the values of Young's modulus for
drained and undrained response of the clay to changes in stress; for rapid changes, the
undrained modulus is the appropriate parameter, for slower responses in which the

59

water content of the clay can change, the drained modulus is the one that should be
used.)
Gidley et al. (1989) quote values of the critical stress intensity for natural shales in the
range 0.6 - 1.4 MPa mm, with values for sandstones at about 1.6 MPa m"2. On the
other hand, Murdoch (1993) used much smaller values in the range 2 - 2 0 kPa m"2 to
simulate fracture propagation in lightly compacted soft silty clay. The latter values are
closer to values of 0.1 - 1.4 kPa m"2 used here to model the results of HH. The choice
of critical stress intensity in simulating the experiments is dictated by the magnitude of
the excess gas pressure over the confining stress; as this excess pressure is observed to
be small a correspondingly small value of the critical stress intensity is indicated. This
may indicate that for bentonite fracture formation is relatively easy or that there are
differences in the mechanisms of fracture propagation through bentonite by gas
compared to water, which was the fracturing fluid used, for example, by Murdoch
(1993).
The other parameters that were varied in looking for fits to the experimental data were
the equilibrium capillary radius and the time-dependence constant. These can only be
regarded as model fitting parameters at the present state of maturity of understanding of
gas migration through compacted bentonite. Note, however that the time dependence is
required to model the hysteresis seen in the post-breakthrough apparent gas
permeability.
In fitting the experimental data efforts were concentrated on matching the variation in
the upstream pressure. The predicted transit times between gas entering the clay sample
and breakthrough at the downstream boundary were evidently of a similar magnitude to
those observed in the experiments, but the experimental results did not provide accurate
measures of transit times that could be used for quantitative comparison with the
calculated values.
52

