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The inventory of high-level radioactive waste in the UK is likely to be disposed of in a geological disposal

facility, which will generate gases due to processes such as anoxic metal corrosion and water radiolysis. Such

gases have the potential to migrate through the repository system and may be detrimental to the engineered

barrier system by damaging the physical fabric of the buffer material through the build-up of pressure. An

investigation into the migration of gases and the ranges of gas pressures expected in such a repository is

presented. A model of gas transport is presented to simulate the transport of gases in conjunction with coupled

thermo-hydro-chemical-mechanical processes. This model includes a boundary condition linking the corrosion

behaviour to gas generation and water supply. A realistic range of gas generation rates has been established

from available data alongside realistic ranges of material properties of a bentonite buffer. Numerical simulations

were then undertaken for a range of realistic scenarios considering the corrosion processes and buffer properties.

It was found that in all realistic cases, including realistic maxima and minima considered, the risk of pneumatic

fracture was negligible.

Notation
ci

d liquid phase chemical species concentration (chemical

species i)

ci
g gas phase chemical species concentration

D diffusivity coefficient

d factor representing the decrease in corrosion rate with

relative humidity

fFe fraction of iron in the steel

K hydraulic or gas conductivity

KH Henry’s coefficient of solubility

M molecular weight

m stoichiometric factor

N number of gas species

qg gas flux

qw water flux

R universal gas constant

Rc corrosion rate

Rg maximum gas flux

Rm gas generation rate

Rw maximum water flux

Ri
d!g sink/source term of chemical species i from dissolved to

gas form

Ri
g!d sink/source term of chemical species i from gas to

dissolved form

S reactive surface area

Sr degree of saturation

Src critical degree of saturation

T temperature in K

t time

u deformation

ug pore gas pressure

ul pore water pressure

@V incremental volume

vg advective gas flux

vl Darcy flux

vi
dg diffusive gas flux

vi
dl diffusive chemical flux

vi
g advective gas species flux

vi
l advective chemical species flux

Æ ratio of molecular weights
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ª unit weight

Łg gas saturation

Łl liquid saturation

r density

1. Introduction
High-level radioactive waste (HLW) exists throughout the world,

mainly as a result of power generation. It is a heat-producing,

long-lasting waste, characterised by low volumes and high radio-

activity. For example, in the UK, HLW contains 92% of the

radioactivity and only 2% of the waste volume of the radioactive

waste inventory (CoRWM, 2006). The most likely long-term

disposal option is deep geological disposal, where the waste is

contained at approximately 500 m depth. The HLW will be

contained within a multi-barrier system (e.g. Norris, 2009) in

which, usually, the waste is vitrified, contained within a metallic

canister, and then placed into a geological disposal facility

(GDF), surrounded by a compacted clay buffer of high swelling

potential and low permeability (e.g. Norris, 2009).

In the initial period after the waste has been installed in the GDF

and the GDF has been sealed, the thermal, hydraulic and

mechanical behaviour is of importance for the analysis of safety

(e.g. Thomas et al., 2012; Yong et al., 2010). In particular, the

initial hydration of the compacted clay buffer is important and it

is governed by the coupled thermal-hydraulic-mechanical (THM)

behaviour. Following hydration of the clay buffer, which may take

tens to hundreds of years, anaerobic corrosion of the metallic

components may occur. At this point, heat generation from the

waste will be reduced, so that water is not as readily converted to

vapour and transported away from the canister. Several gas

species may be generated – hydrogen (H2), helium (He), water

vapour, carbon dioxide (CO2) and methane (CH4) – although

hydrogen from metallic corrosion is likely to be the dominant gas

generated (Bonin et al., 2000; Norris, 2009). Generation and

migration of these gases could affect the buffering capacity of the

barrier by altering its physical and chemical properties. This

phenomenon, which occurs in the longer term, has received less

research attention than the short-term THM phenomena (Gens et

al., 2001) and therefore the numerical models are underdeveloped

in comparison (Pusch, 2008).

