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Abstract

In a radioactive waste repository, hydrogen may be produced by anoxic corrosion of the metallic components, and

by water radiolysis. The design of deep geological repositories presently envisaged in many countries tends to inhibit the

migration of every chemical species coming from the repository, by means of several concentric watertight barriers. This

tightness, which is desirable for other reasons, might prevent hydrogen evacuation and cause a pressure rise in the near-

®eld. Can this pressure break the barriers? In the ®rst stage of the process, the hydrogen dissolves in the porewater. It is

shown in the present paper that in the vicinity of a steel surface embedded in clay, the pressure rise due to the pro-

duction of dissolved hydrogen may be large already (a few MPa), and may represent a signi®cant fraction of the barrier

resistance limit. In the second phase of the process, a gas bubble may form, causing a further pressure increase. The

problem of gas production in geological repositories is treated here as a special case of thermo-hydro-chemico-me-

chanical coupling in a porous medium. The time needed for the bubble to form depends on the nature of the metal, and

on the characteristics of the barrier. The purpose of this paper is to give orders of magnitude for the time and space

scales associated with hydrogen production in the near-®eld of a deep repository, before the formation of a gaseous

phase. The conditions under which a gas phase forms are also discussed. Ó 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

Is gas production in a radioactive waste repository a

safety problem?

Several detrimental consequences of gas production

can be envisaged [1±13]. The main concern is probably

the damage to the engineered or geological barriers, due

to an uncontrolled pressure rise.

The problem of gases in a radioactive waste reposi-

tory depends essentially on the production rates, and on

the capability of the barriers to evacuate them.

An abundant literature [14,15] exists on the mech-

anisms of gas generation (here, the term `gas' is not

used properly, since `gas species' are ®rstly produced in

dissolved form). Many studies have been devoted to

the behaviour of a gas bubble in a repository [1,2,4,

6±9,11±13]. However, the ®rst stage of the evolution of

the system, in which the gas species are produced in

dissolved form, has received little attention. This stage

cannot be neglected, because in a deep geological re-

pository, the very high hydrostatic pressure inhibits

and delays the formation of a gas phase. The present

paper is devoted mainly to the study of this ®rst stage.

The system modelled here is a simple planar interface

between a saturated porous medium and a metal sub-

mitted to corrosion. We show that important e�ects

due to hydrogen production can be expected in the

vicinity of this interface, even in the absence of a gas

bubble.
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The problem of gas production in geological reposi-

tories can be viewed as a special case of thermo-hydro-

chemico-mechanical coupling. It may also arise for other

kinds of wastes, for which the gas tightness of land®ll

liners and the long-term integrity of the barriers could be

an issue.

2. Mechanisms of gas generation

Several review papers exist on the mechanisms of gas

generation [14,15]. We shall only summarize here the

main conclusions.

The mechanisms which may a priori be envisaged for

gas production in a radioactive waste repository are:

1. helium production due to the alpha activity of radio-

active wastes,

2. water vaporization by heat generating wastes,

3. water radiolysis,

4. hydrogen production due to the corrosion of the me-

tallic components in the repository,

5. microbial activity and degradation of organic matter.

Several gaseous species can be generated by these vari-

ous mechanisms (He, H2O, CO2, H2). However, it is

generally agreed that in a deep radioactive waste re-

pository for reprocessed or spent fuel, the main con-

tributor is hydrogen from metallic corrosion [14±16].

The metal considered here can be the iron or steel from

the canisters or from the `sustainment structures'. The

zirconium from the fuel cladding is not expected to

contribute signi®cantly to hydrogen production, since

the corrosion rate of Zr alloys in water is extremely low.

The basic corrosion reaction is as follows:

M�H2O$MO�H2: �R1�

Several corrosion mechanisms exist, ranging from cor-

rosion in etch pits (localized corrosion) to general cor-

rosion (over the entire metallic surface). In the

following, we shall consider only general corrosion, be-

cause this corrosion mode is expected to prevail in the

reducing conditions met in a deep repository [17,18].

In this case, the relevant parameter which describes

the gas production rate is the corrosion rate Vc (ex-

pressed in m/s or, more conveniently, in lm yearÿ1).

The hydrogen production rate j (in mol mÿ2 sÿ1) is

directly related to the corrosion rate Vc, via

j � qmVc

Mm

; �1�

where qm is the metal density and Mm its atomic weight.

This equation assumes that 1 mole of hydrogen is

produced per mole of consumed metal.

This hydrogen is produced, irrespective of the details

of the corrosion mechanism.The rate evaluated via

Eq. (1) is only an order of magnitude, since the actual

stoichiometry may di�er from the one sketched here by a

factor of two according to the exact formula of the

formed oxide (in this paper, the notation MO is taken as

a generic notation for any metallic oxide).

The corrosion rate depends on many parameters,

including the nature of the metal, the temperature and

the redox and pH conditions in the porewater. Gener-

ally, the corrosion rate increases in acidic and saline

conditions [17,19].

Also, the corrosion rate may depend on the hydrogen

concentration in the porewater, slowing down as the

concentration increases, and as the metal surface area

available for corrosion decreases.

