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The project leading to this application has received funding from the European Union’s Horizon 2020 research and innovation programme 
under grant agreement n° 847593.

WP7 - INFLUENCE OF TEMPERATURE ON 
CLAY-BASED MATERIAL BEHAVIOUR
(HITEC)
Training course at Uliège

Date Event 1

HITEC - MAIN OBJECTIVES

2

• Briefly: Improved THM description of clay based materials at 
elevated temperatures – no C yet

1. To evaluate whether an increase of temperature is feasible and 
safe by applying existing and novel knowledge about clay 
materials at elevated temperatures:

a) to improve understanding of the THM behaviour of clay rock and clay buffer under high 
temperature and provide suitable THM models,

b) to better assess effect of overpressures on the THM behaviour and properties of the clay host 
rock, and

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

1
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HITEC - MAIN OBJECTIVES 2

3

2. Host clays formations: to deploy knowledge to mechanics of clay to 
better evaluate/model possible damage evolution.

3. Buffer bentonite: to deploy knowledge to hydro-mechanical 
behaviour at high T. 

4. To document all the above to be utilised in Safety Cases studies
I. Mechanical properties, swelling pressure, hydraulic conductivity, while the integrity 

of the clay may be evaluated as changes in mineralogy, chemical content or physical 
integrity of the compacted blocks.

II. The safety functions and the overall integrity of the bentonite and/or clay host rock 
will be evaluated after a high temperature exposure.

5. To assure interaction between CSO and participants of the WP

HITEC - EXPECTED IMPACTS

4

• Regarding RWM implementation needs
• Important to assess the consequences of the high T
• Most of safety cases limit maximum temperature to 100°C: 

Higher temperatures can have significant advantages: higher 
enrichment/burn-up fuels, interim storage requirements, 
(re)packaging of the waste, reducing footprint of the disposal

• Regarding safety case concerns
• Knowledge about utilising higher temperatures, setting up limits 

of temperature and which kind of overall impacts higher 
temperatures causes to materials and systems.

• Proving that higher than present temperatures are acceptable is 
very relevant even for current concepts:

• Regarding increasing scientific and technical Knowledge 
• There is now only limited knowledge about the clay mechanics at 

higher than 100°C - increase scientific and technical knowledge.

3
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WP 7 – HITEC: TASKS & (EXTENDED) BOARD
• Task 1 – S/T coordination, State-of-the-art and training 

material
• Task Leader: VTT – Markus Olin
• SoA: CIEMAT – Maria Villar
• Training: Uliège – Robert Charlier

• Task 2 - Clay host rock <120°C
• Task Leader: Ulorraine – Dragan Grgic
• T2.1: Ulorraine - Dragan Grgic
• T2.2: BGS – Katherine Daniels 
• T2.3: Andra – Gilles Armand

• Task 3 - Clay buffers >100°C
• Task Leader: CTU – Jiří Svoboda
• T3.1: SKB - Daniel Svensson
• T3.2: BGS - Katherine Daniels 
• T3.3: CIEMAT - Maria Victoria Villar

• Task 4 - Impacts and deployment of results
• Task Leader: VTT – Markus Olin
• T4.1: NAGRA – Olivier Leupin

WP 7 - HITEC WHAT?: TASK 2&3

• T2 Clay host rock
• Subtask 2.1 will use lab experiments to assess a possible extension of the excavation induced fracture 

network, investigating the role of the fracture network on the containment properties of the host rock.
• Subtask 2.2 will also use lab experiments on materials at elevated temperatures, and will focus on the 

thermal pressurisation and the risk of damage when the effective stress increases up to the overburden 
weight.

• Subtask 2.3 will focus on the development of THM models which are able to consider processes
studied in subtasks 2.1 and 2.2. 

• T3 Buffer bentonite
• Subtask T3.1: Material subjected to the high temperature will be studied and changes of properties will 

be determined. Both laboratory treated material and samples from (in-situ) experiments are included.
• Subtask T3.2: Investigation of processes and material behaviour at higher temperatures/transients.
• Subtask T3.3: Experiment designed to simulate processes in clay buffer at various level of complexity. 

These experiments create basis for system behaviour understanding and database for mathematical 
model validation. Conceptual development of mathematical models. Validation by data from T3.1 and 
3.2. Benchmarking the codes in cooperation with DONUT.

5
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WP 7 – HITEC: WHY?
• T2 Clay host rock

• The overpressure generated by the difference between thermal expansion coefficient 
of pore water and the solid rock skeleton may have deleterious consequences.

• In far field, this could induce rock damage and reactivate fractures/faults.
• In near field characterized by a fractured zone, this could induce fracture opening or 

propagation in this fractured zone, altering the permeability.

• T3 Buffer bentonite
• Proving that higher temperatures than presently accepted are suitable is very relevant 

even for current concepts.
• It increases safety margin and gives greater credibility to the design (e.g. if it is proven 

to work for 130°C then for 100°C it is definitely safe).

7
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The project leading to this application has received funding from the European Union’s Horizon 2020 research and innovation programme 
under grant agreement n° 847593.

CHALLENGES ADDRESSED BY THE WP GAS 
EURAD Doctoral School – WP GAS & HITEC

1st doctoral school WP GAS & HITEC 1

WP GAS MAIN OBJECTIVE

MECHANISTIC UNDERSTANDING OF GAS TRANSPORT IN CLAY MATERIALS

• Objective 1: Improve the mechanistic understanding of gas transport processes in natural and 
engineered clay materials, their couplings with the mechanical behaviour and their impact on 
the properties of these materials;

• Objective 2: 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

1st doctoral school WP GAS & HITEC 2

1
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WP GAS SPECIFIC CHALLENGES

• Transfer knowledge gained from lab and in situ experiments to configurations that are 
commonly found in current repository designs, to address key questions from the end-users

• How could gas migrate within a repository and which water soluble and volatile radionuclide 
transport could be associated with it?

• How and to what extent could the hydro-mechanical perturbations induced by gas effect 
barrier integrity and long-term repository performance?