Norris (2009) summarised the gas flow processes in the context

of a radioactive waste repository as characterised by Mallants and

Jacques (2004) and Mallants et al. (2007) into the following four

stages.

j Stage I: the generated gas can dissolve into the buffer pore

water. Gas migration is by diffusion.

j Stage II: the gas generation rate exceeds the diffusive

transport capacity of the dissolved gas, which leads to the

formation of a free gas phase. Increasing gas pressure results

in gradual desaturation of the buffer.

j Stage III: continuing gas generation will lead to increased

pressures and the formation of a continuous gas phase. This

stage initiates two-phase flow in the engineered barrier. Gas

migration is mainly flow due to advection and further

expulsion of water is expected.

j Stage IV: increasing gas pressures lead to flow through

preferential pathways such as new pore space from dilation or

micro/macro-fractures.

Norris (2009) suggested that in some cases where the gas entry

pressure is higher than the minimum principal stress, the behav-

iour could move directly and abruptly from stage II to stage IV.

The aim of this work was to simulate numerically the behaviour

of a compacted clay buffer subject to gas generation and

migration from corrosion under a range of realistic conditions

prior to any fracturing processes (i.e. before stage IV). The

consequential gas pressure is then reported. In Section 2, the

background to the work is considered. Section 3 presents an

overview of gas generation rates, which provides an input into the

model considered here. The theoretical formulation, including a

boundary condition representing the corrosion process, is pre-

sented in Section 4, with the modelling approach presented in

Section 5. The results of the simulations are presented and

discussed in Section 6, with a consideration of the practical

engineering relevance given in Section 7.

This work was undertaken against a background of numerical

model development within the scope of radioactive waste disposal

at the Geoenvironmental Research Centre, Cardiff, and is inte-

grated into the numerical code Compass (COde for Modelling

PArtially Saturated Soil). The initial thermo-hydro-mechanical

model was presented by Thomas and He (1998) and extension

into chemical transport and reaction behaviour is described by

Seetharam et al. (2011). Part of this work was initially presented

in a report for the Nuclear Decommissioning Authority (Vardon

et al., 2010). An initial model concerning reactive gas flow and

behaviour, which complements this work, has since been pro-

duced (Masum et al., 2012).

2. Background
In recent years, extensive research activities have been carried

out to investigate the THM behaviour of engineered buffers by

means of both numerical and experimental investigations (e.g.

Dixon et al., 2002; Pusch, 2001; Thomas et al., 2009, 2012). The

majority of processes occurring are driven by the heat produced

from the HLW and the water contained within natural bedrock.

After this so-called thermal phase, the clay buffer is also likely to

be fully saturated immediately adjacent to the canister, therefore

anaerobic corrosion and production of repository gas can occur.

The combination of long-term disposal and slow corrosion behav-

iour characterises the issue of gas generation and migration in

buffers for radioactive waste disposal and also creates a challen-

ging environment for research.

Several experimental programmes have been carried out by

various researchers to understand the dominant mechanisms of
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gas transport through variably saturated compacted clays (e.g.

Galle, 2000; Graham et al., 2002; Harrington and Horseman,

2003; Horseman et al., 1999; Pusch et al., 1985). In almost all of

the programmes, a fully saturated buffer is considered, which

results in extremely low gas permeability due to the pores being

filled with pore water. Gas breakthrough (where gas is detected

being released from the buffer) and pressure evolution are

important features that have been recorded in the experiments.

Various boundary conditions (e.g. flexible, restrained) and various

gas injection rates or pressures have also been considered. In the

majority of cases, flow by means of dilation/fracture processes

has been concluded, occurring due to high gas pressures. A

typical response found was that gas pressures were able to

increase with only limited flow, until a critical pressure; there-

after, gas flow was able to occur more easily and pressure was

reduced (Galle, 2000; Graham et al., 2002; Harrington and

Horseman, 2003; Horseman et al., 1999; Pusch et al., 1985).

Additionally, none of the experimental works showed a large

degree of clay desaturation. However, it must be noted that the

results of relatively short-term (for geological disposal) experi-

mental studies cannot be fully conclusive as not all processes can

be scaled with time and, in particular, all of the experiments used

gas generation rates in excess of rates occurring due to corrosion.

The conceptualisation of gas migration phenomena through clays

has been considered by a number of researchers. Ortiz et al.

(2002) considered that, below the threshold pressure of gas

entry, diffusion mechanisms play a dominant role in gas

transport until a gas threshold pressure is exceeded and the clay

fabric may deform. Rodwell et al. (1999) predicted that increas-

ing gas pressure would simply force the clay minerals apart at

the mouth of the largest pathway or where discontinuities

already exist. It was further hypothesised by Alonso et al.

