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WELCOME

What about ALERT Geomaterials?

The !ƭƭƛŀƴŎŜ ƻŦ [ŀōƻǊŀǘƻǊƛŜǎ ƛƴ 9ǳǊƻǇŜ ŦƻǊ 9ŘǳŎŀǘƛƻƴΣ wŜǎŜŀǊŎƘ ŀƴŘ ¢ŜŎƘƴƻƭƻƎȅ ό![9w¢ύ άGeomaterialsέ 
has beencreated in 1989by Roberto Nova, Manuel Pastor, Ian Smith, Peter Vermeer, Olek
Zienkiewiczand Félix Darveas a pioneering (at that time!) effort to develop aEuropean School of 
Thinking in the field of the Mechanics of GeomaterialsΦ ¢ƘŜ ƎŜƴŜǊƛŎ ƴŀƳŜ άGeomaterialsέ ƛǎ ǾƛŜǿŜŘ ŀǎ 
gathering togethermaterials, whose mechanical behaviourdepends on the pressure level, which can 
be dilatant under shearing and which are multiphase because of their porous structure. So,the 
άgeomaterialsέ ƭŀōŜƭ ōǊƛƴƎǎ ǘƻƎŜǘƘŜǊ Ƴŀƛƴƭȅ ǎƻƛƭǎΣ ǊƻŎƪǎ ŀƴŘ ŎƻƴŎǊŜǘŜ. It has been obvious from the 
very beginning that there is a crucial need for a joint Graduate School in order to build firmly this 
European scientific group in the Mechanics of Geomaterials, inclose link with the doctoral students.
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WELCOME

Who are ALERT Geomaterialsmembers? 38 Universities or organizations
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WELCOME

What are the activities of ALERT Geomaterialsmembers?

ALERT Workshop 

ALERT Doctoral school

Every year in end September in Aussois(France)
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WELCOME

What are the activities of ALERT Geomaterialsmembers?

ALERT Workshop 

ALERT Doctoral school

Every year in end September in Aussois(France)

ALERT OlekZienkiewiczCourse 

OlekZienkiewick(1921-2009)
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WELCOME

What about EURAD (Grant agreement ID: 847593) ?

The European Joint Programmeon Radioactive Waste Management (EURAD/2019-2024) is a project that 
will help the EU member states implement Directive 2011/70/Euratom(Waste Directive) by working 
with their national programmes. It will also coordinate action on joint targets among all related 
organisationsinvolved at European level, whether in research or technical support. Building on the EC 
JOPRAD project, the EURAD project will help member states obtain the know-how required to implement 
safe and long-term management of radioactive waste. EURAD will also provide management knowledge 
to operate disposal facilities, and help transfer that knowledge between countries and organisations.
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WELCOME

Who are EURAD participants?
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WELCOME

What are the activities of EURAD?

EURAD - GAS WP

Mechanistic understanding of gas transport in clay materials (GAS)

The main objectives of this WP are:

To improve the mechanistic understanding of gas transport processes in natural and engineered clay 
materials, their couplings with the mechanical behaviourand their impact on the properties of these 
materials;

To evaluate the gas transport regimes that can be active at the scale of a geological disposal system and 
their potential impact on barrier integrity and repository performance.
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WELCOME

What are the activities of EURAD?

EURAD - HITEC WP

The overall objective is to evaluate whether an increase of temperature is feasible and safe by applying 
existing and within the work package produced novel knowledge about the behaviourof clay materials at 
elevated temperatures:

to improve understanding of the THM behaviourof clay rock and engineered clay material (buffer) under 
high temperature and provide suitable THM models both for clay rock and buffer,

to better assess effect of overpressures build up induced by the heat produced from the radioactive 
waste on the THM behaviourand properties of the clay host rock, and

to identify processes at high temperature and the impact of high temperature on the THM properties of 
the buffer material.
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WELCOME

What will you do during this school?
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WELCOME

What will you do during this school?

Banquet at SelysVander ValkRestaurant close to the city center
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WELCOME

What will you do during this school?
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WELCOME

What will you do during this school?
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INTRODUCTION

Nuclear electricityproduction : 

+ Low CO2 emission

- Noxious ionizing radiations

- Radioactive waste production
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HLW Canister Bentonite barrier

BiosphereGeological Barrier

Host rock

Geosphere

Repository

INTRODUCTION
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INTRODUCTION

Deep geological disposal

Repository in deep 
geological media with good 

confining properties

(Low permeability 
K<10-12 m/s)

Disposal facility of Cigéo project in France

(Labalette et al., 2013)

Intermediate

(long-lived)

& 

highactivity

wastes
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INTRODUCTION

Disposal in vertical shaft Disposal in horizontal gallery
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INTRODUCTION

Repository phases

Construction

Excavation

Maintenance

Ventilation

Repository

Sealing

Long term

Corrosion, 

heat generation

Type C wastes (Andra, 2005)