• Provide results that are applicable to a wide range of national programmes

1st doctoral school WP GAS & HITEC 3

WP GAS EXPECTED IMPACTS

• Building confidence in and extending the scientific bases on the fundamentals of gas 
transport in clay materials

• Closing the gap between experimentalists and modellers

• Foster the exchange of knowledge between the scientific community (RE’s) and the end-
users (WMO’s and TSO’s)

• Answer the key questions that are common to all end-users

• Provide input to implementers that may inspire design measures to reduce impact and/or 
uncertainty

1st doctoral school WP GAS & HITEC 4

3
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WP GAS PARTICIPANTS

30 organisations from 10 countries

1st doctoral school WP GAS & HITEC 5

Participants of the joint WP GAS & HITEC 
Progress Meetings, 20-21 January 2020, Liège

WP GAS – TASK BREAKDOWN AND WP BOARD

1st doctoral school WP GAS & HITEC 6

X. Sillen, S. Levasseur 
(ONDRAF), Coordination

F. Collin (ULiège)
Training

E. Jacops, L. Truche, J. Harrington 
(SCK•CEN)  (ISTerre)        (BGS) P. Marschall, J. Talandier, O. Kolditz

(NAGRA)     (ANDRA)      (Ufz)

J. Wendling, S. Norris, M. Dymitrowska
(ANDRA)    (RWM)            (IRSN)

5
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WP GAS – TASK 2 TRANSPORT MECHANISMS 

OBJECTIVE: improve understanding of gas transport in clay

• Diffusion and retardation (Subtask 2.1) 
• Determine gas diffusion parameters on different clayey materials at different degree of 

saturation and support experimental data interpretation by pore network modelling
• Understand gas physiosorption mechanisms in microporous systems

• Advection (Subtask 2.2) 
• Provide reference data for various natural and engineered clay materials under a sufficient 

broad range of conditions
• Improve understanding of the observed gas transport modes and identifying their main 

control
• Conceptualisation of transport mechanisms at micro & macro scales

1st doctoral school WP GAS & HITEC 7

WP GAS – TASK 3 BARRIER INTEGRITY

OBJECTIVE: improve understanding of gas impact on barriers

• Improve the mechanistic understanding of the hydro-mechanical phenomena and processes, 
associated with:

• the gas-induced failure of clay barriers, i.e. within the engineered barrier system, within the 
Excavation Damage Zone and within the host rock (Subtask 3.1);  

• the effectiveness of self-sealing processes along gas-induced pathways in the clay barriers of a 
geological repository (Subtask 3.2).

• Evaluate achievements by model-supported data analyses: 
• predictive modelling and application of newly developed modelling tool on in-situ experiments 

(Subtask 3.3). 

1st doctoral school WP GAS & HITEC 8

7

8



02/03/2020

WP GAS – TASK 4 REPOSITORY PERFORMANCES

OBJECTIVE: ensure that WP is end-user oriented (with T2, T3)

• Evaluate gas transport regimes that can be active at the scale of a geological disposal system 
and their potential impact on repository performance 

Conceptualizations of gas migration storyboards (subtask 4.1) + model assisted 
assessment of gas induced effects (subtask 4.2) to identify:

• effects of the presence of gas and its transport on the transfer of soluble and volatile 
radionuclides

• consequences of gas-induced hydro-mechanical perturbations on barrier integrity and long-
term performance. 

WP GAS on EURAD website: https://www.ejp-eurad.eu/implementation/mechanistic-
understanding-gas-transport-clay-materials-gas

1st doctoral school WP GAS & HITEC 9

WP GAS & HITEC DOCTORAL SCHOOLS

“Multiphysical Couplings in Geomechanics, 
a focus on thermal effects and gas transfer impacts on the behaviour of geomaterials”

OBJECTIVE: Experimental characterisation and numerical analysis of thermal and gas-induced hydro-
mechanical perturbations on barrier integrity and consequences for the long-term performance of a 
radioactive waste geological disposal

• 1st school at the beginning of the project: state-of-knowledge on the fundamentals of 
multiphysical couplings in geomechanics January 22-24, 2020

Prerequisites for WP GAS & WP HITEC, in complement of WP SOTAs
Training materials: WP GAS Deliverable D6.3 (available soon)

• 2nd school near the end of the GAS & HITEC programmes (2023) to highlight the main results of 
these WPs with respect to multiphysical coupling in geomechanics and their applications in the 
development and implementation of long-term solutions for radioactive waste management

Project progress , in complement of WP Deliverables
1st doctoral school WP GAS & HITEC 10

Thanks to ULiège (Profs. Charlier, Collin and their teams) for the 
organization of this 1st doctoral school of EURAD

Thanks to all lecturers and all participants for coming 
Enjoy the school!

9
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The project leading to this application has received funding from the European Union’s Horizon 
2020 research and innovation programme under grant agreement n° 847593.

FUNDAMENTALS ON 
GEOMECHANICS AND MULTI-
PHYSICAL COUPLINGS

Date

Introduction

Date

1

2
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Disposal in vertical boreholes Disposal in horizontal drifts

Introduction

Date

Disposal in vertical 
boreholes

Disposal in horizontal drifts

Introduction

Date

3

4
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Heat out

Host rock

Canister

Compacted 
clay barrier

Vapour

Heat out

Water in

Near heater
Clay dries
Clay contraction

Near rock
Clay hydrates
Clay swelling

Across the barrier
Swelling stress 
development

Vapour

THM coupling

Introduction

Date

TH(M) coupling in the near field

Host rockBentonite barrier

Heat

Water

Heat out

Water in

Heat in

Liquid

Solid

Heat flux (conduction)

Liquid flux (advection)

Heat flux
(conduction and advection)

Liquid

Solid

Gas

Heat flux (conduction)

Liquid flux (advection)

Heat flux
(conduction and advection)

Vapour flux (diffusion)

Heat flux
(conduction and advection)

Water
condensationevaporation

Water

Introduction

Date

5
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Relevant phenomena

THERMAL
Heat conduction

Heat advection (liquid water and 
vapour)

Phase changes

HYDRAULIC
Liquid flow

Gas flow

Air dissolution in water

Air diffusion in water 

Vapour diffusion

Gas generation and transport

MECHANICAL
Deformation of materials (constituents 
and overall) caused by changes of:

• Stresses
• Suction/Water pressures
• Temperatures

Introduction

Date

We deal with saturated and unsaturated porous media
Coupled multi-physics (THM)

Temperature (T)
Fluid flow (may include liquid and/or gas movement)  (H)
Mechanical (stress, deformation, strength) (M)

We must end up with a coupled THM formulation
Establishing appropriate governing equations
Adopting constitutive relations as realistic as possible
Developing a numerical approximation to incorporate in a computer 
code

We will not address the geochemical and biological aspects although there 
are certainly part of the multi-physics domain!