(2006) and Olivella and Alonso (2008) that at high degrees of

liquid saturation gas migration might take place as a combined

phenomenon of two-phase flow and the development of pres-

sure-induced pathways, with the pathways suggested to play a

dominant role in low-permeability clays. It was, however,

concluded by Birgersson et al. (2008) that a gas phase would

not have access to pores filled with water because of the strong

interaction between water molecules and counter ions and,

therefore, for a gas to enter an initially saturated clay, consolida-

tion of the clay–water system should take place. The model was

verified with experimental results obtained by Harrington and

Horseman (2003). Senger et al. (2008) carried out a numerical

investigation of two-phase flow phenomena. It was suggested

that desaturation of bentonite by displacement of generated

hydrogen is unlikely and requires a pressure of more than

80 MPa. The pressure at this range is significantly higher than

the minimum principal stress of a GDF. It was reported that gas

pressure build-up was reduced, considering water consumption

within the corrosion process, and that the gas pressure build-up

under realistic corrosion conditions was unlikely to reach the

pressures required for the fracture process. However, details of

the gas migration processes and parameters used included within

the model were not given, although both advective and diffusive

gas flow were considered.

None of the models previously reported contain a full character-

isation of realistic generation rates, water consumption and

transport, liquid/gas advective transport, liquid/gas diffusive

transport (including gas dissolution into water) and gas pressure

evolution. It is these conditions that govern the migration of gas

and the potential of gas to lead to dilatant/fracture flowing

conditions; they are therefore important to understand prior to the

onset of fractures. Should gas pressures increase and fracturing

occur at a late stage, a number of models for pressure-induced

fracturing exist, although they have not yet been applied to buffer

materials for radioactive waste materials (e.g. Boone and Ingraf-

fea, 1990; Réthoré et al., 2008; Secchi and Schrefler, 2012).

3. Gas generation rates
The gas generation rate, as input to the numerical model, is

critical for understanding flow behaviour within the buffer

material. A realistic rate allows both time and gradient-dependent

processes to be appropriately considered.

Generation of gas in a high-level nuclear waste disposal facility

occurs due to water vaporisation, water radiolysis, microbial

activities and metallic corrosion (e.g. Bonin et al., 2000; Environ-

ment Agency, 2008). After the thermal phase, water vapour will

be limited due to high water saturation, and microbial activities

may reduce the net amount of gases due to metabolic activities

(Ortiz et al., 2002). Therefore hydrogen gas generation due to

metallic corrosion is thought to be the dominant generation

mechanism (Kursten et al., 2004), with iron being the dominant

metal.

Corrosion of the iron component of the waste-containing canisters

under anaerobic conditions produces hydrogen gas (H2) and a

solid corrosion product, magnetite (Fe3O4), as the dominant and

stable chemical reaction under these conditions, which is de-

scribed by the redox reaction I. Other reactions occur, for

example creating ferrous hydroxide (Fe(OH)2) which then con-

verts thermodynamically to magnetite, water and hydrogen (e.g.

Ortiz et al., 2002).

3Feþ 4H2O$ Fe3O4 þ 4H2I:

This chemical reaction indicates that for each mole of hydrogen

generated, 1 mol of water is consumed. Volckaert and Mallants

(1999) estimated the kinetic hydrogen gas generation rate for a

thin steel plate as

Rm ¼ SRcrm
f Fe

MFe=10001:

where Rm is the gas generation rate (mol/year), S is the reactive
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surface area (m2), Rc is the corrosion rate (m/year), r is the

density (in this case of steel � 7900 kg/m3), m is the stoichio-

metric factor, which for the chemical reaction mentioned above

can be taken as 4/3 for the generation of hydrogen (based on

reaction I), M is the molecular weight (in this case of iron

� 55.85 g/mol) and fFe is the fraction of iron in the steel, which

has been taken as 0.99 for the steel canisters/iron overpack for

HLW.