Modelling Assumptions

In developing the preliminary model of gas migration through compacted bentonite that
has been implemented in this work, an attempt was made to base it on reasonable
assumptions about the physical processes that were likely to be occurring. This was
considered to provide a more robust basis for the future application of the modelling
approach to field scale systems and different time frames than a purely empirical model.
It also could open the possibility of finding ways of independently providing or
justifying values of parameters to be used in the model. However, in the present work,
the parameters in the model have been largely treated as freely variable (within certain
physical constraints) in order to reproduce the experimental results, and further work is
needed to develop relationships between model parameters and measurable properties
of the compacted bentonite, such as the elastic constants, swelling pressures, etc. This
work would necessarily involve refinement of the model (in particular in the light of
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more detailed experimental data) to make sure that the assumed gas migration process is
well founded (that is that gas migration occurs by microfissuring and pressure
controlled pathway dilation), and further work on understanding the factors and
parameters controlling the detailed physical mechanisms of gas pathway formation and
maintenance (the factors controlling the fracture propagation and dilation behaviour).
As part of this work, and in the work of HH, the possibilities for explaining the gas
migration behaviour in terms of the physico-chemical interactions that occur within the
clay and of the structure of the clay fabric, were reviewed, but the understanding
revealed was not sufficient for the present purposes, and the more pragmatic approach
described in this report was therefore adopted, at least for the current preliminary
version of the gas migration model.
The extent to which it may be possible in the future to refine the criterion for fracture
propagation to take account of the physical processes occurring as gas-water interfaces
are created within the clay, and to use the understanding of the interactions within the
clay to explain the dilation behaviour is unclear. There are various models of clay
behaviour that have been identified for investigation as potentially providing bases for
the required explanations. A natural consequence of the assumption that, in highly
compacted bentonite, all the water is present as "internal" water is that the clay
behaviour in the absence of gas is determined by the behaviour of the thin water films
between clay platelets, these layers being assumed to carry most of the stress imposed
on the clay. The classic Gouy-Chapman double layer theory has been invoked by
numbers of authors to explain properties of clay, for example the swelling behaviour
(see Horseman et al., 1996, for references). For the very narrow interlamellar spacings
of highly compacted bentonite, this theory breaks down quantitatively as forces such as
those of hydration dominate over electrostatic forces (e.g. Lowe, 1987, Ninham, 1981).
The importance of intermolecular forces in determining the chemical potential of
interlayer water has been emphasised by Fujii and Nakano (1984). The behaviour of
any "external" water in larger clay pores may be described more satisfactorily by
double-layer theories. Other thermodynamic approaches to thin film behaviour may
provide a framework for understanding clay behaviour without providing specific
differentiation of the internal forces involved (e.g. Evans and Marconi, 1987). The
properties of clays have also been shown to follow empirical rules (Lowe, 1987). A
recent comprehensive review of clay behaviour is provided by Horseman et al. (1996).
Although constitutive models of clay behaviour have provided some success in
explaining for example porewater chemical potentials and swelling pressures, whether
they will prove capable of providing the macroscopic parameters necessary for input to
a performance assessment simulation model of gas migration through compacted
bentonite is yet to established. Understanding fundamental clay behaviour is
nevertheless important in providing guidance in model development.
An issue not addressed within the modelling approach described here is any possible
coupling between gas invasion of and migration through the clay and any movement of
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porewater present in the clay interlayers. In the preliminary model, the porewater is
treated as an inert part of the clay fabric. HH have argued that an understanding of the
behaviour of interlamellar water at the gas-water interface will turn out to be
fundamental to the understanding of gas invasion of clays, but the theory is not yet
sufficiently advanced to meet modelling needs. In experiments carried out on clay
pastes, HH note a relationship (in fact an approximate equality) between porewater
pressure and gas pressure after gas entry in some tests; this may be a consequence of
change in stress state of the clay as a consequence of gas invasion in these uniaxial tests
rather than a direct interaction between gas and water phases. Volume dilation on gas
entry seen in the same experiments is interpreted as direct evidence of gas pathway
creation by microfissuring. Equilibrium theories of clay behaviour assume that
porewater can redistribute within the clay interparticle layers or be expelled from the
clay to reach an equilibrium (or pseudo-equilibrium) state; whether this can occur
during the timescale of fracture propagation is unclear, although it is more likely to be
possible during extended periods of continuous gas flow. The triaxial tests reported by
HH were carried out under constant stress conditions so that the stress state of the bulk
of the clay may not be have been changed a great deal by the invasion of gas; the
porewater state and content would therefore similarly not be substantially perturbed.
Similar experiments under constant strain conditions may produce different effects
since injection of gas might require the ejection of water as a result of clay compaction
to release space for the gas.
Finally in this subsection it should be noted that there are four specific details of the
preliminary gas migration model which involve assumptions that could merit further
attention:
a) The assumption that the number of gas pathways is constant during a simulation,
and that they are all identical;
b) The assumption that downstream boundary condition after breakthrough can be
represented by setting the gas pressure equal to the water pressure;
c) The assumption that during fracture propagation the gas pathways have a constant
width;
d) The assumption that interactions between gas pathways can be neglected.
Clearly it would not be expected that all the pathways created through the clay would be
identical nor that they would propagate across the sample in the same time. There may
however be some natural bounds on the range of dimensions for pathways that reach the
downstream end of the sample, since once breakthrough has occurred the reduction in
upstream gas pressure that follows might stop the propagation of partially complete
pathways. At present however there is insufficient information to address such effects
during the propagation phase of the calculation, and probably no advantage in
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attempting to do so except perhaps in that they could influence the details of the
transition to continuous flow after breakthrough (pathways of different size would
breakthrough at different times, affecting the evolution of the upstream pressure around
breakthrough). More significant might be that variation in post breakthrough
permeability may be affected by the complete closure of a proportion of the gas
pathways as the gas pressure drops below the confining pressure, as well as by (or
instead of) the change in pathway size currently included in the model. This sort of
effect could be investigated by considering a distribution of pathways and introducing
some criterion for pathway closure based on pathway dimensions.
As discussed in Sections 2 and 3, understanding and representing the post-breakthrough
downstream boundary conditions presents some difficulties, in part because it is
probably the case that the flow is intermittent from each pathway. It is assumed for the
purpose of the preliminary model simply that the gas pressure at the downstream is
simply the imposed back pressure. This is equivalent to assuming that all mobile water
is flushed from the outlet region, as would be expected because of gravitational
segregation as the flow direction is from top to bottom, and that intermittent closure of
pathways can be neglected. HH assume that there is always a capillary pressure present
at the downstream boundary, but recognise that this is essentially an arbitrary
assumption. They assume that pathways seal when the gas pressure is less than the
capillary pressure plus the water backpressure. There is no evidence to show whether
pathway closure is due to the closure of the fissures in the clay, or to invasion of the
pathways by available water. Some consideration could be given as to how best to
represent probable intermittent flow by a continuous flow boundary condition.
Assumptions (c) and (d) above are probably the best that can be justified in the absence
of further experimental data, and indeed the constant width fracture assumption may be
all that is tractable for the fracture propagation phase. Methods exist for evaluating
effective elastic constants in the presence of multiple fractures (e.g. Jaeger and Cook,
1979), but the adoption of such effective medium theories is probably not merited at the
moment, at least until a better understanding is reached of the geometry and dilation
properties of the gas pathways. At present any effects of interaction between pathways
can probably, as already noted, be subsumed into uncertainty in the elastic constants
used, and this is acceptable until independent methods for specifying the elastic
constants can be found.
5.3