Introduction

Date
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Introduction

Three phases:

• solid (s) : mineral

• liquid (l)  : water + air dissolved 

• gas (g) : dry air + water vapour 

Three species : 

• mineral (-) : the mineral is coincident
with solid 

• water (w) : as liquid or evaporated 
in the gas phase

• air (a) : dry air, as gas or 
dissolved in the liquid
phase

We deal with saturated and unsaturated porous media
A simplified picture:

Volumetric mass of a species in a phase (e.g. water in gas phase g
w is the product of the mass

fraction of that species ( g
w) and the bulk density of the phase ( g):

g
w = g

w
g.Date

Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date
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Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date

Unsaturated geomaterials and suction

( ) pores liquid gas

total total

V V V
n

V V
Porosity Degree of saturation

1liquid liquid
r g

pores liquid gas

V V
S S

V V V

Solid

GasLiquid

Date
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Water potential, : work required to transport a unit mass from a 
reference pool of pure water to the soil water under consideration

zgoc                
Matric     Osmotic     Gas      Gravitational

Matric (capillary) potential
Osmotic potential:RTcmo

:)( awc uu

:)( atmag uu Gas pressure potential

:zwz Gravitational potential

Review panel (1965)

Unsaturated geomaterials and suction

Date

Matric potential

Gas pressure 
potential

Gravitational 
potential

Water potential, : work required to transport a unit mass from a 
reference pool of pure water to the soil water under consideration

Unsaturated geomaterials and suction

Date
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Osmotic potential

RT
V
ns

os

SEMIPERMEABLE 
MEMBRANE

SOLUTE
PURE 

WATER

Water potential, : work required to transport a unit mass from a 
reference pool of pure water to the soil water under consideration

Unsaturated geomaterials and suction

Date

Water potential, : work required to transport a unit mass from a 
reference pool of pure water to the soil water under consideration

zgoc                

Total water potential controls water flow
Water potential affects mechanical behaviour. Not all potential 
components have, however, the same effect

(Review panel, 1965)

Matric     Osmotic     Gas      Gravitational

:w cs Matric suction Osmotic suction:w o
Total suction:ts s

Total suction is directly related to relative humidity (psychrometric law)

Unsaturated geomaterials and suction

Date
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Toll (2012)

zgoc                (Review panel, 1965)

Matric     Osmotic     Gas      Gravitational

Unsaturated geomaterials and suction

Date

a ws p p
Matric suction is often associated with capillary phenomena

Unsaturated geomaterials and suction

Date

17
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EFFECT OF SURFACE TENSION. LAPLACE’S LAW

The surface tension is able
to maintain different pressures
of liquid and gas in the interface

This effect is evident in the capillary ascension of water in small 
diameter tubes

Unsaturated geomaterials and suction

Date

FORCE EQULIBRIUM IN AN INTERFACE ELEMENT

1 2 1 2
g l 1 2 s s

2 1

dl dl dl dlp p dl dl
R R

g l s
2 1

1 1p p
R R 21 R

1
R
1

r
2

s
g l

2p p
r

Mean radius

Unsaturated geomaterials and suction

Date
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Example:

The capillary rise height is therefore equal to the value of suction expressed
in length units.
Capillary suction depends essentially on pore size and geometry

cosr2hr stw
2
t

Force equilibrium
Weight = Force exerted by the surface tension

g ls s

w t w w w

p p2 cos 2 s0º ; h
r r

mm14.8h;kPa0.073s;mm1r
m10h;MPa0.1s;μm0.73r

HEIGHT OF CAPILLARY RISE

Unsaturated geomaterials and suction

Date

HEIGHT OF CAPILLARY RISE

Unsaturated geomaterials and suction

Date
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a ws p p

Intergranular capillary forces

Suction in the menisci give rise to (stabilizing) intergranular capillary forces

Unsaturated geomaterials and suction

Date

0 1000 2000 3000 4000

s (kPa)

1

1.1

1.2

1.3

1.4

1.5

f(
s)

(Fisher, 1926)

Intergranular capillary forces

Suction in the menisci give rise to (stabilizing) intergranular capillary forces

Unsaturated geomaterials and suction

Date

23
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Suction measurements

Unsaturated geomaterials and suction

Date

Sand Clay

Unsaturated geomaterials and suction

Date
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Matric suction contains a capillary component and an adsorptive 
component (Philip, 1977; Tuller at al., 1999)

( ) ( )m A h C

Force contributions to adsorptive component (disjoining pressure)

Attractive
Van der Waals forces (< 100 Å )
Electrostatic (Ion-dipole, Coulomb, hydrogen bridges…)

Repulsive
Hydration repulsion (< 100 Å ) (change of water structure?)
Electrostatic (DDL) (> 500 Å )

Modern interface surface theory (Derjaguin et al., 1987)

The difference in chemical potentials across an interface can be 
expressed as an equivalent interfacial force per unit area of the 
interface, called disjoining pressure

It corresponds to the matric suction!

Augmented Young-Laplace 
(AYL) equation

Unsaturated geomaterials and suction

Date

Force contributions to adsorptive component (disjoining pressure)

Van der Waals

Ion-Dipole

Dipole- Dipole + 
hydrogen bridgeDDL

Coulomb 
attraction

Unsaturated geomaterials and suction

Date
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Matric suction should be viewed as the result of the general interaction 
between solid surface, liquid and associated interfaces

Adsorptive and capillary components may well cause different 
mechanical effects, in practice distinguishing them is not easy

Historically, matric suction is expressed as                          
pa: air pressure, pw: water pressure

Large (negative) potentials give rise to very large negative ‘water 
pressures’, they are just an expression of the potential. They do not 
correspond to the usual bulk thermodynamic pressures

“suction must be considered merely as a convenient index of the affinity 
of soil for free water” (Blight, 1965)

wa pps

Unsaturated geomaterials and suction

Date

Vapour pressure (no solutes, no curvature)
Suction and relative humidity

Unsaturated geomaterials and suction

Date
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o
v

5239.7p MPa 136075 exp
273.15 T

Temperature (ºC)
Va

po
ur

 p
re

ss
ur

e 
(M

Pa
)

Vapour pressure (no solutes, no curvature)
• Effect of temperature

Unsaturated geomaterials and suction

Date

Suction in unsaturated soils

RH (relative humidity)   (solvent molar fraction)v w
o

v w s

p n
p n n

Vapour pressure (solutes, no curvature)

Raoult’s law:

• Only valid for small concentrations!
Date
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Suction in unsaturated soils
Vapour pressure (no solutes, curvature)

exp
273.15

v w
o
v l

p MRH
p R T

Water under 
suction

Psychrometric law 
or Kelvin's law

Date

Suction in unsaturated soils

B

Psychrometric law Over a differential height

l

h
g

From the ideal gas law

w
v v

Mp
RT

Combining the two expressions

v v

v v w

dp dp RTdy
g p M g

Integrating from 0 (B) and h (C)

0 00
lnv

v

h v v

l w v w v

dRT RTdy h
g M g M g

exp
273.15

v w
o
v l

p MRH
p R T

v vdp gdy dy
vp

v vp dp

Date
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Psychrometric law

Temperature = 20ºC

Suction in unsaturated soils

00  RH (relative humidity)
w
gv v

o w
v v g

p
p

Date

EQUILIBRIUM RESTRICTIONS

Concentration of water vapour (psychrometric law)

g
w:     vapour density in the gaseous phase

water potential
T:        temperature
( g

w)0: vapour density in the gaseous phase
(Pg – Pl=0)