It is therefore the corrosion rate of iron within the metallic

canisters that governs the generation of repository gases. The

corrosion rate is also affected by environmental factors such as

pH, contact material, temperature, surface chemistry and the

transport of corrosion products. Various experimental studies

have been carried out under various environmental conditions

(Kursten et al., 1996; Marsh and Taylor, 1988; Marsh et al.,

1983; Papillon et al., 2003; Simpson and Valloton, 1986;

Simpson et al., 1985; Smart et al., 2006; Taniguchi et al., 2004),

with corroborating natural analogue studies (Miller et al., 2000).

Gas generation data collated from the literature are shown in

Figure 1, which reveals that there is over an order of magnitude

difference among the reported values. These differences are likely

to be due to the environmental factors listed above and measure-

ment difficulties at low production rates. Additionally, further

environmental changes may increase the range of corrosion

possible (e.g. acidification due to dissolving hydrogen, increasing

corrosion, or a protective iron oxide film reducing corrosion).

The corrosion rate is also dependent on the available moisture.

Moisture is consumed within the corrosion reaction and then

replacement moisture must be transported through the surround-

ing buffer before being available for further corrosion. Brown and

Masters (1982) reported experiments on iron corrosion under

atmospheric conditions that indicated a decrease in corrosion rate

when the relative humidity dropped from 90% to 60%. Thermo-

dynamic considerations also predict that gas production stops

when hydrogen partial pressure increases above 40 MPa (Ner-

etnieks, 1985); however, these pressures are unlikely to be

sustained in a GDF due to lower in situ rock stresses.

4. Theoretical formulation and key
processes

The model is formed with the following primary variables: pore

water pressure, ul; gas phase chemical species concentration, ci
g;

liquid phase chemical species concentration, ci
d; and deformation,

u; the superscript i refers to the chemical species in each case.

This allows the formulation to consider multiple gases and

dissolved chemical species, although in this work only hydrogen

is considered. Here, it is assumed that the process is isothermal,

but the absolute temperature T is important in conversion from
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Figure 1. Experimental gas generation rates due to anaerobic

iron corrosion reported in the literature
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concentration to pressure and in future developments in the rate

of chemical reactions; it is therefore included within the formula-

tion, but not as a solvable primary variable. The formulation for

moisture and deformation follows that of Thomas and He (1998),

with the dissolved chemical behaviour following the work of

Seetharam et al. (2011). Therefore, only the gas migration

equation is described here in detail. The dissolved chemical

equation is included because the migration of dissolved gas is

important.

The gas phase is quantified by means of chemical concentration,

for ease of converting into the liquid phase and so that geo-

chemical reactions may be included later. The concentrations may

be converted into pressure, by the ideal gas law

ug ¼
X N

i¼1
ci

gRT2:

where ug is the pore gas pressure, N is the number of gas species

and R is the universal gas constant. The governing equation for

gas migration is formed by the principle of conservation of mass

Net rate of

change of moles

� �
¼ Net rate of

molar flux

� �

� Net rate of moles gained or lost

due to the source=sink

� �
3:

The only sink/source terms considered in this work are from gas

generation at the boundary or by the change of phase due to gas

dissolution or effervescence, but can also be used for changes in

chemical species due to chemical reactions. The governing equa-

tion (Equation 3) can be written

@(Łgci
g@V )

@t
¼ @V=(vi

g þ vi
dg)� Ri

g!d4:

where Łg is the gas saturation, @V is the incremental volume, t is

time, vi
g is the advective gas flux of species i, vi

dg is the diffusive

gas flux and Ri
g!d is the sink/source term of gas species i from

gas to dissolved form. The advective flux is considered by

Darcy’s law and the diffusive flux is defined by Fick’s law. The

dissolved chemical governing equation can be defined in the

same way as

@(Łlc
i
d@V )

@t
¼ @V=(vi

l þ vi
dl)� Ri

d!g5:

where Łl is the liquid saturation, vi
l is the advective chemical flux,

vi
dl is the diffusive chemical flux and Ri

d!g is the sink/source term

of gas species i from dissolved to gas form. The advective flux is

considered by Darcy’s law of the pore water pressure and

chemical concentration (vi
l ¼ ci

dvl, where vl is the Darcy liquid

flux) and the diffusive flux is defined by Fick’s law. Additionally,

the sink/source terms in Equations 4 and 5 are equal and opposite

(i.e. Ri
d!g ¼ �Ri

g!d), conserving mass. Both sink/source terms

encompass both dissolved-to-free gas and free gas-to-dissolved

processes and represent the net effect.