According to the neutral or basic pH and slightly

reducing Eh conditions expected in the near-®eld of a

deep repository, the most probable iron corrosion re-

actions are

Fe� 2H2 $ Fe�OH�2 �H2 " �R2�

and

3Fe� 4H2O$ Fe3O4 � 4H2 ": �R3�

For both reactions, the hydrogen equilibrium concen-

tration in the porewater is expected to be high [10,15,20].

As long as the hydrogen concentration stays far be-

low this equilibrium value, the `constant rate' hypothesis

is valid. Anyway, the poor knowledge of the nature of

the species formed by corrosion suggests that the con-

stant rate hypothesis remains probably the best available

assumption.

In the following, we shall consider mainly the anoxic,

general corrosion of carbon or low-alloyed steel. Gas

production is expected to be governed by corrosion of

this kind of material because it is likely to be a major

component of a repository, and because its corrosion

rate is rather high.

Using the data provided by UK AEA, PNC and the

CEN SCK [21±26], Gras proposed an analytical ex-

pression for the corrosion rate of carbon or low-alloyed

steel in reducing conditions [21]:

Vc �lm yearÿ1� � 8200exp�ÿ2435=T �: �2�

Orders of magnitude for the hydrogen production at

ambient temperature are summarized in Table 1.

Table 1

Orders of magnitude for the hydrogen production at ambient temperature

Corrosion rate, Vc 3 lm yearÿ1 (10ÿ13 m sÿ1)

Hydrogen production rate, j 0.4 mol yearÿ1 mÿ2 (1.2 ´ 10ÿ8 mol sÿ1 mÿ2)
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In the following, a constant corrosion rate will be

assumed, with the order of magnitude given above.

Further justi®cation for this constant rate hypothesis

can be found in the evaluation of the involved charac-

teristic times.

3. Characteristic times

In this section, we try to locate the process of hy-

drogen release in the chronological sequence of the re-

pository evolution.

3.1. Corrosion time

The hypothesis of constant corrosion rate makes it

possible to determine the duration of the corrosion

process: tc � e=Vc, where e is the metal thickness. As-

suming that e is between 5 and 20 cm (this range is

supposed to be reasonable for a canister thickness), the

above mentioned corrosion rate leads to a corrosion

time tc between 15 000 and 60 000 years.

3.2. Resaturation characteristic time

We make the hypothesis that the barrier has gone

back to saturation before the beginning of the corrosion

process. Three arguments justify this hypothesis:

1. the corrosion process needs water,

2. the resaturation time of a typical clay engineered bar-

rier 1 m thick is of the order of hundred years [27].

This time is comparable to the thermal time, and

shorter than the corrosion time of a typical steel can-

ister 10 cm thick. Most of the corrosion thus occurs

with a fully resaturated barrier, which has gone back

to thermal equilibrium,

3. the hydrogen produced by metallic corrosion is an

anoxic process. It can start only in reducing condi-

tions, when all the air initially contained in the po-

rous medium has disappeared.

3.3. Redox-¯ip characteristic time

Anoxic conditions prevail in deep geological reposi-

tories. Once the barrier is fully resaturated, the transi-

tion between oxidizing and reducing conditions is

expected to be rapid, since the characteristic time for

damping the oxidizing perturbation due to the excava-

tion is generally supposed to be much shorter than the

corrosion time, of the order of a few years or decades

[28,29].

3.4. Thermal characteristic time

According to Eq. (2), corrosion rates depend on

temperature [21]. The order of magnitude of the corro-

sion rate mentioned above is typical of `ambient tem-

perature' conditions. This choice of values may thus be

questionable in the case of heat generating wastes.

However, in the near-®eld the thermal characteristic

time (a few hundred years) is usually small as compared

with the corrosion time, so that most of the hydrogen

production process takes place when the system is close

to thermal equilibrium. This might not be true in the

case of spent fuel, where the temperature rise is higher

and lasts longer. Due to this `low temperature assump-

tion', we probably have a low estimate of the corrosion

rate.

Given the orders of magnitude for these character-

istic times, the modeling of the hydrogen release will

start assuming a fully resaturated barrier, reducing

conditions and ambient temperature. In these condi-

tions, despite its crudeness, the constant rate hypothesis

is probably a reasonable assumption.

4. Gas migration

In this section, we deal with the evolution of hydro-

gen in the medium.

Several stages can be distinguished in this evolution:

In the ®rst stage, the hydrogen dissolves in the

porewater, and migrates by advection and di�usion.

Concentration and pressure already build up because

the additional dissolved hydrogen cannot escape easily

from the production zone.

In a second stage of the evolution, a gas phase may

form if the hydrogen concentration becomes high en-

ough (Fig. 1). The system then becomes two-phase ¯ow,

and the pressure buildup regime changes.

During stages I and II, the pressure buildup may lead

to gas breakthrough or to the fracturation of the me-

dium, with various degrees of damage to the barrier.

This event should bring the system back to its initial

hydrostatic pressure.

After all the metal has been consumed by the cor-

rosion process, the hydrogen production stops, and a

relaxation of the system takes place, with a resorption of

all perturbations (stage III): if it has formed, the bubble

itself then resorbs. A pressure relaxation occurs in the

permeable compressible medium, together with a relax-

ation of the hydrogen concentration by di�usion and

advection.

This evolution can be described in the diagram pore

pressure Ph vs concentration of hydrogen dissolved in

the porewater c at the metal±barrier interface (Fig. 2).