T
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INTRODUCTION

T
im

e

Heat transfer

Water and gas 

flows

Mechanics

Bio-chemo reaction
In the following, we will not addressthe bio-chemoprocessesalthoughthere are of importance.
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INTRODUCTION

The material involvedin the processesare Saturated/ Unsaturatedporousmedia
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INTRODUCTION

The material involvedin the processesare Saturated/ Unsaturatedporousmedia

Phases:

Species:
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INTRODUCTION

The material involvedin the processesare Saturated/ Unsaturatedporousmedia

Volume fraction:                   1 -f Sr . f (1-Sr) . f

Porosity:

Saturation:

Porousvolume

Liquidphase volume

Gasphase volume
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INTRODUCTION

Construction

Excavation

Maintenance

Ventilation

Repository

Sealing

Long term

Corrosion, 

heat generation

Type C wastes (Andra, 2005)

T
im

e

Repository phases

Heat transfer

Water and gas 

flows

Mechanics

Bio-chemo reaction
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Supercontainer reference design, adapted from Grunwald (2021).

In the soundhost rock, the medium remainssaturated(mostof the 
time) and the three main processesare heat transfer, liquid transport 
and mechanicalbehaviour.

Wewill focus first on the coupledthermo-hydraulicprocesses:

Å Physical phenomena
Å Constitutive equations
Å Balance equations
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Advection flow of the liquid phase: 5ŀǊŎȅΩǎlaw

ή
ὑ

‘
ÇÒÁÄὴ Ὣ” ÇÒÁÄᾀ

where

Åὑ [m²] is the intrinsicpermeability

Å‘ [Pa.s] is the water dynamicviscosity

Åὴ [Pa] is the pore water pressure

Å” [kg/m³] is the liquid water density



Water properties

The water dynamicviscosity‘ [Pa.s] and the liquid water density” [kg/m³] (related
to the thermal dilation coefficient) are a functionof the temperature.
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Ŭw  [10-4 1/°C] = 4E-06 T3 - 0,001 T2 + 0,1404T - 0,3795  [Kell,1975]

‌ ρȾ”
‬”

‬Ὕ

А Ὡ [Rumble, 2019]



Water properties

The intrinsicpermeability[m²] dependson the density.

Kozeni-Carmanlaw: 
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Storage of the liquid phase per unit volume:

Ὓ ”Ȣὲ

The influence of the temperatureon the densityexplainsthe thermal pressurization
mechanismin undrainedconditions:

Ὠὴ ɩὨ„ ɤὨὝ [Minh. 2020]

Isotropic case
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer

ÅConduction

Heattransferby direct contact of particles

ÅAdvection

Heattransferby mass movement

The term convection isusedwhenthe mass movementisdrivenby buoyancy
(densitydifferences) causedby the thermal field

ÅRadiation

Heattransferby electromagneticwaves
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer

ÅConduction : CƻǳǊƛŜǊΩǎlaw

Gm is the thermal conductivityof the medium. It dependson the thermal 
conductivityof its constituents(solidand liquid phase).

Serial constituents(S + L): 

Constituentsin parallel(S+L):

Geometricmean(S+L):

()Tgradi mcond .G-=

ɜ ɜρ ὲ + ɜ ὲ

1/ɜ ρȾɜρ ὲ + 1/ɜ ὲ

ɜ ɜ +ɜ
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer

ÅInternalenergyper unit volume

whererm is the densityof the medium, cp,m is the heatcapacityof the medium 

(underconstant pressure).

In order to evidencethe influence of eachconstituent, an additive formulation is
alsoused:

”ὧȟ Ὕ Ὕ

”ὧȟρ ὲ Ὕ Ὕ ”ὧȟὲὝ Ὕ
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Heat transfer

Water flowsMechanics

Permeability, storage
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Balance equations

ÅWater mass balance

‬

‬ὸ
” ὲ ÄÉÖὪ ὗ π

ÅInternal energybalance

‬Ὓ

‬ὸ
ÄÉÖὠ ὗ π

Ὢ ” ή

Ὓ ὲ” ὧ 4 4 ρ ὲ”ὧ 4 4

ὠ ɜ​4 ὧ ” ή 4 4
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Layout of the underground laboratory at Mol, Belgium (EURIDICE website, 2018) Layout of the monitoring boreholes around the PRACLAY gallery

Praclayheater test in Mol
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Benchmark excercise(EURAD-HITEC WP ςTask2.3)
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Main physical, thermo-hydraulic parameters for the Boom Clay 

Monitoring boreholes around the PRACLAY gallery
Evolution of temperature

Conclusions:

Å Anisotropyof the 
thermal conductivity

Å Negligibleinfluence 
of the water 
advection
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Benchmark excercise: Near field case (EURAD-HITEC WP ςTask2.3)
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Period Mechanical conditions Hydraulic conditions Thermal conditions

T0 - T0 + 24 hours : 

excavation

Stress reduction to 5% 

of the initial in-situ 

stress

Pore pressure 

reduced to Patm (0.1 

MPa)