The advective (Darcian) flux terms are defined as

vx ¼
Kx

ªx

=(ux)
6:

where x represents either g (gas) or l (liquid), K is the

conductivity and ª is the unit weight. The Fickian diffusion terms

are defined as

vi
dx ¼ SrxDi

x=(ci
x)7:

where Sr is the degree of saturation and D is the diffusion

coefficient. The sink/source term is defined by use of Henry’s

law, relating the free and dissolved chemical species by Henry’s

coefficient of solubility KH

ci
d ¼ KHci

g8:

It is noted that KH varies proportionally with gas pressure under

isothermal conditions.

4.1 Corrosion boundary conditions

Casting Equation 1 as the generation rate per area and multi-

plying by the molecular weight of hydrogen and water respec-

tively gives the fluxes, if water is available from the buffer for the

corrosion process

Rg ¼
RmMH2

S9:

Rw ¼ �
RmMH2O

S10:

It is assumed that the water is able to reach the steel at an equal

rate independent of time beyond the buffer boundary; that is,

corrosion products do not incrementally impede the water move-

ment over time within the steel. However, this effect could be

included by means of modification to the corrosion rate Rc in

Equation 1.

The maximum boundary fluxes can be written as a function of

each other and linked by
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Rw ¼ �ÆRg11:

where Æ is the ratio of molecular weights. To allow for the

observed decrease in corrosion rate when the relative humidity

reduces, the factor d ¼ f (Sr) is introduced, yielding the final form

of the fluxes as

qg ¼ dRg12:

qw ¼ �dÆRg13:

The function d has been given two possible forms due to a lack

of information. The first is referred to as a step-change condition

where, above a critical degree of water saturation Src, d ¼ 1 and

below the critical degree of water saturation d ¼ 0. The second is

where, above the same critical value of degree of saturation, d

increases from 0 to 1 at Sr ¼ 1. In this case, a linear expression

has been adopted as a first approximation due to a lack of data.

5. Modelling approach
The theoretical model was numerically implemented into a finite-

element model. A series of one-dimensional analyses based on a

series of illustrative realistic scenarios was undertaken. The

domain is based on the KBS-3V reference concept (SKB, 2006)

– copper canisters with cast iron inserted vertically at a depth of

approximately 500 m in saturated granite rock with a compacted

bentonite buffer. Realistic material parameters were used for all

materials in the domain (e.g. from the Hard Rock Laboratory in

Sweden and the buffer material used in the SKB Prototype

Repository (e.g. Johannesson et al., 2007)), but are excluded here

for brevity; a full description is given by Vardon (2009). The soil

water characteristic curve is noted to have an air entry value of

approximately 10 MPa, therefore any desaturation is likely to

occur due to water consumption and not two-phase flow. The

material parameters and fluxes that are varied are defined in

Section 5.1. Gas generation and water consumption due to

metallic corrosion are represented by boundary conditions at the

buffer boundary. Hydrostatic boundary conditions for a depth of

500 m and gas saturation are considered at the far-field boundary

as a conservative condition. The domain is illustrated in Figure 2.

For the analyses, the buffer was discretised into 20 finite elements

and the host rock into 50 finite elements with smaller elements

nearer to the boundary where flux conditions were applied and

higher gradients expected. Simulation results were checked for

spatial and temporal convergence by halving both the time-

stepping regime and spatial discretisation and checking that the

results were within 1% tolerance. A variable time-step regime

was used to allow the time-step to increase or decrease, depend-

ing on convergence criteria.

Should the gas pressure reach the sum of the pore pressure and

swelling pressure of the bentonite (the fracturing threshold), there

is a possibility of pneumatic fracture occurring. Full confirmation

of this value is required experimentally. In this work (supported

by large-scale experimentation (Johannesson et al., 2007)) the

value was set at 10 MPa.

5.1 Scenarios

The parameters developed include the major material parameters

and boundary conditions governing

j dissolved diffusive gas transport

j advective transport of gas and water

j gas generation.

These parameters are the dissolved diffusion, intrinsic permeabil-

ity and the gas generation rate. For these parameters, realistic

maximum and minimum scenarios were considered, as shown in

Table 1. The simulations are isothermal, with the temperature set

at 293 K.