The system is represented by a point, which moves with

time in this diagram.

At the beginning of the production process (t� 0),

the concentration of dissolved hydrogen in the pore-

water is c� 0, and Ph equals the pore pressure of the

unperturbed system
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Ph � qw g h0; �3�

where qw is the density of liquid water, g the gravity

constant and h0 the repository depth.

The concentration increases with time, causing an

increase of the pore pressure. This increase of pore

pressure will be small if the medium is very permeable or

very compressible, and large in the opposite case.

Two conditions must be met for a gas phase to form:

(1) The pressure in the bubble must equal the pore

pressure Ph plus the capillary pressure Pc

Pb � Ph � Pc: �4�

By writing this equation, we assume implicitly that a

capillary pressure Pc, characteristic of the medium, can

be de®ned. Strictly speaking, this is true only if the

medium can be approximated by a capillary bundle with

a sharply peaked pore size distribution. In this approx-

imation, the suction Pc is associated with the departure
Fig. 2. System evolution in the diagram pressure vs concen-

tration at the metal±barrier interface.

Fig. 1. System evolution.
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of free water from the medium, and is related to the pore

size in the medium a and to the surface tension of the

air±water interface r via Jurin±Laplace law

Pc � 2r=a: �5�
This is of course a rough description of the real porous

medium, where one usually ®nds a wide distribution of

pore sizes. As de®ned here, the parameter Pc is only

meant as an order of magnitude for the gas pressure

needed to desaturate the medium.

(2) The hydrogen is supposed to be in chemical

equilibrium between the gas phase and the aqueous

phase

�H2� gas$ �H2� dissolved: �R4�
This condition is expressed by Henry's law:

Pb � c=jH; �6�
where jH is Henry's constant (jH � 7:6� 10ÿ6 mol Paÿ1

mÿ3 for hydrogen at room temperature [33]) and c is the

concentration of hydrogen dissolved in the porewater.

Elimination of the unknown Pb from Eqs. (5) and (6)

yields

Ph � c=jH ÿ Pc: �7�
This expression de®nes a straight line in the diagram

pore pressure Ph vs concentration c at the metal±barrier

interface. If this line is met during the system evolution,

a gas bubble forms (Fig. 2).

It should be noted that the solubility of hydrogen

decreases with increasing temperature. Here again, the

use of HenryÕs constant taken at room temperature is a

very rough approximation.

We model the system evolution during stage I, taking

into account simultaneously the hydrogen concentration

and pore pressure in the porous medium. The purpose of

this model is solely to extract the main orders of mag-

nitude for the process considered here, as well as their

time and length scales.

5. Mathematical description of stage I

The hydrogen is produced at the interface and mi-

grates into the saturated, homogeneous, isotropic po-

rous medium. The hydrogen concentration in the

porewater c(x, t) obeys the usual transport equation for

non-interacting solutes [30]:

oc
ot
� De

x
r2c� 1

x
div

cK
qwg

grad Ph

� �
; �8�

where De is the e�ective di�usion constant for hydrogen

di�usion in the porous medium, K is its saturated water

permeability, x its porosity and Ph(x, t) the local pore

pressure. Eq. (8) assumes that there is no well or source

of hydrogen within the porous medium.

The system is closed by writing the equation de-

scribing the evolution of pore pressure. In the absence of

a concentration gradient, the pore pressure would obey

the usual piezometric equation in a permeable homo-

geneous compressible medium obeying DarcyÕs law

oPh

ot
� Ar2Ph; �9�

where the quantity A is the hydraulic di�usivity of the

porous medium. Classically, A is given by A � K=RS,

where the permeability K and speci®c storage coe�cient

RS have the typical values given in Table 2 for a clay and

a sand [30].

A complementary term must be added to Eq. (9), to

take into account the pressure variation due to a vari-

ation of hydrogen concentration

oPh

ot
� Ar2Ph � 1

j
oc
ot
: �10�

Here, 1/j is the rate of pressure increase due to a con-

centration increase in a ®xed volume of porewater. We

assume that this rate is about the same when all the

hydrogen is dissolved and when part of it is in gas form,

so that 1/j is of order 1/jH, the inverse of HenryÕs
constant. This assumption is justi®ed in Appendix A.

Eqs. (8) and (10) have two coupled variables, i.e.,

concentration c and pore pressure Ph. This system of

coupled di�erential equations has been solved by stan-

dard numerical methods, e.g., by means of a ®nite dif-

ference homemade code, using the di�erential method,

with explicit approximation, and constant time and

space steps.

The chosen geometry is a simple in®nite planar in-

terface separating the metal submitted to corrosion and

Table 2

Typical hydraulic and transport parameters for a clay and a sand barrier

Clay Sand

Porosity, x 0.2 0.3

Capillary pressure, Pc (MPa) 10 10ÿ3

Saturated permeability, K (m sÿ1) 10ÿ12 10ÿ7

Speci®c storage coe�cient, RS (mÿ1) 3 ´ 10ÿ4 3 ´ 10ÿ4

Hydraulic di�usivity, A � K=RS (m2 sÿ1) 3 ´ 10ÿ9 3 ´ 10ÿ4

E�ective di�usion constant for the concentration, De (m2 sÿ1) 10ÿ11 6 ´ 10ÿ10
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the permeable, compressible porous medium of the

barrier. With this hypothesis, the problem becomes one-

dimensional. Thanks to its simplicity, this geometry

should yield orders of magnitude for the time and length

scales of the processes considered here. This planar one-

dimensional hypothesis will be appropriate if the length

scale of the perturbation due to hydrogen release is short

in comparison with the scale of an engineered barrier.