Alternative Approach

As noted above, the fact that the model reproduces all the qualitative features seen in
the experiments gives support to the fact that the physical basis described for the
preliminary model is not unreasonable, but it cannot be said at this stage that the
quantitative agreement with the experimental results is sufficiently good to obviate the
need for the consideration of other basic mechanisms. The modular design for the
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computer program that has been written has the benefit of allowing other possible
models to be explored straightforwardly.
As already discussed, the main alternative approach to modelling gas migration in
compacted clay is to consider that it occurs by displacement of water and clay gels from
pre-existing pathways formed from interconnected voids within clay gels. This is the
gas migration concept developed by Pusch et al. (Pusch and Hokmark, 1990; Pusch et
al., 1990), in their considerations of gas migration through bentonite. Consideration of
the dimensions of the voids containing "external" water and clay gels formed the basis
of calculations of the dimensions of the water-filled volume in these voids. It was
assumed that interconnection of these voids provided pathways for gas migration and
that the connected pathways could be represented by capillaries with an "equivalent"
diameter that gave the same behaviour.
A model of gas migration based on the representation of porosity and permeability as a
bundle of capillaries, with constant or a distribution of radii was developed by Rodwell
and Nash (1992). Gas migration involved expulsion of water from the pre-existing
pathways. The model was subsequently generalised to a network of capillaries (Nash
and Rodwell, 1996). Relationships would need to be developed to describe the
dependence of the diameters of the equivalent capillary bundle representation on the
clay condition (e.g. density and effective stress). Other authors have also more recently
considered gas migration through clays in terms of flow through capillaries (Ortiz et al.,
1997; Wood et al., 1998) and through capillary networks (Impey et al., 1997).
It should be noted that once breakthrough has occurred the modelling of the behaviour
of gas migration through pre-existing pathways and through pathways created by crack
propagation can be modelled in essentially the same way, taking account of pathway
dilation and closure in each approach as required. The transition from propagation to
continuous pathway may be more straightforward than in the model developed in this
work since there would be no argument for significant change in pathway geometry
during the simulation (only dilation effects).
It may also be the case that in the context of performance assessment the details of the
pathway propagation phase of the process may be of minor importance because of its
short duration compared with the overall period of gas migration, although it is of
course necessary to properly represent the requirement for a threshold pressure to be
reached before gas can enter the clay. Nevertheless it is considered necessary to
properly understand the pathway propagation process; modelling has an important role
to play in this, and the arguments presented earlier still suggest that crack growth is the
most probable mechanism for this.
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Upscaling