6. Discussion
A selection of simulation results is now presented. The results are

shown in terms of gas pressure evolution at the buffer domain

boundary, which is the highest pressure in the domain. Figure 3

shows the results of the analysis using the mid-point values from

Table 1. The figure shows that the maximum gas pressure is

approximately 0.55 MPa, therefore in this case there is no risk of

pneumatic fracture.

Figure 4 shows the results of a series of analyses with mid-point

intrinsic permeability, including the upper and lower generation

rates and upper and lower dissolved diffusion coefficients. The

highest pressure reached is approximately 1.6 MPa with the lowest

diffusion coefficient and the highest generation rate. This demon-

strates that, under realistic gas generation conditions, there is little

Initial conditions
5 10 Pa
1 10 Pa

u
u

l
6

g
5

� �

� �

Boundary conditions
5 10 Pa
1 10 Pa

u
u

l
6

g
5

� �

� �

300 mm 3000 mm

qg

qw

Bentonite
buffer Host rock

Figure 2. Model domain
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chance of pneumatic fracturing, with the maximum pressure

achieved in the envelope simulations being about 20% of the likely

fracturing threshold. This pressure does not occur until approxi-

mately 1000 years of corrosion and gas generation, illustrating the

importance of understanding the long-term behaviour of the

repository system. In this timescale, mineralogical change due to

gas dissolution is also possible and must be further considered.

The gas pressure rate was found to be negligibly different in

relation to varying the intrinsic permeability, therefore the pore

water pressure was investigated. These results are shown in

Figure 5 with the maximum realistic gas generation rate and

therefore maximum water consumption rate. The pore water

pressure results are also not influenced by a differing dissolved

diffusion coefficient. It is shown that, while a reduced pore water

pressure is exhibited with the minimum intrinsic permeability, the

buffer remains saturated. This behaviour explains why the gas

pressure is invariant with intrinsic permeability.

7. Practical relevance and potential
applications

The work reported in this paper contributes to the analysis of

radioactive waste repositories. The behaviour exhibited is likely

to occur in the period when the radioactive waste reduces heat

output and the buffer is saturated. The generation of gas by

Maximum Mid-point Minimum

Gas generation rate: kg/(m2s) 2.0 3 10�10 2.0 3 10�11 2.0 3 10�12

Dissolved diffusion coefficient: m2/s 2.0 3 10�11 1.1 3 10�11 2.0 3 10�12

Intrinsic permeability: m2 1.0 3 10�19 5.0 3 10�20 1.0 3 10�21

Table 1. Scenario parameters
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Figure 3. Pore gas pressure evolution of the base case scenario
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means of anaerobic metallic corrosion will occur and the gas

must be able to migrate away from the repository for the

repository to fulfil its function. The conceptual behaviour of gas

migration has been recently investigated and a range of migration

mechanisms have been identified. In addition, experimental

investigations have been undertaken to further understand and

quantify possible migration mechanisms. However, this work

illustrates the importance of investigating these processes over

realistic timescales and conditions. For some practical problems

(e.g. radioactive waste disposal), this is only practically achieved

by numerical simulation, where timescales can be measured in

hundreds of years. This work has additional applications in both

gas transport phenomena and long-term analysis, such as the

long-term assessment of carbon dioxide sequestration.

8. Conclusion
An investigation into the ranges of gas pressures expected in a

HLW repository has been presented. The gas, mainly generated

by metallic (iron) corrosion, must migrate through a compacted

clay buffer and the host rock. A model of gas transport is

presented in the frame of coupled hydraulic, chemical and

mechanic behaviour, and includes both gas generation and water

consumption from the corrosion process. A practical range of gas

generation rates has been established from available data on the

corrosion process along with the available ranges of material

properties for a compacted bentonite buffer. A number of

scenarios have been developed, considering corrosion processes

and buffer properties, and finite-element numerical simulations

were then undertaken for these scenarios. It was found that, in all

realistic cases, including realistic maxima and minima considered,

the risk of pneumatic fracture was negligible. The main advantage

of undertaking this work by means of numerical analysis is with

regard to the long timescales at which these processes occur and

the ability to analyse a range of realistic results and outcomes

quickly. This study was undertaken as a generic scoping exercise

and in many cases there is not yet enough experimental evidence

fully to support all material parameter selections and characterise

the material behaviour due to the long timescales over which the

processes act.
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Chemistry of the Earth 32(1–7): 58–76.