No flow at the 

borehole wall

T0 + 24 hours - T0 + 6 

months  : waiting
As above PP = Patm As above

T0 + 6 months - T0 + 

10 years : heating
As above No flow

Thermal flow outside 

the lining (200 W/m)

THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Benchmark excercise: Near field case (EURAD-HITEC WP ςTask2.3)
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Temperature evolution of water density (Kell, 1975)

Fromexperimentalvalues of the density(Kell, 1975), 
the dilation coefficient iscomputedas:

‌ ρȾ”
‬”

‬Ὕ

THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Ŭw  [10-4 1/°C] = 4E-06 T3 - 0,001 T2 + 0,1404T - 0,3795  [Kell,1975]

А Ὡ [Rumble, 2019]
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Figure: Pore pressure at heating

(a) constant value (b) Modified А (c) modified Аand Ŭw

THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

COxin isotropicelasticity

Thermalexpansioncoefficient of water has
larger influence on the evolution of pore
pressure, displacement, etc. than its
viscosity.

100 m

1
0
0

 
m

Figure: Schematicdistribution of the output nodes
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Boom clayin isotropicelasticity

Thermalexpansioncoefficient of water has
larger influence on the evolution of pore
pressure, displacement, etc. than its
viscosity.

Figure: Pore pressure at heating

(a) constant value (b) Modified А (c) modified Аand Ŭw

100 m

1
0
0

 
m

Figure: Schematicdistribution of the output nodes
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Conclusion :

THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Heat transfer

Water flowsMechanics

Permeability, storage
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UNSATURATED FLOW PROCESSES

The material involvedin the processesare Saturated/ Unsaturatedporousmedia
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UNSATURATED FLOW PROCESSES
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UNSATURATED FLOW PROCESSES

WATER POTENTIAL AND CONCEPT OF SUCTION

The total potential of water y is defined as the amount of work (per unit mass of pure Water) required to 
transport reversibly and isothermally an infinitesimal quantity of water from a reservoir of pure water at a 
specified elevation and atmospheric pressure to the point under consideration (Aitchison, 1965). 

The total potential is often expressed as the sum of four contributions, such that:

where yg is the gravitational potential, yp the external pressure potential, ym the matric potential and yo the 
osmotic potential. The sum of the matric and osmotic potentials is referred to as the internal potential.

‪ ‪ ‪ ‪ ‪
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UNSATURATED FLOW PROCESSES

WATER POTENTIAL AND CONCEPT OF SUCTION

In soil mechanics, the concept of suction is often used as an alternative to the internal potential. The 
gravitational and external pressure potentials are indeed not relevant for constitutive modelling of the soil (Gens, 
2010). The suction is an energy per unit volume (instead of per unit mass) and is expressed in terms of pressure. 
The total suction st is definedas:

where s is the matric suction and posmis the osmotic suction. The matric suction is associated to the 
interactions between liquid and solid, while the osmotic suction is related to differences in water chemistry.

The total suction is directly related to relative humidity.

ί ί “ ί ”‪ “ = ”‪
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UNSATURATED FLOW PROCESSES

WATER POTENTIAL AND CONCEPT OF SUCTION

The matric suction scontains two distinct contributions, namely the capillary suction and the adsorption suction 
(Baker & Frydman, 2009; Frydman, 2012; Blatz et al., 2009; Lu & Likos, 2004). 

The capillary suction is associated to capillary phenomena, while the adsorption suction results from 
electrochemical interactions between the water and the clayminerals.
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UNSATURATED FLOW PROCESSES

CAPILLARY SUCTION

The heightof capillaryrisedependson the surface 
tension betweenthe two phases

The surface tension isable to maintaindifferent
pressure of liquid and gasin the interface.
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UNSATURATED FLOW PROCESSES

/!tL[[!w¸ {¦/¢LhbΥ [ŀǇƭŀŎŜΩǎ ƭŀǿ

qspgp cos..2... 2

GLcwc rhr =

q : contact angle
sGL : Surface tension betweenphases G and L
rC : capillarytube radius

Force equilibrium

wc

GL

r
h

g

qs

.

cos.2
=

c

GL
wwg

r
hpps

qs
g

cos.2
. ==-=

If q< 90°, the air pressure 
ispartly sustainedby the 
meniscus. The water 
presureis lower than the 
air pressure.