It is appropriate at this point to consider what issues might arise in the upscaling of the
preliminary gas migration model that has been developed to simulate laboratory
experiments to provide a tool that is useful in performance assessment, once the
preliminary model has been suitably refined.
Note that upscaling is expected to involve an increase of the scale on which the model is
to be applied, an increase in the dimensionality of the model from one to two or three
dimensions, and an evaluation and selection of those features that need to be
incorporated into the upscaled model.
As far as the continuous flow phase of the calculation is concerned, application of the
current model on a larger scale should present no in-principle difficulties. Increase in
the dimensionality of the problem will involve some modification or reinterpretation of
the conceptual model, since the flow can no longer be restricted to a parallel group of
capillaries. One possibility would be to introduce orthogonal sets of capillary bundles
to represent all the coordinate directions. A more fruitful approach might be to use the
dilation behaviour of the capillary pathways derived for the one-dimensional model
using experimental data as the basis for characterising gas-pressure dependent
permeabilities and porosities for the bulk clay buffer material for use in a model which
represented the overall behaviour of gas flow through groups of individual pathways.
There is an issue, as indicated in the above subsection, about the extent to which it
would be appropriate, in a scaled-up performance assessment tool, to model the
transient formation of gas pathways, as opposed to recognising that under some
conditions gas will flow (at a rate dependent on those conditions), and under others it
will not. Current indications are that the formation of the pathways will be rapid and
occur over a timescale which is small compared with the overall timescale to be
modelled in performance assessment, but this will need to be tested under conditions
more representative of field-scale circumstances. There is no reason why a version of
the existing one-dimensional model could not be used to test these sorts of issues and
provide the basis of an evaluation of what needs to be included in a scaled-up model. A
complication if fracture propagation were to be included in a scaled-up model would the
identification of the direction in which fracture propagation would occur. This would
normally be in the direction normal to the minor principal stress, so that identification of
this feature of the stress field would become an issue. (If gas migration occurs through
pre-existing pathways any important anisotropy in the directions of these pathways
would also need to be characterised.)
It would be appropriate to give some thought as to whether there might be issues not
addressed in the preliminary model or not important at the laboratory scale which may
become important in field-scale performance assessment. For example, the constant
stress-boundary conditions may not be representative of those experienced by buffer
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materials in a waste repository. Could the laboratory experiments be showing
behaviour which is part of a transient response of the system, and which may not be
representative of steady state conditions that might be reached in much longer duration
experiments? It is of course also necessary to address those issues relating to model
performance and model refinement that were discussed in Section 5.2 before moving on
to the scaling up of the model.
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6

RECOMMENDATIONS FOR FUTURE WORK PROGRAMME

The original plan for Phase 2 of the GAMBIT Club project on the development of a
model of gas migration through compacted bentonite had two main components:
a) Further development of the preliminary model of gas migration described in this
report;
b) More extensive testing of the model against existing experimental data from BGS,
any new data from BGS, and data forthcoming from the PNC HYDROGEN
programme.
Application of an appropriate version of the model to real disposal concepts was
envisaged for Phase 3 of the work programme.
This original plan is consistent with the current needs of the model development
programme, and it is therefore proposed that it should be continued with.
In accordance with the Phase 1 plan, only preliminary testing of the model against a
subset of the BGS data has been completed. There is scope and a need for a more
thorough exploration of the use of the model to predict the BGS results, including
empirical variation in the functional forms used to describe the pathway dilation.
Demonstration that particular functional forms give improved representations of the
experimental data could provide insights into the physical mechanisms involved. Use
of data from a different source (PNC) and obtained using different test facilities would
widen the scope and quality of the model testing, and hopefully assist in the
interpretation of the new experimental results.
Immediate plans for model development would be driven by the requirements derived
from the attempts to model these experiments in more detail than so far accomplished,
and by the considerations outlined in Section 5, but particular developments which
would be considered in addition to those mentioned above would include:
a) Extension of the model to include gas pathways with a range of dimensions within a
simulation, with probably at the same time the development of a criterion for
pathway closure;
b) Reexamination of the downstream boundary condition to test whether it is an
adequate representation of flow that may be intermittent, and review whether
alternatives may be more appropriate (this includes consideration of the numerical
implementation of behaviour at this boundary);