An a posteriori justi®cation for this assumption will be

given below.

The boundary conditions are as follows:

grad Ph� �x�0 �
j
K

gMw: �11�

This equation, where MW is the molar mass of water,

describes a `well term' associated with the water con-

sumption by the corrosion reaction. It assumes that the

metal±barrier interface is immobile.

grad c� �x�0 � ÿ
j

De

: �12�

This equation describes a `source term' associated with

the hydrogen production by the corrosion reaction.

Initial conditions are as follows:

Ph�x; t � 0� � qwgh0; �13�

c�x; t � 0� � 0: �14�
These equations impose hydrostatic pressure and zero

concentration everywhere at the beginning of the evo-

lution.

Two calculations were made for a sand and a clay

barrier, respectively. The corresponding parameters are

given in Table 2.

It has been assumed here that the e�ective di�usion

constant De for hydrogen in water is equal to the self-

di�usion coe�cient of water in the porous medium

[5,31].

The results of the numerical calculation are as

follows:

The hydrogen concentration and pore pressure at the

interface increases with time. Initially, this increase is

very rapid, and slows down after some time (Fig. 3).

The hydrogen concentration decreases with the dis-

tance to the interface. Initially, the concentration pro®le

is con®ned close to the interface, and spreads out with

time. In the case of clay for 5 years of evolution after the

beginning of the corrosion reactions, the size Lc of the

zone invaded by dissolved hydrogen (de®ned at half

maximum of the concentration pro®le curve) is only

10 cm (Table 3).

Fig. 3. Time evolution of the concentration c and pore pressure

Ph at the metal±barrier interface. Case of a clay barrier.

Table 3

Results of the system evolution at the onset of bubble formation for a clay and a sand barrier, assuming a corrosion rate of 3 lm/year

in a repository located at a depth of 500 m

Clay Sand

Bubble time tb (years)

Numerical estimate 4.1 46

Analytical approximation Eq. (18) 6.0 46

Pore pressure at the interface Ph(x� 0, t� tb) (MPa)

Numerical estimate 8.7 (overpressure� 3.7) 5 (overpressure� 0)

Analytical approximation Eq. (19) 7.2 (overpressure� 2.2) 5 (overpressure� 0)

Hydrogen concentration at the interface c(x� 0, t� tb) (mol mÿ3)

Numerical estimate 139 43

Analytical approximation Eq. (20) 148 43

Size of the zone invaded by dissolved hydrogen Lc (m)

Numerical estimate (width at half maximum) 0.10 1.6

Analytical approximation Eq. (21) 0.10 1.6

Size of the zone a�ected by hydraulic perturbation Lh (m)

Numerical estimate (width at half maximum) 0.60 650

Analytical approximation Eq. (22) 0.70 650
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The pore pressure pro®le also decreases with the

distance to the interface, and spreads out with time. The

size Lh of the zone a�ected by the hydraulic perturbation

is about 60 cm for clay after 5 years (Table 3, Fig. 4).

These evolutions can be displayed in the Ph±c dia-

gram at the metal±barrier interface (Fig. 5). With the

parameters given above, the curve, which represents the

system evolution, is close to a straight line. In the case of

sand, the slope of this curve is nearly zero because this

medium is very permeable and evacuates any pressure

increase readily. In all practical cases, this slope is

smaller than the slope of the bubble line

dPh

dc
� 1

jH

�15�

so the curve can meet the bubble line.

A bubble will form if the hydrogen production does

not stop before the bubble line is reached, i.e., if there is

enough metal available for corrosion.

This `bubble time' is about 5 years for clay and 50

years for sand, assuming a typical corrosion rate of 3 lm

yearÿ1 and a repository located at a depth of 500 m.

With this corrosion rate, the time tb is much shorter

than the corrosion time tc mentioned previously. It is

thus possible to conclude that advection±di�usion

through the barrier cannot prevent the formation of a

bubble, in clay as well as in sand. However, it should be

noted that the bubble time tb depends strongly on the

hydrogen production rate j and on the repository depth

h0. If j is smaller than the nominal value assumed here,

the formation of a bubble might be delayed considerably

(Fig. 6).

With such short bubble times and small characteristic

lengths, it is plausible that di�usive transport of hydro-

gen dominates over advective transport. If the advective

term is neglected in the transport equation Eq. (8), the

following expressions hold for the pore pressure and

hydrogen concentration at the interface:

Ph�x � 0; t�

� qw g h0 � 2���
p
p j

xjH

1

1� ��������������
De=xA

p ���
t
A

r
; �16�

c�x � 0; t� � 2���
p
p j

���������
t

xDe

r
: �17�

The time tb taken for a bubble to form is then

tb � p
4

xjH�qw g h0 � Pc�
j

����x
De

p ÿ
��
1
A

q� �
264

375
2

: �18�

At the onset of bubble formation, the pore pressure

reached at the metal surface is approximately

Ph�x � 0; t � tb� �
qw g h0 � Pc

�����
De

Ax

q
1ÿ

�����
De

Ax

q �19�

Fig. 4. Spatial distribution of the concentration and pore

pressure after 500 years of hydrogen production. Case of a clay

barrier.