If q< 90°, the liquid entersthe cavitiesin 
the solidsurface and the liquid issaidto 
wet the surface
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UNSATURATED FLOW PROCESSES

/!tL[[!w¸ {¦/¢LhbΥ [ŀǇƭŀŎŜΩǎ ƭŀǿ

r (mm) 1 0.01 0.001 10-4

s (kPa) 0.146 14.6 146 1460

pw (kPa) 99.854 85.4 -46 -1360

q = 0°
sGL = 0.073 N/m (20°C)
pg = 100 kPa (absolutepressure)
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UNSATURATED FLOW PROCESSES

/!tL[[!w¸ {¦/¢LhbΥ [ŀǇƭŀŎŜΩǎ ƭŀǿ

(Ferrari, 2020)
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UNSATURATED FLOW PROCESSES

/!tL[[!w¸ {¦/¢LhbΥ [ŀǇƭŀŎŜΩǎ ƭŀǿ

The capillary suction is defined as the gas pressure in excess of the water pressure

This definition corresponds to the capillary suction, and not to the matric suction
(see Baker & Frydman, 2009, for a discussion). However, essentially for historical reasons, it 
is used to express quantitatively the degree of attachment of the liquid phase onto the solid 
phase, regardless the attraction mechanism. 

Therefore, the suction as defined by this Equation reflects interactions between water and 
solid and should be differentiated from capillary phenomena (Gens, 2010).

ί ὴ ὴ

Very ƭŀǊƎŜ ƴŜƎŀǘƛǾŜ ΨǿŀǘŜǊ ǇǊŜǎǎǳǊŜǎΩ are just an expression of the potential. They do not 
correspond to the usual bulk thermodynamic pressures.

άsuction must be considered merely as a convenient index of the affinity of soil for free waterέ 
(Blight, 1965)



57

UNSATURATED FLOW PROCESSES

Retention properties

The water retention curve is defined as the relationship between the amount of water stored in a porous 
medium and suction. The amount of water stored may be expressed in terms of water content, water ratio 
or degree of saturation. Yet, the degree of saturation, which provides normalisationof the volume fractions 
of the liquid and gas phases, is directly involved in the mass balance equations

Bundle of capillary tubes model. After [Gates et al., 
1950] and [Chen et al., 2013].

Retention curve [Brooks and Corey, 1964]
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UNSATURATED FLOW PROCESSES

Retention properties

Water retention curve and schematic stages of saturation in porous media
(modified after Nuth & Laloui, 2008a)
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UNSATURATED FLOW PROCESSES

Retention properties: hysteresis

Retentioncurves

Drying

Wetting

Scanning 
curves
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UNSATURATED FLOW PROCESSES

Retention properties: influence of the dry density
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UNSATURATED FLOW PROCESSES

Transfer properties

Permeability

Drying

Wetting

R
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UNSATURATED FLOW PROCESSES

Equilibrium restrictions

Phases:

Species:

Equilibrium restrictions relate dependent variables with the kinematics variables. They are 
obtained assuming thermodynamic equilibrium between the different phases of the 
species. This hypothesis is justified by the fast kinetics of the dissolution processes 
compared to the transport phenomena.
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UNSATURATED FLOW PROCESSES

9ǉǳƛƭƛōǊƛǳƳ ǊŜǎǘǊƛŎǘƛƻƴǎΥ YŜƭǾƛƴΩǎ ƭŀǿ

Pure water

Water vapour

RH = 100%
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UNSATURATED FLOW PROCESSES

9ǉǳƛƭƛōǊƛǳƳ ǊŜǎǘǊƛŎǘƛƻƴǎΥ YŜƭǾƛƴΩǎ ƭŀǿ 

Pure water

Water vapour
+ dry air

RH < 100%
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UNSATURATED FLOW PROCESSES

9ǉǳƛƭƛōǊƛǳƳ ǊŜǎǘǊƛŎǘƛƻƴǎΥ IŜƴǊȅΩǎ ƭŀǿ 

IŜƴǊȅΩǎ ƭŀǿ ŜȄǇǊŜǎǎŜǎ ǘƘŜ ŜǉǳƛƭƛōǊƛǳƳ ōŜǘǿŜŜƴ ŘƛǎǎƻƭǾŜŘ ŀƛǊ ƛƴ ǘƘŜ ƭƛǉǳƛŘ ǇƘŀǎŜ ŀƴŘ ŘǊȅ air in 
the gas phase. Under constant temperature, the amount of dissolved air is proportional to the 
air partial pressure

pa= Kalxal

whereKa is a constant. This law may be written in terms of densities, so that

rda= Hara

where Haƛǎ ŎŀƭƭŜŘ ǘƘŜ IŜƴǊȅΩǎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ƛǎ Ŝǉǳŀƭ ǘƻ лΦлноп ŦƻǊ ŀƛǊΦ
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UNSATURATED FLOW PROCESSES

Balance equations

Phases:

Species:

The compositionalapproach(Panday& Corapcioglu, 1989; Olivellaet al., 1994; Collin,
2003) is adopted to establish the mass balance equations. It consists of balancing species 
rather than phases. This approach has the advantage that phase exchange terms cancel out, 
which is particularly useful when equilibrium is assumed.
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UNSATURATED FLOW PROCESSES