67

c) Cany out a more thorough review than accomplished so far of the dependence of
the model results on details of the numerical implementation, such as the number of
grid blocks used.
d) Consider the necessity for considering interactions between gas migration pathways
within the simulation model, but this would only be justified in the light of
improved characterisation of the physical origin of the parameters used in the model
(otherwise it is not likely to be possible to separate out the uncertainty in the
parameter values from the effects of pathway interactions);
e) Consideration of whether and how variations in the stress field should be included in
the simulation model. This may be important to scaling up the model for field scale
applications, as in these the system may not be subject to a simple constant stress
boundary condition if expansion of the clay buffer as a consequence of gas entry is
constrained by the surrounding rock (but note that if the gas pathways are
sufficiently small and isolated this effect may not be significant).
f) Depending on the improvement that can be obtained in matching the current fracture
propagation model to the experimental data, undertake a brief evaluation of a gas
pathway propagation model based on the pre-existence of potential gas pathways.
g) Consideration of whether there are circumstances that could lead to significant
expulsion of water from the compacted bentonite by invading gas (such water
expulsion was considered negligible by HH in their experiments), and what the
consequences of this might be for the transport properties of the clay after gas
migration has ceased.
It would also be appropriate to give more consideration in Phase 2 of the GAMBIT
Club programme to determining the developments needed to develop from the existing
model (or rather its refinement) a computational tool suitable for use on a field scale, in
preparation for the implementation and application of such a tool in Phase 3 of the
programme. This could include giving attention to possible improvement to the
numerical algorithms used in the simulation program, particularly in relation to their
efficiency and robustness.
Although not part of the GAMBIT Club programme to obtain experimental data it is
perhaps worth noting the additional information that would be particularly useful to the
programme. This includes:
a) Information on the numbers and characteristics of gas migration pathways that are
formed or exist in compacted bentonite. Techniques have been discussed by which
it might be possible to obtain such information. Obtaining the information at
different stages of a test sequence would be particularly useful (although probably
not possible within a single test, but from replicate tests), and would help to pin
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down important details of the gas migration process. To determine whether or not
the gas migrates in a small number of isolated pathways that could genuinely be
regarded as non-interacting would be helpful.
b) Information on whether there is a significant difference in the gas migration
behaviour according to whether the experiments are carried out at constant stress or
constant strain conditions. This would illuminate the coupling between gas
migration and the stress field.
c) Information on the extent to which the experimental results so far obtained are rate
dependent; for example, do the peak pressures measured depend on the pumping
rate, do the characteristics of the transients observed depend on their timing and the
sizes of the changes in the pumping rates, does reversing a pressure change restore
the previous steady-state flow, etc.?
d) More accurate characterisation of the time of gas entry into the clay so that the crack
propagation time could be better determined would be useful for comparison with
the simulation results, but may not be achievable.
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7

SUMMARY

A preliminary computational model of gas migration in highly compacted bentonite
clay has been developed, implemented and subjected to a first evaluation as the work of
Phase 1 of the GAMBIT Club project. The model is based on the approach agreed with
the GAMBIT Club members as that providing the most plausible interpretation of the
presently available experimental data on gas migration in compacted bentonite, namely
that gas invasion of the clay occurs by induced microfissuring of the clay, and that the
permeability of the pathways thus created depends on the effective stress (or
equivalently, when constant stress boundary conditions are applied, on the gas
pressure).
Accordingly the new model consists of two stages: a gas pathway propagation stage in
which the theory of linear elastic fracture mechanics is used to develop a model of crack
propagation through the clay, and a continuous gas flow stage in which, after gas
breakthrough at the downstream face of the sample, gas flow is established across the
sample and the dilation of the gas pathways is dependent on the gas pressure in a way
designed to reproduce behaviour seen in the experimental tests.
The dependence of the model results on key parameters has been investigated and the
model has been used to simulate a subset of the experimental results reported by
Horseman and Harrington (1997). The model was able to reproduce qualitatively all the
features seen in the experimental data, to provide quantitative agreement to substantial
sections of the results of a particular test sequence, but quantitative agreement between
simulation and experimental results over a whole test sequence has not yet been
achieved.
The performance of the model and the parameter values used in attempting to simulate
the experimental results of HH have been reviewed and an outline of work to carry
forward the development of the model proposed.
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APPENDIX 1: STRESS FIELD AROUND AN ELLIPTICAL CRACK
In this appendix, the stress and displacement fields surrounding a two-dimensional flat
crack are developed in order to establish a relationship between the crack dilation and
the effective stress.
Consider a uniform elastic solid containing a flat crack of length 2a. The crack is
subject to a uniform internal fluid pressure, p, and a constant stress at infinity acting
perpendicular to the crack surface of strength a.