Fig. 5. System evolution in the diagram pressure vs concen-

tration at the metal±barrier interface. Case of a clay barrier.

Fig. 6. Bubble time vs corrosion rate for a planar interface and

a cylindrical interface of radius 50 cm. Case of a clay barrier.
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and the concentration at the interface is

c�x � 0; t � tb� � jH

qw g h0 � Pc

1ÿ
�����
De

Ax

q : �20�

In this approximation, the characteristic size of the zone

invaded by dissolved hydrogen after time t is

Lc �
�������������
De t=x

p
�21�

and the characteristic size of the zone a�ected by the

hydraulic perturbation is

Lh �
�����
At
p

: �22�
In the present case, these di�usion lengths correspond

roughly to the width at half maximum of the concen-

tration or pressure pro®le curves.

Results of the system evolution at the onset of bubble

formation for a clay and a sand barrier are summarized

in Table 3.

Note that for a clay barrier, the length scales evalu-

ated above are short in comparison with the scale of an

engineered barrier. This justi®es a posteriori the planar

one-dimensional hypothesis made in the mathematical

description of the system. With a smaller corrosion rate,

the hypothesis would lose its validity. It would then

become appropriate to model an axisymmetric system

with a ®nite canister radius, but the problem would lose

somewhat in simplicity. With these restrictions in mind,

we calculated the bubble time as a function of corrosion

rate for a canister with 0.5 m radius (Fig. 6). As ex-

pected, the bubble time increases very sharply with de-

creasing corrosion rate. This increase is roughly

proportional to V ÿ2
c for a planar interface. For a cylin-

drical interface, the time needed for a bubble to form is

even longer, and becomes virtually in®nite (larger than

100 000 years) for corrosion rates smaller than 0.1 lm

yearÿ1.

6. Discussion

In the model described above, it has been assumed

that the hydrogen produced by corrosion cannot dis-

appear by reaction with the minerals from the barrier.

Batch experiments on slurries of Boom clay did show

that the reaction capacity for fresh clay is very small (1.2

mg H2 per kg of clay [9]). However, this hypothesis may

be questionable, as some minerals like gypsum and go-

ethite might react with hydrogen [32].

We also assumed that the metal does not absorb the

hydrogen produced by the corrosion reaction. Hydrogen

is known to di�use easily through metal matrices, and

this might a priori lead to the introduction of a `well'

term in Eq. (2). This e�ect might delay or prevent pore

pressure rise and bubble formation in the porous me-

dium. However, a numerical evaluation show that the

pore pressure rise and bubble formation are not signif-

icantly delayed if hydrogen incorporation into the metal

is taken into account (see Appendix B).

In the model described above, it has been assumed

that the interface between the metal and the porous

medium is immobile, i.e., that the metal M and its oxide

MO occupy the same volume. However, it is known that

usually, MO occupies a larger volume than M [33]. If the

metal is iron, the wustite FeO, the hematite Fe2O3, the

magnetite Fe3O4 occupy a volume about twice the vol-

ume of the original metal. For the goethite FeOOH, this

factor is about 4. It is technically possible to incorporate

the volume increase between the metal and its oxide into

the model by modifying the boundary condition Eq.

(11), which would then become

grad Ph� �x�0 �
j
K

qwg
Mw

qw

�
�Mm

qm

ÿMMO

qMO

�
; �23�

but the results are quite insensitive to this improvement.

This is why we neglected it in the following.

7. Second stage

At this stage, a gas phase forms at the metal surface.

Most of the studies already published on gas migration

from repositories [1±13,34] deal in fact exclusively with

this second stage, and describe the bubble evolution by

use of the two-phase ¯ow theory in porous media [35]. In

this paper, no attempt was made to model the system

evolution after the onset of bubble formation, because

of several di�culties

(1) During stage II, the length scale of the hydraulic

perturbation becomes comparable or larger than the

scale of the engineered barrier. A one-dimensional ap-

proach then becomes inadequate, and the full geometry

of the repository must be taken into account.

(2) Can the corrosion reaction be maintained if a

bubble is present? The bubble itself might inhibit the

arrival of water to the metal surface, and thereby stop

the hydrogen production. In this hypothesis, the bubble

would resorb as soon as it is formed!

Moreover, the upward travel distance of the bubble

during the corrosion time tc may not be small in com-

parison to the typical vertical extension of the canister,

so the bubble cannot be considered as immobile during

stage II, even in clay. This brings severe complications to

the description of the system evolution in stage II.

(3) According to several studies, the gas±liquid in-

terface is probably unstable in clay barriers, due to the

in¯uence of viscous and capillary forces [36,37]. The

shape of the bubble is thus expected to be quite compli-

cated. The assumption of a planar gas±liquid interface
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being probably inadequate, this hampers the modelling

of the system.

(4) In a compact clay, the major part of the pore-

water is adsorbed onto clay minerals, and is very di�cult

to displace by gas injection. The application of standard

two-phase ¯ow theory to such materials is very ques-

tionable [5,9].

Altogether, a detailed description of this phase is

beyond the scope of this paper.