Water Mass Balance

‬

‬ὸ
” ὲὛ ÄÉÖὪ

‬

‬ὸ
”ὲὛ ÄÉÖὪ ὗ π

Liquidwater, Ὓ water saturation degree
Water vapour, Ὓ ρ Ὓ gassaturation degree

Sourceterm

Gas Mass Balance

‬

‬ὸ
”ȟὲὛ ÄÉÖὪȟ

‬

‬ὸ
”ὲὛ ÄÉÖὪ ὗ π

Dissolvedair, Ὓ water saturation degree
Dryair, Ὓ ρ Ὓ gassaturation degree

Sourceterm
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UNSATURATED FLOW PROCESSES

Fluid transfer equations

In both liquid and gas phases, water and air fluxes are a combination of advectiveand
non-advectivefluxes. Advectivefluxes are associated to the phase movements, while non-
advectivefluxes are associated to the motion of species within phases. The mass fluxes of liquid 
water, water vapour, dry gas and dissolved gas are given respectively by
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UNSATURATED FLOW PROCESSES

Fluid transfer equations: advectivefluxes

ή
ὑ ȢὯ

‘
ÇÒÁÄὴ Ὣ” ÇÒÁÄᾀ

where

Åὑ [m²] is the intrinsicpermeability

ÅὯ [-] is the water relative permeabilityfunction

Å‘ [Pa.s] is the water dynamicviscosity

Åὴ [Pa] is the pore water pressure

Å” [kg/m³] is the liquidwater density

Advectivefluxes of both liquid and gas phases are described by the generalized 5ŀǊŎȅΩǎ ƭŀǿ for 
partially saturated porous media.



Transfer properties

The intrinsicpermeability[m²] dependson the density.

Kozeni-Carmanlaw: 

The intrinsicpermeabilitydependson the pore size (and the interconnectivityof the pores)

The pore size of expansive claysmaychange verysignificantlydue to hydration(evenduring
constant volume conditions)

70

UNSATURATED FLOW PROCESSES



Transfer properties

The intrinsicpermeability[m²] to gasand liquid are not the same!
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UNSATURATED FLOW PROCESSES
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Fluid transfer equations: advectivefluxes

ή
ὑ ȢὯ

‘
ÇÒÁÄὴ Ὣ”ÇÒÁÄᾀ

where

Åὑ [m²] is the intrinsicpermeability

ÅὯ [-] is the gasrelative permeabilityfunction

Å‘ [Pa.s] is the gasdynamicviscosity

Åὴ [Pa] is the pore gaspressure

Å” [kg/m³] is the gasdensity

Advectivefluxes of both liquid and gas phases are described by the generalized 5ŀǊŎȅΩǎ ƭŀǿ for 
partially saturated porous media.
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Fluid transfer equations: non-advectivefluxes

¢ƘŜ ŘƛŦŦǳǎƛǾŜ ŦƭǳȄŜǎ ŀǊŜ ƎƻǾŜǊƴŜŘ ōȅ CƛŎƪΩǎ ƭŀǿΦ !ŎŎƻǊŘƛƴƎ ǘƻ CƛŎƪΩǎ ƭŀǿΣ ǘƘŜ ŘƛŦŦǳǎƛǾŜ flux is proportional to the 
gradient of mass fraction of species, the proportionality coefficient being the hydrodynamic dispersion 
coefficient. The diffusive fluxes of water vapourand dissolvedair read

Diffusion within the gaseousphase

Ὥ ὲὛ †ὈȾ”ÇÒÁÄ”Ⱦ” Ὥ

ÅὈȾ [m²/s] is the diffusion coefficient of water vapourin dry air

Å†[-] is the tortuosity

ὈȾ Ὀ
ȟ

with p0=101 kPa, D0= 2.42 10-5 m²/s and T0=303°K
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Fluid transfer equations: non-advectivefluxes

¢ƘŜ ŘƛŦŦǳǎƛǾŜ ŦƭǳȄŜǎ ŀǊŜ ƎƻǾŜǊƴŜŘ ōȅ CƛŎƪΩǎ ƭŀǿΦ !ŎŎƻǊŘƛƴƎ ǘƻ CƛŎƪΩǎ ƭŀǿΣ ǘƘŜ ŘƛŦŦǳǎƛǾŜ flux is proportional to the 
gradient of mass fraction of species, the proportionality coefficient being the hydrodynamic dispersion 
coefficient. The diffusive fluxes of water vapourand dissolvedair read

Diffusion within the liquidphase

Ὥȟ ὲὛ †Ὀ Ⱦ” ÇÒÁÄ”▀ȟ╪Ⱦ”

ÅὈ▀ ╪Ⱦ◌ [m²/s] is the diffusion coefficient of dissolvedair in water
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Water flowsMechanics

Permeability, storage, retention

Gas flows
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Balance equations

ÅWater mass balance

‬

‬ὸ
” ὲὛ ÄÉÖὪ

‬

‬ὸ
”ὲὛ ÄÉÖ”○ή▌ ░○ ὗ π

ÅGasmass balance

‬

‬ὸ
”▀ȟ╪ὲὛ ÄÉÖ”▀ȟ╪ή■ ░▀ȟ╪

‬

‬ὸ
”╪ὲὛ ÄÉÖ”╪ή▌ ░╪ ὗ╪ π
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1 m

Liakopoulos(1965) experiment on a 
column of del Monte sand 

Benchmark exercise* 

Å JOMMI C., VAUNAT J., GENS A., GAWIN D. & SCHREFLER B. ï

Multiphase flow in porous media : a numerical benchmark ï

Proceedings NAFEMS World Congress Stuttgart, 1997.