-a
For two-dimensional problems in the absence of body forces, the governing elasticity
equations are

dx
"

yx

dx

dy

*xy = ?yx

where

c, r are the normal and shear components of the stress tensor.

The strains or fractional displacements are

AM
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du

dv

7xy

where

Al-2

du
dy

dv
dx
e, y are the normal and shear strains;
u, v are the displacements in the x and y directions.

The strains must satisfy
'xy

dy2

Al-3

which is the condition of compatibility of strains.
For linear elasticity it is assumed that the stress-strain relationships are

Al-4

where

E
v

is Young's Modulus;
is Poisson's Ratio.

It is assumed that this problem is well represented by the conditions of plane strain.
That is, it is assumed that the displacements perpendicular to the x-y plane are all zero
and that all thin slices of the material parallel to the x-y plane will be subject to an
identical displacement. The deformation arising from these plane strain assumptions is
two-dimensional.
For plane strain, Equations Al-4 become
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Al-5

Substitution of (A 1.5) into (A 1.3) gives

Al-6
The Airy stress function, 4>, is defined by

Bx2
Al-7

dy2

Substituting (A 1.7) into (A 1.6) gives

Al-8
A suitable form for 4> (Timoshenko and Goodier, 1951) is

Al-9

where

VV,=0.

Now define a function Z(z) of the complex variable, z = x + iy, such that

z =—
d2Z
dz
dz
If Z(z) and its derivatives are analytic, then it follows that

Al-10
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V 2 ReZ = V 2 ImZ = 0 ,

AMI

and the real and imaginary parts of Z(z) and its derivatives are suitable candidates for
Vr
A suitable form for <I> is

Al-12
for which the components of stress are defined by

Al-13

A general form for Z for a crack along the ar-axis from x = -a to x = a is

Al-14
For a crack subject to a uniform internal pore fluid pressure and a constant external
stress the particular form for Z is
= {p-o)j

2

^

2-p

Note that as z —> °°,

Al-15

,

—» 1, so that Z —> -<r which gives a uniform stress at

infinity as required.
Use of Equations Al-15, Al-13, Al-5 and Al-2, after some manipulation gives the
displacement, v(x), of the crack surface

Al-16
Hence under the actions of an internal pore fluid pressure the crack opens into an
elliptical shape with major and minor semi-axes of a and b, where

( l - v 2 )L
= 2a±
{p-o)

.

Al-17
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APPENDIX 2: DEFORMATION OF A CYLINDRICAL PATHWAY
As discussed in Section 3.1, after completion of the initial step in the simulation of gas
migration through bentonite, namely the propagation of elliptical cracks through the
sample and breakthrough of gas at the downstream boundary, the option exists in the
model to change the shape of the pathways to a cylindrical geometry. The primary
reason for making this change is that the elliptical cracks would not have the postbreakthrough dilation behaviour required to explain the experimental results;
specifically the cracks would close once the gas pressure fell below the confining
pressure.
In the absence of experimental data on the pathway geometry, this choice of pathway
geometry is essentially arbitrary. The physical argument in its favour is that surface
forces will tend in a deformable medium to cause any crack present to adopt a
cylindrical profile to reduce surface energy. This will of course not happen
instantaneously as assumed in the model, but it is beyond the scope of this study, and
not encouraged by lack of experimental data, to investigate the timescale over which
such geometrical rearrangements might take place. For the present purposes the
cylindrical shape is to be regarded as an idealisation of a geometry that would be more
resistant to closure than the flat elliptical crack believed to be formed initially, rather
than the established geometry of the pathways.
A further factor to be considered is the apparent exponential dependence of "steadystate" gas permeabilities at different gas injection rates on the upstream gas pressure.
This was discussed in Section 2.4, and needs to be reflected in any model of the
dependence of gas permeability on gas pressure. Since the gas permeability is
considered as arising from gas flow through a fixed number of pathways this implies
that the dimensions of those pathways must show a similar exponential dependence on
the gas pressure (or equivalently the effective stress; see Section 2.4).
To obtain a constitutive model for the radius of a cylindrical gas pathway through the
bentonite, the radial expansion, rd, of a long cylindrical cavity in an infinite elastic
medium is first considered. If when the fluid in the cylindrical cavity is in equilibrium
with the applied stress the radius is r0 then the radial expansion with change in pressure
is given by (Fjaer et al., 1992)
A2-1
where