4·0

4·4

4·8

5·2

5·6

6·0

0 0·1 0·2 0·3 0·4 0·5 0·6 0·7 0·8 0·9 1·0

Po
re

 w
at

er
 p

re
ss

ur
e:

 M
Pa

Distance: m

Maximum gas generation rate
& maximum intrinsic permeability

Maximum gas generation rate
& minimum intrinsic permeability

Figure 5. Pore water profile along the buffer (300 mm) and rock

in relation to a change in intrinsic permeability with maximum gas

generation and water consumption rate at steady state

20

Engineering and Computational Mechanics
Volume 167 Issue EM1

Simulation of repository gas migration in
a bentonite buffer
Vardon, Thomas, Masum, Chen and Nicholson



Kursten B, Cornelis B, Labat S and Van Iseghem P (1996)

Geological Disposal of Conditioned High Level and Long

Lived Radioactive Waste. In Situ Corrosion Experiments.

SCK-CEN, Mol, Belgium, Report R-3121.

Kursten B, Smailos E, Azkarate I et al. (2004) COBECOMA: State

of Art Document on the Corrosion Behaviour of Container

Materials. EC, Luxembourg.

Mallants D and Jacques D (2004) Performance Assessment for

Deep Disposal of Low and Intermediate Level Short-lived

Radioactive Waste in Boom Clay. SCK-CEN, Mol, Belgium,

Report R-3793.

Mallants D, Jacques D and Perko J (2007) Modelling multi-phase

flow phenomena in concrete barriers used for geological

disposal of radioactive waste. Proceedings of 11th

International Conference on Environmental Remediation and

Radioactive Waste Management, ICEM07, Bruges, Belgium,

pp. 741–749.

Marsh GP and Taylor KJ (1988) An assessment of carbon steel

containers for radioactive waste disposal. Corrosion Science

28(3): 289–320.

Marsh GP, Bland IW, Desport JA et al. (1983) Corrosion

assessment of metal overpacks for radioactive waste disposal.

European Applied Research Reports – Nuclear Science

Technology 5(2): 223–252.

Masum SA, Vardon PJ, Thomas HR, Chen Q and Nicholson D

(2012) Multicomponent gas flow through compacted clay

buffer in a higher activity radioactive waste geological

disposal facility. Mineralogical Magazine 76(8): 3337–3344

Miller W, Alexander R, Chapman N, McKinley I and Smellie J

(2000) Geological disposal of radioactive wastes & natural

analogues. Waste Management Series 2. Pergamon,

Amsterdam, the Netherlands.

Neretnieks I (1985) Some Aspects of the Use of Iron Canisters in

Deep Lying Repositories for Nuclear Waste. NAGRA,

Wettingen, Switzerland, Technical report NTB 85-35.

Norris S (ed.) (2009) Summary of Gas Generation and Migration

– Current State-of-the-Art. EC, Luxembourg, FORGE Report

D1.2.

Olivella S and Alonso EE (2008) Gas flow through clay barriers.

Géotechnique 58(3): 157–176.

Ortiz L, Volckaert G and Mallants D (2002) Gas generation and

migration in Boom Clay, a potential host rock formation for

nuclear waste storage. Engineering Geology 64(2–3): 287–

296.

Papillon F, Jullien M and Bataillon C (2003) Carbon steel

behaviour in compacted clay: two long term tests for

corrosion prediction. In Prediction of Long Term Corrosion

Behaviour in Nuclear Waste Systems. Institute of Materials,

Minerals and Mining, London, UK, European Federation of

Corrosion publication no. 36, pp. 439–454.

Pusch R (2001) The Buffer and Backfill Handbook. Part 2: Materials

and Techniques. SKB, Stockholm, Sweden, TR-02-12.

Pusch R (2008) Geological Storage of Highly Radioactive Waste.

Springer, New York, NY, USA.

Pusch R, Ranhagen L and Nilsson K (1985) Gas Migration

through Mx-80 Bentonite. NAGRA, Wettingen, Switzerland,

Technical report NTB 85-36.
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relationship. Géotechnique 48(5): 589–603.

Thomas HR, Cleall PJ, Dixon D and Mitchell HP (2009) The coupled

thermal-hydraulic-mechanical behaviour of a large-scale in situ
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