Å VAUNAT J., GENS A. & JOMMI C. ïA Strategy for Numerical 

Analysis of the Transition between Saturated and Unsaturated 

Flow Conditions ïNumerical Models in Geomechanics, pp. 297-

302, 1997.
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1 m
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1 m
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1 m
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Modellingwith fixedgaspressure
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Modellingwith variable gaspressure (+dissolvedgas)
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Benchmark exerciseto study the gasmigration arounda drift
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L

H
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z
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Bouchon
dôargile

Colis

L*

H

La Lb Ld/2

Vide : épaisseur eR1 R2

Bouchon
de béton

Lc

Z

r

Remblai

H = 82 m

L = 51 m

R1 = La = 4 m

Lb = 3.3 m

Lc = 3 m

Ld = 30.7 m

Le = 10 m

R2 = 0.35 m

E = 0.0125 m

Geometry
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Initial conditions

Clay rock:

0̀ = 12.3 MPa

Pw = 5 MPa

Pg = 0.1 MPa

T = 303ÁK

Concreteplug:

0̀ = 0.1 MPa

Pw = 0.1 MPa

Pg = 0.1 MPa

T = 303ÁK

Backfill:

0̀ = 0.1 MPa

Sr,w= 0.80

Pg = 0.1 MPa

T = 303ÁK

Swellingclay:

0̀ = 0.1 MPa

Sr,w = 0.80

Pg = 0.1 MPa

T = 303ÁK
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ωStep1 : Excavation and waiting
phase (Ҧ 2 years)

ωStep2 : Water resaturationof the 
voidspaceand activation of the 
plugs όҦ о years)

ωStep3 : Hydrogeneproduction 
and backfillingόҦ млл ллл years)

Modellingstepsand boundaryconditions
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Boundaryconditions - Step1 : Excavation + Waitingphase

Simultaneousexcavation of the main 
drift and the alveoleόҦ о days) : 

DeconfinementČ R̀decreasedat the wall
down to Patm

Drainedcondition Č Pw decreasedto Patm

Pg fixed
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WaitingphaseόҦ н years) :

R̀= 0.1 MPa

Drainedcondition

Pgfixed

Boundaryconditions - Step1 : Excavation + Waitingphase
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Boundaryconditions - Step2 : Activation of the plugs and the cannisters
+ water Resaturationof the void space

Resaturationof the void spaceόҦ о years):

Pgfixed

Main shaft

Constant relative humidity

R̀= ̀ z = 0.1 MPa

Alveole

Cannister: imperviousto fluidsČ Resaturation
of the voidspace

Fixedradial displacement
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Boundaryconditions - Step3 : HydrogeneInjection + Backfilling

HydrogeneInjection without backfill
όоҦ млл years):

Main drift

Constant relative humidity

Pg= 0.1 MPaat the wall

R̀= ̀ z = 0.1 MPa

Alveole

Cannisterimperviousto fluid

Hydrogeneflux imposedat the wall

Fixedradial displacement
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Hydrogeneinjection with the backfill
όмллҦ млл ллл years):

Main drift

-

Alveole

Cannisterimperviousto fluid

Hydrogeneflux imposedat the wall

Fixedradial displacement

Boundaryconditions - Step3 : HydrogeneInjection + Backfilling
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Total imposedflux = GaseousFlux + dissolvedFlux

ωUnsaturatedZone ҦGaseousFlux >>> DissolvedFlux

ωSaturatedZone Ҧ DissolvedFlux > GaseousFlux
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Water flowsMechanics

Permeability, storage, retention

Gas flows
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Mechanical behaviour

The mechanicalbehaviourof a gematerialisby essence highlycomplex: 

ÅNon linear

ÅReversible/Permanent deformation

ÅTime dependentbehaviour

ÅCyclicbehaviour

In geomeachnics, the stress incrementisgeneralycomputedfrom the strainincrementas:

▀Ɑ ╓ⱭȟꜗȟⱠȟⱥ▀ꜗ

Wheresis the stress tensor, ethe straintensor, kthe internalvariables
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Mechanical behaviour

And the previousrelationshipiswritten as:

▀Ɑᴂ ╓ⱭᴂȟꜗȟⱠȟⱥ▀ꜗ

Wheresȶ is the effective stress tensor, ethe straintensor, kthe internalvariables

Contraryto classiccontinuousmedia, the mechanical behaviourof porous media is not only 
controlled by the total stress, but it is also influenced by the fluids occupying the porous space. 
Therefore, alternative stress variable(s) should be defined. In the case of saturated porous media, the 
concept of effective stress was early introduced by Terzaghi(1936).