8. Gas breakthrough

It should be noted that a real barrier is not perfectly

homogeneous, and that the capillary barrier has not the

same height Pc everywhere. The conditions for nucle-

ation of a gas phase will be met earlier in the largest

pores of the medium, where Pc is lowest. The bubble

time evaluated above for a hypothetical homogeneous

medium should therefore be viewed as an upper limit.

Gas breakthrough experiments through argillaceous

media have been conducted by several researchers, both

on samples and in situ [7±9,38±44]. They indicate that

breakthrough might occur for moderate overpressures,

of the order of 1±10 MPa for consolidated clay, and is

roughly equal to the sum of the swelling pressure and the

hydrostatic pressure in the barrier. This breakthrough

pressure lies in the same range as the overpressure al-

ready reached in the clay barrier at the end of stage I.

This breakthrough does not seem to be accompanied by

the desaturation of an important volume of the barrier.

After breakthrough, the barrier often recovers more or

less totally its con®nement properties. This suggests that

breakthrough could be associated with preferential

pathways, where the capillary barrier is lowest. The

pressurized gas does not penetrate uniformly through

clay, but makes its way through a very small number of

passages [5,9,38±44], probably the ones formed by the

percolation of the largest pores, with a depressed capil-

lary barrier. Due to the very high suction in clay, most of

its volume will remain 100% water-saturated during gas

breakthrough.

Finally, can gas breakthrough be an e�ective mode of

pressure release in the near-®eld?

Gas breakthrough experiments on samples and in

situ often yield di�erent results [9]. The low break-

through pressure measured in in situ experiments can be

attributed to large-scale inhomogeneities in the medium,

or to the existence of a disturbed zone around the in-

jection boreholes. Little is known about these scale ef-

fects. Signi®cant overpressure (larger than 1 MPa in

many cases) is often found in natural underground en-

vironments and has obviously been maintained during

very large periods of time [45]. The mere fact that nat-

ural underground gas pockets exist indicates that capil-

lary gas breakthrough does not necessarily operate

e�ciently in all cases.

9. Fracturation of the barrier

Capillary breakthrough is not the only mechanism of

pressure release in the near-®eld. A hydraulic fractur-

ation of the barrier can also occur, with detrimental

consequences on the barrier integrity. Hydraulic frac-

turation sets an upper limit on the value of the pore

pressure that can be accepted in the near-®eld.

The pore pressure can be compared to the typical

resistance limit of the barrier. In a realistic, three-di-

mensional geometry, the stress ®eld around the reposi-

tory is rather complicated, and depends on the shape of

the excavation and on the long-term mechanical prop-

erties of the components in the near-®eld. However, the

planar, semi-in®nite geometry assumed above brings a

drastic simpli®cation of the stress ®eld. Furthermore, we

assume that the porous skeleton of the barrier is a simple

pileup of grains of density qr, with no `glue' in between,

compacted by the lithostatic pressure

Plitho � qr g h0: �24�
In this approximation, the barrier has no traction re-

sistance, and will break when the pore pressure becomes

larger than the lithostatic pressure (Fig. 7). In the ab-

sence of a bubble, the criterion for the breakup of the

barrier is therefore

Ph � Plitho; �25�
or, if a bubble has formed

Pgas � Plitho � Pc: �26�

In fact, the two above conditions are strictly equivalent,

since Pgas � Ph � Pc.

Fig. 7. System evolution. Comparison with the barrier resis-

tance limits.
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Despite their crudeness, it is hoped that the above

hypotheses give the correct order of magnitude for the

resistance limit of the barrier. For a typical repository

located at a depth of 500 m, the lithostatic pressure is

between 10 and 15 MPa. It has been shown above that

the pore overpressure induced in the near-®eld by the

production of dissolved hydrogen may be large already

(a few MPa, for a clay barrier), but is probably not

su�cient to break the barrier, as this pressure is only a

fraction of the resistance limit evaluated above. If a

bubble forms (stage II), the pressure increases further. A

complete evaluation of the pressure reached in this sec-

ond stage would be di�cult, and is outside the scope of

this paper. However, this stage II starts with an initially

large overpressure in the near-®eld, so that it can be said

that there is a very de®nite risk of barrier fracturation if

clay barriers are used.

The depth h0 of the repository is an important pa-

rameter in this issue of barrier fracturation. An increase

of h0 has two consequences. First, the pore pressure

needed to break the barrier becomes larger as the

lithostatic pressure Plith increases. Second, as has been

shown above, the bubble formation is inhibited and

delayed by an increase of h0 (tb depends strongly on h0,

cf. Eq. (18)).

Both factors contribute to improving the safety of

deeper repositories, as compared to shallower ones

(Fig. 8).

10. Conclusion

The problem of gas generation in a deep waste re-

pository, viewed as a special case of thermo-hydro-

chemico-mechanical coupling, has been treated in a

rather crude way. In fact, the only coupling explicitly

taken into account here is the hydro±chemical coupling,

with the simplifying assumption of a constant reaction

rate. The in¯uence of the temperature has been ne-

glected. Also, the mechanical consequences on the bar-

rier have been simply deduced from the hydro-chemical

evolution of the system.