Mw:   molecular mass of water (0.018 kg/mol)
R:     the gas constant (8.314 J/mol/oK)

Concentration of water vapour depends on:
Temperature (Thermal)
Suction (Hydraulic)

Vapour concentration with 
no capillary effects 

(depends on temperature 
and concentration)

Modification of vapour 
concentration due to capillary 
effects (depends on suction 

and temperature)

l

ww
g

w
g TR

M
15.273

exp
0

Date
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Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date

Flow

Gradients

Hydraulic Head Chemical 
Concentration Temperature Electrical

Fluid
Darcy’s Law

(Hydraulic 
Conduction)

Chemical 
Osmosis Thermo Osmosis Peltier effect

Solutes Ultra Filtration Fick’s Law
(Diffusion)

Soret Effect
(Thermal Diffusion)

Electrical 
osmosis

Heat 
Thermo 

Filtration
(Isothermal Heat 

Transfer)

Dufour Effect
Fourier’s Law

(Thermal  
Conduction)

Electrophoresis

Electric 
current

Seebeck or 
Thompson Effect Rouss Effect

Diffusion and 
membrane 
potential

Electrical 
conduction

From irreversible thermodynamics, all coupled processes must exist
Coupled processes should be distinguished from coupled phenomena

Constitutive relations: general

Date
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Flow

Gradients

Hydraulic Head Chemical 
Concentration Temperature Electrical

Fluid
Darcy’s Law

(Hydraulic 
Conduction)

Chemical 
Osmosis Thermo Osmosis Peltier effect

Solutes Ultra Filtration Fick’s Law
(Diffusion)

Soret Effect
(Thermal Diffusion)

Electrical 
osmosis

Heat 
Thermo Filtration

(Isothermal Heat 
Transfer)

Dufour Effect
Fourier’s Law

(Thermal  
Conduction)

Electrophoresis

Electric 
current

Seebeck or 
Thompson Effect Rouss Effect

Diffusion and 
membrane 
potential

Electrical 
conduction

From irreversible thermodynamics, all coupled processes must exist
Coupled processes should be distinguished from coupled phenomena

Constitutive relations: general

Date

Mechanisms of heat transfer
Conduction

Heat transfer by direct contact of particles 
of matter (elastic impact, free electron 
diffusion, vibration of adjacent atoms…)

Advection
Heat transfer by mass movement

The term convection is used when the 
mass movement is driven by buoyancy 
(density differences) caused by the 
thermal field

Radiation
Heat transfer by electromagnetic waves

Constitutive relations: thermal

Date

39
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WQdU
PdVQdU

Energy conservation

Gases

PdVTdSdU (reversible processes)

General

i
iidNWQdU

i
ii

i
ii dNdxXQdU

internal energy in solid, 
supply of heat

   liquid and gas phases
d d

Constitutive relations: thermal

Date

Heat capacity

Constant volume V
V

UC
T PdVTdSdU

Constant pressure
P

P

HC
T

VdPTdSdH

Constitutive relations: thermal

Date
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Internal energy per unit volume (additive)

(1 )   ;  1s s l l l g g g l gE n E nS E nS S S

( )w w a a
g g g g gE c T L c T( )w w a a

l l l l lE c c Ts sE c T

Phase change: 
evaporation/condensation 

latent heat
32.26x10 KJ/KgL

Internal energy depends on
Degree of saturation (Hydraulic)
Porosity  (Mechanical)

Constitutive relations: thermal

Date

Specific heat capacity (25ºC unless otherwise specified)

Substance cP
(kJ kg-1 K-1)

Air (sea level, dry, 0ºC) 1.0035

Air (typical room conditions) 1.012

Brick 0.84

Concrete 0.88

Glass, silica 0.84

Granite 0.79

Graphite 0.84

Gypsum 1.09

Marble 0.88

Quartz 0.71

Sand 0.80

Sodium Chloride 0.85

Substance cP
(kJ kg-1 K-1)

Stainless steel 0.51

Steel 0.42

Water vapour (25ºC) 1.86

Water vapour (100ºC) 1.89

Water (liquid, 25ºC) 4.18

Water (ice, 0ºC) 2.05

Water (ice, -10ºC) 2.00

Wood 0.42

Constitutive relations: thermal

Date
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Heat driven by temperature gradients
Thermal conductivity

: global thermal conductivity

Thermal conductivity depends on
Temperature (Thermal)
Degree of saturation (Hydraulic)
Porosity  (Mechanical)

Tci

s l
S

g
S

sat
S

dry
Sl l l l1 1 1

lssat
1

gsdry
1

Constitutive relations: thermal

Heat conduction: Fourier’s law

Date

Fourier’s law ( )c T Ti
: Thermal conductivity

(1 )s l l g gn nS nS

S L G

S

L

G

1/ 1/ (1 ) 1/ 1/s l l g gn nS nS

Geometric mean: 11 ll n Sn nS
s l g

1 n n
sat s l

1 n n
dry s g

11 1ll l ln Sn nS S S
s l g sat dry

Constitutive relations: thermal

Heat conduction

Date
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Thermal conductivity of some substances

Substance (W m-1 K-1)
Air 0.024 - 0.026

Cement mortar 1.73

Concrete 1.8

Granite 1.7 - 3.0

Limestone 1.3

Marble 2.1 - 2.9

Polysterene 0.03 - 0.06

Quartz 4 – 8

Sandstone 1.8 – 2.9

Soil, saturated 1.0 – 2.7

Substance (W m-1 K-1)
Snow 0.06 - 0.59

Stainless steel 150

Steel 63

Water vapour (100ºC) 0.016

Water (liquid, 25ºC) 0.60

Water (ice, 0ºC) 2.22

Water (ice, -10ºC) 2.30

Wood 0.06 – 0.17

Constitutive relations: thermal

Date

Thermal conductivity of Febex bentonite

0.20
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Constitutive relations: thermal
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Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date

Soil water retention curve (also called soil water characteristic curve, 
SWCC)

It expresses the relationship between suction and amount of water 
in the porous medium 

Constitutive relations: hydraulic

Date
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Soil water retention curve 

(Brooks and Corey, 1964)

UNIFORM

Constitutive relations: hydraulic

Date

Soil water retention curve
Relationship between suction (water potential) and:

• Gravimetric water content (water mass / dry soil mass)
• Volumetric water content (volume of water / total volume)
• Degree of saturation (volume of water / volume of voids)

Constitutive relations: hydraulic

Gravimetric 
water content

Volumetric 
water content

Degree of 
saturation

Date
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Soil water retention curve: hysteresis