Terzaghi(1936) introduced the concept of effective stress to describe the mechanical behavior of 
fully saturated porous media. The effective stress transforms a real multiphase porous medium into a 
mechanically equivalent single-phase continuum. It is defined as:

i jwijij u dss -=¡
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Mechanicalbehaviourin unsaturatedmedium

The choice of constitutive variables is an inevitable issue in modelling unsaturated soils. Over the 
years, the choice of appropriate stress variables to model the behaviourof unsaturated soils has 
indeed been an intensively debated issue. Two main approaches are generallydistinguished:

ω ¢ƘŜ ŜȄǘŜƴǎƛƻƴ ƻŦ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ǎǘǊŜǎǎ ŘŜŦƛƴƛǘƛƻƴ ŦƻǊ ǎŀǘǳǊŀǘŜŘ ǇƻǊƻǳǎ ƳŜŘƛŀ towards unsaturated
states;
ω ¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘǿƻ ƛƴŘŜǇŜƴŘŜƴǘ ǎǘǊŜǎǎ ǾŀǊƛŀōƭŜǎ όǿƘƛƭŜ ƻƴƭȅ ƻƴŜΣ ǘƘŜ effective stress, is used for 
saturated media).

Each of these two approaches has advantages and drawbacks. They are briefly described
in the newt two sections. Further discussion and historical review can be found in Khalili
et al. (2004) and Nuth & Laloui(2008b).
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Mechanicalbehaviourin unsaturatedmedium

Extension of the effective stress definition

i jwaijaijij uuu dcdss )( -+-=¡

In the effective stress approach, ¢ŜǊȊŀƎƘƛΩǎdefinition of the effective stress is extended to the partial 
saturation domain. One of the most famous definition was proposed by Bishop (1959). It is given by:

where cƛǎ ŀ ƳŀǘŜǊƛŀƭ ǇŀǊŀƳŜǘŜǊΣ ŎŀƭƭŜŘ .ƛǎƘƻǇΩǎ ǇŀǊŀƳŜǘŜǊΣ ǿƘƛŎƘ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ degree of saturation. 
It takes the value of 1 for fully saturated states and 0 for totally dry states. Experimental results on 
unsaturated soils evidence the relation between  and the degree of saturation (Jennings & Burland, 
1962; Fredlund& Rahardjo, 1993). Note that, ǎƛƴŎŜ .ƛǎƘƻǇΩǎ stress depends on the material properties, it 
is not strictly speaking an effective stress (Sheng et al., 2008b).
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Mechanicalbehaviourin unsaturatedmedium

Extension of the effective stress definition

The effective stress approach has shown limitations in representing the important swelling of
compacted clays and bentonites. The approach is also incapable of reproducing the collapse
phenomenon upon wetting paths under high stress levels. Indeed, upon hydration, the fluid pressure 
increases, producing a decrease in the effective stress. Accordingly, the material swells, while 
compaction is observed experimentally.

When working with constitutive models for unsaturated soils, the main advantage of the effective 
stress approach is that the models previously developed for saturated soils are straightforwardly 
extended to the unsaturated domain. In addition, there is a continuous and smooth transition from 
saturated to unsaturated states. However, the determination of the different model parameters from 
laboratory tests is often complex.

In order to overcome this issue, constitutive models written in terms of a generalized effective stress 
generally introduce suction as a variable and define a Loading-Collapse curve, similarly to the 
Barcelona Basic Model.
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Mechanicalbehaviourin unsaturatedmedium

Independent variable approach

According to Fredlund& Rahardjo(1993), the number of independent variables is directly linked to the 
number of phases. For a saturated porous material, only one variable is required: the effective stress. For 
partially saturated soils, Coleman (1962), Bishop & Blight (1963), Fredlund& Morgenstern (1977) and Alonso 
et al. (1990), among others, showed that two independent variables enable to overcome the limitations of 
the single effective stress. In particular, Fredlund& Morgenstern (1977) demonstrated that any pair of  net 
stress, effective stress and suction.

i jaijij u dss -=

The couple of variables net stress and suction is primarily justified by the fact that the variables are 
directly accessible during experimental tests. Once that the material is saturated, the effective stressis 
often used instead of the net stress.
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Mechanicalbehaviourin unsaturatedmedium 

Independent variable approach

The first and most famous complete constitutive model for unsaturated soils is the Barcelona Basic Model 
(BBM) developed by Alonso et al. (1990). The model uses suction and net stress as independent variables. 
As an extension of the Modified Cam-Clay model (Roscoe & Burland, 1968), the Barcelona Basic Model is 
formulated in the framework of elastoplasticitytheory and critical state models. An important 
contribution of the BBM is the definition of the Loading-Collapse (LC) curve.