With these assumptions, evolution of the system in

stage I, i.e., before the formation of a gas phase, can be

modeled in a very simple way. Hydrogen production at

the metal±barrier interface causes the progression of two

overlapping zones inside the barrier. The ®rst one is

`contaminated' with dissolved hydrogen, and the second

one is characterized by a perturbed pore pressure. The

hydraulically perturbed zone extends further and faster

than the contaminated zone, but is limited to less than

one meter in the case of a clay barrier after ®ve years

evolution.

It is con®rmed here that the transport capabilities of

dissolved gas through clay barriers are very limited.

With the parameters used in the present study (corrosion

of carbon steel), the bubble forms within a few years in a

clay barrier.

Before bubble formation, the magnitude of the

pressure rise depends on the characteristics of the porous

medium. Assuming typical values for the corrosion rate,

the pressure increase ranges between zero (for a very

permeable medium like sand) and a few MPa (for

compacted clay). Although it is already non-negligible,

this order of magnitude is smaller than the lithostatic

pressure at the depth usually envisaged for deep geo-

logical disposal of wastes (10±15 MPa). Consequently,

one does not expect a hydraulic fracturation of the

barriers during the ®rst stage of the system evolution.

However, as can be seen from the orders of magnitude

given above, the security margin is not large, and can be

narrowed further by a decrease of the repository depth.

The use of a tight engineered barrier with strong

capillary behaviour might have several adverse conse-

quences:

· the formation of a gas bubble is accelerated, as com-

pared to more porous media (Table 3),

· the pore pressure increases strongly, due to a high

concentration of dissolved hydrogen in the near-®eld,

· hydrogen embrittlement of the corroding metal might

also occur, with detrimental consequences on the me-

chanical characteristics of the canisters (Appendix C).

Fig. 8. In¯uence of depth. Comparison of the system evolution

in a shallow and in a deep repository.
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Once a bubble is formed, the pressure increase might be

even more rapid, but this evolution is much more di�-

cult to predict than when all the hydrogen is dissolved.

For these reasons, it will certainly be easier to demon-

strate the safety of disposal concepts designed to avoid

the formation of a gaseous phase. Is it possible to reach

this goal? Gas production by the waste is a near-®eld

problem. In the design of the engineered barrier, a rea-

sonable compromise has to be found between the

tightness, required for a satisfactory waste con®nement,

and the permeability needed for a peaceful exit of the

hydrogen produced by the corrosion process. Altogeth-

er, if bubble formation is to be avoided, special care

must be devoted to the following key parameters: the

corrosion rate, the amount of metal available for cor-

rosion, the hydraulic and transport properties of the

porous medium and the depth of the disposal facility.

The main uncertainty in the prevision of the system

evolution comes from a poor knowledge of the metal

corrosion rate in in situ conditions. Further studies on

this crucial issue are urgently needed.

The above evaluation shows that even by giving ex-

treme values to all important parameters, it is hard to

avoid the formation of a hydrogen bubble if carbon steel

is used in a clay barrier. However, the time taken for a

bubble to form increases sharply with decreasing cor-

rosion rate, and becomes virtually in®nite for corrosion

rates lower than 0.1 lm yearÿ1. This might be another

incentive to consider seriously the use of low corrosion

materials in a repository.

The metal of the container may not be the only or the

main metallic source in the repository. Sustainment

structures should also be considered, as they may in-

volve large quantities of metal.

Avoiding the formation of a bubble might be more

di�cult for spent fuel than for retreated waste, because

of the big casks, with much metal, and also because of

the more severe heating, which will increase the corro-

sion rate and reduce the solubility of hydrogen.

Finally, the main contribution of the present paper is

to show that important e�ects due to hydrogen pro-

duction at the clay±metal interface can be expected in a

waste repository, even before bubble formation. Due to

the numerous uncertainties in the analysis, this question

will probably deserve further investigation.
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Appendix A. Evaluation of the rate of pressure increase

due to a concentration increase in a ®xed volume of water

We argue here that the inverse of HenryÕs constant

jH can be seen as the rate of pressure increase due to the

introduction of additional dissolved hydrogen in a con-

stant volume of water, and that this interpretation can

be kept below the bubble line.

In a diphasic system (liquid + gas), this rate is known

oP
oc
� 1

jH

: �A:1�

It is independent of the bubble volume, and should thus

be the same when the bubble vanishes. This argument of

continuity already suggests that the rate oP=oc should be

close to its value 1/jH if the system stays close to the

bubble line.

Furthermore, when all the hydrogen is dissolved (no

bubble), the rate oP=oc can be evaluated as a function of

the e�ective volume v of the hydrogen molecule in a

®xed volume of liquid water

oP=oc � NAva; �A:2�

where NA is AvogadroÕs number, and a is the water in-

compressibility a � ÿV �oP=oV � � 2:2� 109 Pa [33].

All common molecules which do not react chemically

with water, like H2, O2, N2, He, Ne, are expected to

occupy an e�ective volume v of `atomic' or `molecular'

size, of the order of 10ÿ28 m3. Eq. (A.2) then gives a rate

of pressure increase oP=oc � 105 Pa m3 molÿ1 and in-

deed, for all these gases the inverse of Henry's constant

1/jH is numerically close to this value.

The above arguments corroborate this somewhat

unorthodox interpretation of HenryÕs constant, and

justify the assumption that oP=oc should be close to 1/

jH, even in a monophasic system rather far from the

bubble line.