Drying

Constitutive relations: hydraulic

Wetting

Date

Soil water retention curve: hysteresis

Constitutive relations: hydraulic

Date
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Soil water retention curve: hysteresis

Constitutive relations: hydraulic

Date

UNSATURATED

SATURATED

SATURATED

An air entry value can be defined as the suction required for air
to penetrate a saturated soil
Air entry value depends on pore sixe
Negative pore pressures can exist in saturated soils

Soil water retention curve

Constitutive relations: hydraulic

Date
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Soil water retention curve: dependence on dry density
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(Romero, 2000)

Constitutive relations: hydraulic

Tests on compacted Boom clay

Date

Soil water retention curve: dependence on temperature
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(Romero, Gens & Lloret, 2001)

Constitutive relations: hydraulic

Tests on compacted Boom clay

Date
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Soil water retention curve: dependence on temperature
A way to introduce temperature-dependence in the retention curve

Van Genuchten expression

(1 )1/ 1g l ep p P S

1/(1 )

min

max min

1 g ll
e

p pS SS
S S P

2
g lp p

r

P is related to the air entry pressure
r: pore radius

: surface tension
depends on temperature

0
0

( )
( )
TP P
T

252.93( / ) 0.0359exp
273.15

N m
T

Constitutive relations: hydraulic

Date

Liquid and gas flow: Darcy’s law

l l l lPq K g
q K gg g g gP

Water and gas flow driven by pressure
gradients

Permeability tensor
K = k kr / 

k :   intrinsic permeability tensor

kr : relative permeability

: dynamic viscosity

Relative permeability
krl = f (Sl)   or   krl = f (Pg – Pl)

krg = 1 - krl

Permeability depends on
Temperature (water viscosity) (Thermal)
Degree of saturation (relative permeability)
(Hydraulic)
Porosity (intrinsic permeability)
(Mechanical)

Constitutive relations: hydraulic

Date
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Kozeny’s law
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Tests on saturated samples

33
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Febex bentonite

Intrinsic permeability: dependence on porosity (or dry density)

Constitutive relations: hydraulic

Date

In fact, intrinsic permeability depends on pore size (and 
interconnectivity of pores)

Pore size of expansive clays may change very significantly 
due to hydration (even under constant volume conditions)

Compacted (suction ≈ 110 MPa) Suction = 10 MPa                     Saturated

Evolution of compacted FEBEX bentonite microstructure during 
hydration. Constant volume test

Constitutive relations: hydraulic

Date
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Liquid degree of saturationLiquid degree of saturation
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Boom clay
(Volckaert et al. 1994)

FEBEX bentonite
(Villar 1998)

Gas and liquid intrinsic permeability
• Differences cannot be accounted for by Knudsen/Klickenberg enhancement 

Constitutive relations: hydraulic

Liquid permeability Liquid permeability

Gas permeability

Gas permeability

Date

K = k kr / 

Fredlund & 
Rahardjo (1993)

Constitutive relations: hydraulic

Relative permeability

Date
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Constitutive relations: hydraulic

Relative permeability

Date
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(Romero, Gens & Lloret, 2001)

Constitutive relations: hydraulic

Relative water permeability vs. degree of saturation at two different 
temperatures

Tests on compacted Boom clay

Date
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Liquid flow
Liquid permeability (hydraulic conductivity)  dependence on temperature

l l l lPq K g k :   intrinsic permeability tensor

kr : relative permeability

l : dynamic viscosity (depends on 
temperature)

Permeability tensor / ( )l r l TkK k
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Constitutive relations: hydraulic

Date

Lima (2009)

Dependence of water permeability on temperature
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Natural Boom clay
e=0.59; Sr=100%
Lima (2009)

kT = 1+ T(T-T0)
T0=22oC and T=0.030oC-1

(water viscosity prediction)

Compacted Boom clay
e=0.59; Sr>96%
Romero (1999)

kT = 1+ T(T-T0)
T0=22oC and T=0.010oC-1

Constitutive relations: hydraulic
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Dependence of permeability with temperature

Material T (K-1) Reference
Compacted Boom clay 0.010 Romero et al. (2001)

Natural Boom clay 0.030 Lima (2009)

Saturated kaolinite 0.042 Towhata et al., (1993)

Saturated kaolinite 0.010 Kemissa (1998)

Saturated montmorillonite 0.014 Volckaert et al. (1996)

Saturated bentonite 0.010 Cho et al. (1999)

0 0( ) / ( ) 1 ( )l l TT T T TK K

Constitutive relations: hydraulic

Date

Gas flow
Gas permeability (conductivity)  dependence on temperature

q K gg g g gP k :   intrinsic permeability tensor

kr : relative permeability

l : dynamic viscosity (depends on 
temperature)

Permeability tensor / ( )l r l TkK k

Gas viscosity
Gas viscosity increases with temperature at low and moderate pressures 

Temperature

0ºC 20ºC 50ºC 100ºC 200ºC

Water 1.73 1.82 1.96 2.20 2.61

Vapour
(steam) 0.92 0.97 1.06 1.24 1.62

Gas viscosity (10-5 Pa s)

Constitutive relations: hydraulic
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Concentration of water vapour (psychrometric law)

g
w:     vapour density in the gaseous phase

water potential
T:        temperature
( g

w)0: vapour density in the gaseous phase
(Pg – Pl=0)

Mw:   molecular mass of water (0.018 kg/mol)
R:     the gas constant (8.314 J/mol/oK)

Concentration of water vapour depends on:
Temperature (water viscosity) (Thermal)
Suction (Hydraulic)

Vapour concentration with 
no capillary effects 

(depends on temperature 
and concentration)

Modification of vapour 
concentration due to capillary 
effects (depends on suction 

and temperature)

l

ww
g

w
g TR

M
15.273

exp
0

Constitutive relations: hydraulic

Date

w w w w w
g g g g g m g g gS Di D I D

Vapour diffusion: Fick’s law

Vapour diffusion driven by concentration 
(partial pressure) gradients

ig
w : non advective flux of water in gas

Dg
w: dispersion tensor

g
w: mass fraction of water in gas

:    tortuosity

D'g:  mechanical dispersion tensor

Dm
w: dispersion coefficient corresponding   

to molecular diffusion of vapour in air

Retention curve depends on
Temperature (Thermal)
Degree of saturation (Hydraulic)
Porosity (Mechanical)

D m s
T

Pm
w

g

2 12
2 3

5 9 10
27315

/ .
. .