Three dimensional yield surface of Barcelona Basic Model (Alonso et al., 1990).
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Mechanicalbehaviourin unsaturatedmedium and non-isothermalconditions 

Following the sameapproachof independentvariables:

▀Ɑ ╓ⱭȟꜗȟⱠȟⱥȟ▼ȟ╣▀ꜗ ▐▀▼♫▀╣

Whereh constitutive vectornet stress-suctionand bis the constitutive vectornet 
stress temperature.
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Mechanicalbehaviourin unsaturatedmedium and non-isothermalconditions 

Mechanicalproblem

Soilsand rocks have a non linearbehaviourand mayundergoverylarge deformations. 
Lagaminecode has been developedin the contextof large strain, large displacement
problems. 

In this case, the initial configuration isdifferent from the actualone. One maywrite
the balance equationsin the initial configuration or in the currentone.

This latter choiceismade in Lagaminecode: we use the actualiseddeformed
configuration as referenceone (Up-datedLagrangianformulation).

The flow problemisalsowritten in this actualiseddeformedconfiguration and the 
modification of water storagedue to soliddisplacementis therefore implicitly taken
into account. 
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Mechanicalbehaviourin unsaturatedmedium and non-isothermalconditions 

Among the different types of stress formulation (and the deformations associated 
with them), we will use the Cauchy stress tensor and the Cauchy strain rate defined 
as: 
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Solid Mass Balance

As far as the referenceconfiguration followsthe solidphase, the solid
mass balance equationisautomaticalymet.

It providesthe porosityevolutionequation:

Linear momentum Balance

)3
)(..

).((
,,,

dT
K

dSppdpSdpS
dbd s

s

wrggggrwwr

v aejj -
-++

+-=

0)( =+ iij gdiv rs

Wheresij is the total stress tensorand ris the bulkdensityof the soil
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Water Mass Balance

‬

‬ὸ
” ὲὛ ÄÉÖὪ

‬

‬ὸ
”ὲὛ ÄÉÖὪ ὗ π

Liquidwater, Ὓ water saturation degree
Water vapour, Ὓ ρ Ὓ gassaturation degree

Sourceterm

Gas Mass Balance

‬

‬ὸ
”ȟὲὛ ÄÉÖὪȟ

‬

‬ὸ
”ὲὛ ÄÉÖὪ ὗ π

Dissolvedair, Ὓ water saturation degree
Dryair, Ὓ ρ Ὓ gassaturation degree

Sourceterm
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Retention properties: influence of the temperature
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Retention properties: influence of the temperature

In the Van Genuchtenexpression, Pr isa functionof the air entry 
pressure dependingon the max. pore radius and the surface tension:

ὖ
ς„

ὶ

And the surface tension dependson the temperatureas:

„ πȢπσυωÅØÐ
ςυςȢωσ

Ὕ

The Pr parametercanthusbe adaptedas:

ὖὝ
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„ Ὕ

„ Ὕπ
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Relative water permeability: influence of the temperature
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Water vapourmass balance equation: ÄÉÖὪ Ὁ π

Internal energyBalance
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Internal energyBalance
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Water flowsMechanics

Permeability, storage, retention

Gas flows

Heat transfer
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TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

ÅPreliminary Technical Information 

ÅGeneric repository configuration with material parameters for 
three cases:

ÅStorage Zone A (ILW, NAGRA)

ÅStorage Zone B (HLW, ONDRAF)

ÅStorage Zone C (HLW, ANDRA)

Å Initial boundary conditions in terms of T, PW and ̀ v/h

ÅTime varying conditions

Å Source terms for temperature and gas injection

Schematic horizontal slice at generic repository depth

Stage Scenario Time scale

I. Initial stage (No repository) T < 0

2. Instantaneous excavation T = 0

3. Ventilation T = 0 to 50 Years

4. Waste emplacement T = 50
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TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

!!ȶ ¸k®²tg^} g®£¯¯-section perpendicular to the axis of 
the tunnel 

Zone B Zone C
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TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

Zone CZone B

FIXED
pw & T at top

FIXED
pw & T at bottom

Components .ƛƻǘΩǎ /ƻŜŦŦƛŎƛŜƴǘ

Inner EDZ 0.8

Outer EDZ 0.8

Undist. Rock 0.8

Top aq. 0.8

Bottom aq. 0.8

Others 1

or
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Phase Time [Years] Scenario Features

Initial T < 0 No Repository
(Instantaneous excavation)

Å In-situ stress regime (�1v ; �1h)
Å Hydrostatic pressure (pw)
Å Natural geothermal field (T)

Phase-I T = 0-50 Ventilation (Zone B)
Dewatering (Zone C)

Å Ventilation/Dewatering effect
o ZoneBɢ80% RH(st = 30.60 MPa)
o ZoneC (pwɢ0.1 MPa)

Phase-II T = 50-100,000 Instantaneous waste emplacement Å Thermal load and gas generation 
(Hydrogen)

pwɢ ƠȋơƠ MPa(r = 0.5 m)

Zone C Zone B

pw = -30.60 MPa(r = 1.8 m)
Rexc. = 0.5 m Rexc. = 2.5 m