Appendix B. Hydrogen absorption in the metal

We argue here that hydrogen absorption in the metal

can be neglected in the description of the evolution of

the hydrogen concentration and pore pressure ®elds in

clay close to a clay±steel interface.

An abundant literature exists on solubility and dif-

fusivity of hydrogen in steel [46±48].

Hydrogen in steel is monoatomic. A dissociation of

the hydrogen molecule thus occurs at the metal surface

H2 $ 2H

" "
Dissolved in

water

Dissolved in

metal
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Thermodynamic equilibrium between both phases at

the metal surface can be expressed as

c2
m�x � 0� � vc�x � 0�; �B:1�

where c is the dihydrogen concentration in the pore-

water and cm the monohydrogen concentration in the

metal.

v is a constant which depends only on the metal

nature and on temperature. Numerical values for v are

not directly available from the literature, but v can be

derived from the knowledge of HenryÕs constant jH and

of SievertÕs constant jS relating the hydrogen partial

pressure P and the hydrogen concentration in porewater

and in metal at thermodynamic equilibrium

P � c=jH � c2
m=jS: �B:2�

Hence

v � jS=jH: �B:3�
Values of the SievertÕs constant are quite di�erent for

ferritic±martensitic (body-centered) steel and for au-

stenitic (cubic face-centered) steel. A compilation of

values given in the literature for jS and jH gives the

following order of magnitude for v at ambient temper-

ature (Table 4 [48]).

The hydrogen di�usion constant in the metal Dm also

depends on the metal nature, and on its crystalline state.

Typical values for steel at ambient temperature are also

given in Table 4 [48].

The hydrogen produced by the corrosion reaction at

the metal surface can di�use both in the metal or in the

porewater. In the approximation of purely di�usive

transport of hydrogen in the porous medium near the

surface, the dihydrogen production rate is given by

FickÕs law

j � De �grad c��xj � 0�j � Dm

2
�grad cm��xj � 0�j: �B:4�

After time t, the characteristic di�usion length in the

porous medium is

Lc �
�������������
De t=x

p
�21�

and the characteristic di�usion length in the metal is

Lm �
���������
Dm t
p

: �B:5�

The concentration gradients at the interface are thus of

order

grad c�x � 0� � c�x � 0��������������
De t=x

p ; �B:6�

grad cm�x � 0� � cm�x � 0���������
Dmt
p : �B:7�

The hydrogen production rate can then be written as

j �
����������
xDe

t

r
c�x � 0� � 1

2

����������
vDm

t

r �����������������
c�x � 0�

p
: �B:8�

This equation gives the time evolution of the hy-

drogen concentration in the porewater at the inter-

face.

The ®rst term corresponds to hydrogen di�usion in

the porewater, and the second one corresponds to hy-

drogen di�usion in the metal. This second term is

dominant early in the evolution of the system (the con-

centration at the interface then grows proportional to

time, as most of the hydrogen enters into the metal),

whereas the ®rst term takes over later (the concentration

at the interface then grows proportional to the square

root of time, as hydrogen practically no longer enters

into the metal).

The transition between the two regimes occurs when

both terms have the same magnitude. This occurs

around time

tm � 1

4

v2 D2
m

j2 xDe

: �B:9�

Using values for v and Dm given in Table 4, the nu-

merical evaluation of tm in the case of a clay±steel in-

terface at ambient temperature shows that tm is smaller

than a few months, regardless of the kind of steel under

consideration. For t� tm, hydrogen absorption into the

metal becomes negligible and the system evolves as de-

scribed in the body of the text.

The smallness of tm in most practical cases justi®es

our statement that hydrogen absorption in the metal

does not perturb signi®cantly the evolution of the hy-

drogen concentration and pore pressure ®elds in the clay

barrier.

Appendix C. Steel embrittlement due to hydrogen absorp-

tion

We argue here that hydrogen absorption in steel may

cause embrittlement.

As discussed in Appendix B, the relationship between

hydrogen concentration in the porewater and in the

metal close to the surface can be written:

c2
m�x � 0� � vc�x � 0�:

Table 4

Di�usion coe�cient and partition coe�cient for hydrogen in

steel

Dm (m2 sÿ1) v (m3 molÿ1)

Bc steels (e.g.,

carbon steels)

10ÿ11±10ÿ8 8 ´ 10ÿ5±8 ´ 10ÿ2

Cfc steels (e.g.,

stainless steels)

10ÿ16±10ÿ14 8±80
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Numerical values for v are given in Table 4. With the

typical parameter values chosen in the text for a clay±

steel interface, it has been demonstrated above that the

hydrogen concentration in the porewater at the bubble

point is about c(x� 0)� 130 mol mÿ3. For ferritic or

martensitic steel, this corresponds to a hydrogen

concentration in the metal cm between 2 ´ 10ÿ1 and

8 mol mÿ3.

The critical concentration for embrittlement in this

kind of steel lies in the range cm� 0.4±40 mol mÿ3

[49,50]. The lower values are for steels with high me-

chanical characteristics (martensitic steel), whereas the

higher values are for ferritic steel.

Given the above mentioned values, the eventuality of

steel embrittlement by hydrogen incorporation during

the corrosion process cannot be excluded.
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