Constitutive relations: hydraulic

Date
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Solubility of air in water (Henry´s law)

l
w

aa
l

a
l

a
l M

M
H
P

l
a:   mass fraction of air in liquid ( l

a= l
a l)

Pa:     partial pressure of air
Ma:   molecular mass of air (0.02895 kg/mol)
H:      10000 MPa, Henry’s constant

Air dissolved depends on air pressure

Constitutive relations: hydraulic

Date

Liquid density
Dependence on pressure

Constitutive relations: hydraulic

4 11   =5 x10d MPa
dp

Dependence on temperature
1   d

dT
Dependence on solute

1   = ln 2(ClNa)d
dc

Date
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Liquid density (dependence on temperature)
Thermal expansion coefficient of water

1   
T
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Constitutive relations: hydraulic

Date

Gas density
Ideal gas law

pV NRT
Neglects molecular size effects and inter-molecular attractions

N: number of moles
R : universal gas constant (8.31446261815324 J K-1 mol-1, since 2019)
M: molecular mass 

  ;    ;  m mRT RpV RT p p T
M V M M

M p
R T

Constitutive relations: hydraulic

Date
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Gas density
Ideal gases     g

M ppV nRT
RT

P: pressure    n: number of moles   T: temperature
R: gas constant (8.314 J/mol K)   M: molar mass

0.8

0.9

1

1.1

1.2

1.3

1.4

-10 0 10 20 30 40 50 60 70 80 90 100

Temperature (ºC)

D
en

si
ty

 (k
g/

m
3 )

At 20ºC and 101.325 kPa, dry air has a density of 1.2041 kg/m3

At 0ºC and 100 kPa, dry air has a density of 1.2754 kg/m3 (IUPAC standard)

Constitutive relations: hydraulic

Date

Phase diagram of pure water

Venus

Mars

Earth

o
v

5239.7p MPa 136075 exp
273.15 T

Constitutive relations: hydraulic
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What happens above 100ºC?

The formulation involves the sumltaneous consideration of:
Retention curve
Vapour pressure (density) dependence on temperature (phase 
diagram)
Vapour pressure (density) dependence on water potential 
(psychometric law)
Surface tension dependence on temperature  (retention curve)

Olivella, S., Gens, A. (2000). “Vapour transport in low permeability unsaturated soils
with capillary effects”. Transport in Porous Media, 40:219-241.

Constitutive relations: hydraulic

Date

What happens above 100ºC?

Soil initially saturated
Liquid pressure constant: 0.1 MPa

Constitutive relations: hydraulic

Date

79

80



41

What happens above 100ºC?

If gas pressure is assumed constant (0.1 Mpa), air pressure may 
become (implicitly) negative

g a vp p p

Constitutive relations: hydraulic

Date

Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date
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Stress/strain constitutive law

:    net stresses ( * - Pg m)
*:  total stresses

Pg: gas pressure
Pl:    liquid pressure
T:     temperature
mT: auxiliary vector [1,1,1,0,0,0]
s =   (Pg – Pl) : capillary suction
:      strain tensor

D:     constitutive stiffness matrix
:      constitutive vector temperature-net 

stresses
h:      constitutive vector suction-net 

stresses

Constitutive equation:
Thermo-elasto-plastic model for unsaturated 
soils

Mechanical constituive law depends on:
Temperature (Thermal)
Suction (Hydraulic)
Stress/Strain (Mechanical)

dsdTdd hD

Constitutive relations: mechanical

Date

Effect of temperature and OCR on volume change

OCR=1OCR=2OCR=6

(Baldi et al., 1991)

Tests on saturated 
Boom Clay

Constitutive relations: mechanical

Date
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(Romero, 1999)

Non isothermal test on compacted Boom clay under constant suction

Suction: 200 kPa

OCR=6

OCR=1

Constitutive relations: mechanical

Date
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Gens & Alonso (1992)
(Romero, Gens & Lloret, 2003)

Swelling pressure tests
Compacted Boom clay ( d = 13.7 kN/m3)

Constitutive relations: mechanical
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Section at constant temperatureSection at constant suction

* , , ( ) , , , ,d s sD dT Th ds s dT T

0,,, p
vTsffYIELD SURFACE (Gens, 1995)

Thermomechanical constitutive model for unsaturated soils

Constitutive relations: mechanical

Date

(Uchaipichat & Khalili, 2009)

s=300 kPas=100 kPas=0 kPa

Constitutive relations: mechanical

Temperature effects in unsaturated soils
Tests on laboratory compacted silt

Date
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EQUATION VARIABLE NAME VARIABLE

Constitutive equations
Fourier’s law conductive heat flux ic

Darcy´s law liquid and gas advective flux ql , qg 

Retention curve liquid phase degree of 
saturation

Sl , Sg

Fick’s law vapour and air non-advective 
fluxes

ig
w , il

a

Mechanical 
constitutive model

stress tensor

Phase density liquid density l

Gases law gas density g

Equilibrium restrictions
Psychrometric law vapour mass fraction g

w

Henry’s law air dissolved mass fraction l
a

Constitutive relations: general

Date

Temperature effects are pervasive

Liquid and gas flow 

Vapour diffusion

Liquid density

Partial density (pressure) of vapour

Heat conduction

Gas density

Mechanical behaviour (stress-strain and strength)

Retention curve

Constitutive relations: general

Date

89

90



46

Introduction. Relevant phenomena
Unsaturated geomaterials and suction
Constitutive relations

General
Thermal
Hydraulic
Mechanical

Governing equations
Concluding remarks

Outline of the lecture

Date

Governing equations

The three phases are:

• solid (s) : mineral

• liquid (l)  : water + air dissolved 

• gas (g) : dry air + water vapour 

The three species are: 

• mineral (-) : the mineral is coincident
with solid 

• water (w) : as liquid or evaporated 
in the gas phase

• air (a) : dry air, as gas or 
dissolved in the liquid
phase

Gas

Liquid

Solid

Multiphase – Multispecies approach

Partial density  

Example (1% vapour): 1,200 g/m3 = 1,188 g/m3 + 12 g/m3

      a w
g g g

Volumetric mass of a species in a phase (e.g. water in gas phase g
w is the product of the mass

fraction of that species ( g
w) and the bulk density of the phase ( g):

g
w = g

w
g.Date
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The three phases are:

• solid (s) : mineral

• liquid (l)  : water + air dissolved 

• gas (g) : dry air + water vapour 

The three species are: 

• mineral (-) : the mineral is coincident
with solid 

• water (w) : as liquid or evaporated 
in the gas phase

• air (a) : dry air, as gas or 
dissolved in the liquid
phase

Gas

Liquid

Solid

Multiphase – Multispecies approach

Partial density  

Example (1% vapour): 1,200 g/m3 = 1,188 g/m3 + 12 g/m3

      a w
g g g

Governing equations

Date

Water in liquid:

Net flow of 
water in liquid:

Net flow of 
water in gas:

Water in gas:

w
l lS n

w
g gS n

w
lj

w
gj

  mass of water  in total flows external supply
divergence 

liquid and gas phases   of water      of watert

                  w w w w w
l l g g l gS n S n f

t
j j

Mass balance of water

Governing equations

Date
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WQdU
PdVQdU

Energy conservation

Gases

PdVTdSdU (reversible processes)

General

i
iidNWQdU

i
ii

i
ii dNdxXQdU

internal energy in solid, 
supply of heat

   liquid and gas phases
d d

Governing equations

Date

Includes phase change 
(vaporisation/condensation) 

latent heat

Net flow of energy 
in gas:

Egj

Energy in gas:

g g gE S n

Net flow of energy 
in mineral:

Esj

Net flow of energy 
in liquid:

Elj

Net flow of energy 
by conduction

ci

Energy in mineral:
(1 )s sE n

Energy in liquid:

l l lE S n

internal energy in solid,  total flows of internal/external 
divergence 

   liquid and gas phases         heat supply of energyt

1 ( )    Q
s s l l l g g g c Es El EgE n E S n E S n f

t
i j j j

Energy balance

Governing equations

Date
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MASS BALANCE OF WATER

  ww
g

w
lg

w
gl

w
l fSS

t
jj

MASS BALANCE OF AIR

  aa
g

a
lg

a
gl

a
l fSS

t
jj

INTERNAL ENERGY BALANCE FOR THE MEDIUM

1 ( )    Q
s s l l l g g g c Es El EgE E S E S f

t
i j j j

MOMENTUM BALANCE FOR THE MEDIUM

b 0   

MASS BALANCE OF SOLID

      01 sst
j

Governing equations

Date

FLUX COMPONENTS

the nonadvective flux: ig
w, i.e. 

diffusive/ dispersive

the advective flux caused by fluid 
motion: g

w qg, where qg is the 
Darcy's flux 

the advective flux caused by solid 
motion: Sg g

wdu/dt where du/dt is 
the vector of solid velocities

Total flux is obtained simply by:

jg
w= ig

w + g
w qg + Sg g

wdu/dt = j'g
w + Sg g

wdu/dt

ig
w

g
w qg

Sg g
wdu/dt

Sg g
wdu/dt g

w qg ig
w

THE TOTAL MASS FLUX OF A SPECIES IN A PHASE (E.G. FLUX OF WATER PRESENT IN GAS 
PHASE, jgw) IS, IN GENERAL, THE SUM OF THREE TERMS:

Governing equations

Date
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Governing equations

The material derivative with respect to the solid velocity is very useful to 
obtain the final expressions of the governing equations

( ) ( ) ( )sD
Dt t

u

' '   
w w

s l l g g w w w w w w ws
l l g g l l g g l g

D S S D dS S S S f
Dt Dt dt

u j j

For instance, the water mass balance equation becomes:

The solid mass balance equation is removed from the system, being 
replaced by a porosity evolution equation:

 

  )1(])1(1
dt
d

Dt
D

Dt
D ss

s

s u

Olivella, S., Carrera, J., Gens, A., and Alonso, E.E. (1994). “Non-isothermal Multiphase Flow of
Brine and Gas through Saline media”, Transport in porous media, 15: 271-293.

Date

MASS BALANCE OF WATER.  Unknown: Pl

MASS BALANCE OF AIR.  Unknown: Pg

INTERNAL ENERGY BALANCE FOR THE MEDIUM.  Unknown: T

MOMENTUM BALANCE FOR THE MEDIUM.  Unknown: u

' '   
w w

s l l g g w w w w w w ws
l l g g l l g g l g

D S S D dS S S S f
Dt Dt dt

u j j

(1 )

' ' '     

s l l l g g g s s s
l l l g g g

E
c Es El Eg

D E S E S D E dE S E S
Dt Dt dt

f

u

i j j j

b 0   

' '   
a a

s l l g g a a a a a a as
l l g g l l g g l g

D S S D dS S S S f
Dt Dt dt

u j j

Governing equations

Date
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CODE_BRIGHT
Finite elements in space
Different types of elements available (1D, 2D, 3D)

Element-wise, modified cell-wise and node-wise elements

Secant method for non advective terms

Finite differences in time
Storage terms (mass conservative approach)

Implicit scheme 

Full Newton Raphson method to solve nonlinearities

Other numerical features
Simultaneous solution of all THM equations

Direct and iterative solver

Sequential and parallel versions

Convergence tolerance in terms of variable corrections and residuals

Numerical implementation

Olivella, S., Gens, A., Carrera, J., and Alonso, E.E. (1996). “Numerical formulation for a simulator
(CODE-BRIGHT) for the coupled analysis of saline media” Engineering Computations, 13:87-112.Date

High-level nuclear waste is fun! 
Relatively abundant resources: underground laboratories, large scale in 
situ tests, intensive monitoring, extensive laboratory testing programmes

Challenging problems involving a large number of coupled THM (and C 
and B) phenomena. Coupled formulations coupled need to be 
developed in a multi-physics framework

Formulations are a combination of governing equations(establishing 
basic physical principles) and appropriate constitutive relations (that 
incorporate couplings)

Grounded on sound physical principles and understanding (required for 
long term extrapolation)

Formulations can then be introduced in computer codes to perform 
coupled THM analyses to simulate a wide variety of rad waste problem

Adaptations of the formulations may be required to take into account the 
specific features of each particular case

Concluding remarks

Date
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The FEBEX in situ Test
History of the test
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and design Set-up 1st Operational Phase 2nd Operational Phase Excavation 

Partial dismantling Final dismantling

Important dates:
Start of tunnel excavation: 25/09/1995
End of tunnel excavation:  30/10/1995
Start of installation:            01/07/1996
End of installation:             15/10/1996
Heaters switch on:             27/02/1997 (day zero)
Heater #1 switch off:          28/02/2002
End of first dismantling:     19/07/2002 (5 years)
Heater #2 switch off:          20/04/2015
End of final dismantling:    20/07/2015 (18 years)

Heaters switch on
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Computed 
temperatures

t = 21 days t = 1 year

t = 5 years t = 20 years

A field scale in situ heating test: FEBEX test

7

8



5

A field scale in situ heating test: FEBEX test

Computed 
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Radial stresses    
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Displacements    
in the rock
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Dismantling (partially) the test

Bentonite sampling

A field scale in situ heating test: FEBEX test
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The FEBEX in situ Test
History of the test
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FEBEX
Jan 1996 – Jun 1999

FEBEX II
Aug 2000 – Dec 2004

NF-PRO (WP3.3)
Jan 2005 – Dec 2007

FEBEX-e FEBEX-DP

Planning 
and design Set-up 1st Operational Phase 2nd Operational Phase Excavation 