p
a
r0
v
E

is the internal fluid pressure (Pa);
is the stress at infinity (Pa);
is the initial radius (m);
is Poisson's ratio;
is Young's modulus (Pa).
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Clearly rd = 0 when p = o, as required. Rearranging Equation A2-1 by noting that the
radius r= ro + rd gives
A2-2
However, the discussion of the experimental data provided in Section 2.4 suggests that
the gas permeability and hence the dimensions of capillary pathways should show an
exponential rather than a linear dependence on the gas pressure. Noting that the
expression in square brackets in Equation A2-2 may be regarded as the first term in the
expansion of an exponential, Equation A2-2 has been replaced heuristically by
l+v,
{p a)

r = rQe- -

.

.

A2-3

This replacement is equivalent to assuming
dr
— =r ,
dp

._ .
A2-4

instead of
— - r

— — r0 .
dp
Although such a replacement seems demanded by the empirical data, a rigorous
physical basis on which it can be justified has not been found. Given that the pathway
is created by deformation of the bentonite rather than removal of core as in the case of a
borehole, to which Equation A2-1 may be most typically applied, it may be more
reasonable to assume that the deformation behaviour depends on the current pathway
radius rather than some unspecified initial radius.
Regardless of the plausibility of any physical arguments underpinning the use of
Equation A2-3, it may be simply treated as an empirical relationship which is consistent
with the experimental data. The parameters r0 and (l+v)/£ then become adjustable
constants to be determined by fitting experimental data.
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APPENDIX 3: GRIFFITH CRACK PROPAGATION THEORY
In this appendix, the Griffith criterion for determining the onset of failure in elastic
materials is derived. The condition can be used to determine the critical values of the
stress at which extension of pre-existing microcracks in the material may occur.
The strain energy of an elastic material is the work done by the stresses acting through
the material displacements. For an initially flat crack in an elastic material the strain
energy arising from the displacement of the flat crack into an elliptical profile is

where

a
v
a
E
v

is the stress;
is the crack displacement perpendicular to the crack surface;
is the half-width of the crack;
is Young's Modulus;
is Poisson's Ratio.

Consider a small extension of the crack surface area, da, at the tip of the crack. The
change in the strain energy of the material is
-v2)ada
'.

2KO2{\

dW =

i

A3-2

E
Griffith (1921, 1924) argued that the energy used in creating fracture surfaces must be
supplied from the released strain energy in the elastic material. That is, the change in
strain energy arising from the extension of the crack must be balanced by a surface
energy term which is proportional to the new crack surface area which is created.
Griffith expressed this term as Ayda, where yis a constant for the material and is a new
parameter introduced in this theory.
The Griffith Criterion is thus

n(\-v2)a

A3.3

An alternative formulation of the Griffith Criterion which reduces to an identical
criterion for the specific case of a flat crack in a uniform stress field was developed by
Irwin (1957). An advantage of this formulation is that it is possible to consider crack
propagation problems in more complex geometries and with varying stress fields.
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Irwin's approach is stated in terms of a critical stress intensity which must be exceeded
for crack propagation to be initiated.
The critical stress intensity for a crack subject to a constant stress at infinity and a fluid
pressure inside the crack which varies along the direction of propagation of the crack is
given by

The condition for crack propagation is that:
for crack propagation:
for no crack propagation:
where

Klc

K, > Klc
K, < Klc

is the critical stress intensity.
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