Partial dismantling Final dismantling

Important dates:
Start of tunnel excavation: 25/09/1995
End of tunnel excavation:  30/10/1995
Start of installation:            01/07/1996
End of installation:             15/10/1996
Heaters switch on:             27/02/1997 (day zero)
Heater #1 switch off:          28/02/2002
End of first dismantling:     19/07/2002 (5 years)
Heater #2 switch off:          20/04/2015
End of final dismantling:    20/07/2015 (18 years)

Heaters switch on

A field scale in situ heating test: FEBEX test

FEBEX test: total dismantling after 18 years
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A field scale in situ heating test: FEBEX test

FEBEX test: total dismantling
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A field scale in situ heating test: FEBEX test
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Introduction. Relevant phenomena
Coupled THM formulation

Balance equations
Constitutive equations and equilibrium restrictions
Numerical implementation

Applications
Field scale in situ test on a compacted bentonite engineered barrier
Field scale in situ test on a bentonite pellets engineered barrier
Laboratory tests on bentonite pellets/powder mixture

Conclusions

Outline of the lecture

A new generation of engineered barriers
Use of granular bentonite as the basic material
Allowance for higher temperatures (uo to 140ºC) 

there is nothing especial about the 100ºC mark (Olivella & Gens, 2000)  

NAGRA concept

A field scale in situ heating test: HE-E test
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Tunnel dimensions
Diameter:1.3 m
Length: 10 m

Bentonite (MX-80) pellets

6 % water content
Well graded (max size: 15 mm) 

Sand-bentonite mixture

3-4 % water content
Uniform (max sixe: 2mm)

A field scale in situ heating test: HE-E test

Layout

• 1:2 scale (microtunnel 1.3 m)
• Natural resaturation from clay hostrock
• Heater surface temperature: 140°C
• Duration: June 2011 - > ??
• Two symmetrical sections - different Engineered Barrier materials
.

(NAGRA, NAB 07-23)

A field scale in situ heating test: HE-E test
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Instrumentation

A field scale in situ heating test: HE-E test

Emplacement of instrumentation in the barrier

April 2011

A field scale in situ heating test: HE-E test
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Insertion of the heater 1.

Performance of HE-E  Experiment Heating started in June 2011
Maximum heater temperature of 
140°C  reached in June 2012 after 1 
year of heating

A field scale in situ heating test: HE-E test

TEMPERATURE LIQUID PRESSURE DEGREE OF SATURATION

t= 0 days (after the beginning of heating)
A field scale in situ heating test: HE-E test

37

38



20

TEMPERATURE LIQUID PRESSURE DEGREE OF SATURATION

t= 1.0 year (after the beginning of heating)

A field scale in situ heating test: HE-E test

TEMPERATURE LIQUID PRESSURE DEGREE OF SATURATION

t= 2.5 years (after the beginning of heating)

A field scale in situ heating test: HE-E test
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Heating power and heater surface temperature (barrier mid-section)

Bentonite/sand
Bentonite/sand

Bentonite pellets
Bentonite pellets

A field scale in situ heating test: HE-E test

Temperature in the mid-section of the barriers

Bentonite/sand Bentonite pellets

A field scale in situ heating test: HE-E test
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Relative Humidity in the mid-section of the barriers

Bentonite/sand Bentonite pellets

A field scale in situ heating test: HE-E test

Transversal 
Plane through 

BVE-91 Sensors

Liquid Pressure in the rock: BVE-91 Borehole 

DISTANCES FROM THE MT WALL

A field scale in situ heating test: HE-E test
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Deep geological disposal: host rocks

Argillaceous rocks: plastic 
clays and indurated mudrocks

Low permeability
Significant retardation properties 

for solute transport
No economic value

Strength not high, support will be 
required
More sensitive to chemical 

changes (oxidation)

Significant self healing properties 
(plastic clays)
Uncertain capacity for self healing 

(indurated mudrocks)
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Argillaceous rocks

EDZ

EDZ

Due to the relatively low strength of 
argillaceous rocks, damage of the 
material close to the excavation 
(EDZ) may be unavoidable

Damage increases permeability 
providing a preferential path for 
radionuclide migration

Damage may be induced by

Excavation
Thermal loading
Ventilation and chemical 
changes

THM coupling in the host rock

T

Heat transport

H

Water and gas flow

M
Stress-strain

Pore pressure generation

Fluid viscosity

Heat convection
Thermal conductivity
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MASS BALANCE OF WATER

INTERNAL ENERGY BALANCE FOR THE MEDIUM

MOMENTUM BALANCE FOR THE MEDIUM

b 0   

MASS BALANCE OF SOLID
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THM formulation

Balance equations for saturated porous media

Balance of solid 

• Using the definition of material derivative
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Mass balance of water 
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THM formulation
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Mass balance of water 

1 3 1 0w ls s w s s
w s w s

w

qD T D P D p db b
Dt Dt Dt dt

u

differential thermal 
expansion of solid and 

liquid phases

volume changes of 
water and solid phase 
water associated with 

pore and solid pressure 
change

volume change of the 
material skeleton (includes 
contributions from stresses, 

pore pressures and 
temperature)

volume change 
associated with 
the flow of water 
in or out of the 

element

MECHANICAL 
CONSTITUTIVE MODEL

THM formulation

Underground Research Laboratories (URLs)
Mont Terri Project

Located in Northern 
Switzerland
Opalinus clay (shale)
400 m deep
Operating since 1995
Generic, not purpose - built
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Mont Terri project

Mont Terri project

Wileveau (2005)

The HE-D experiment
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Mont Terri Project
HE-D Experiment

Mont Terri Project
HE-D Experiment: geological mapping niche HE-D

Wileveau (2005)
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Mont Terri Project
HE-D Experiment

Coupled three-dimensional THM analysis

Principal stress Orientation Azimuth Dip Value (MPa)
Major, 1 Subvertical N210º 70º 6.0 – 7.0

Intermediate, 2 Subhorizontal N320º 10º 4.0 – 5.0

Minor, 3 Subhorizontal N50º 20º 2.0

HE-D heating test (Mont Terri project)

Anisotropic thermal conductivity
Anisotropic clay stiffness
Anisotropic in situ stress system

day - 29: Excavation: borehole diameter = 0.30m

day - 28: Heaters placed and pressurized (1MPa)

day 0:      First heating phase: 325 W/heater

day 91:    Second heating phase: 975 W/heater

day 339:  Cooling phase

day 518:  End of test Day 0: 6/04/2004
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HE-D test
Observed evolution of pore pressure and temperature
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1st stage 2nd stage

D03, r = 1.11 m
Parallel to bedding

HE-D test
Three dimensional analysis: temperatures

Day 90
(end of 1st heating 

stage)

Day 93 Day 110
(pore pressure maxima)
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HE-D test
Three dimensional analysis: temperatures

Day 297
(near the end of 2nd 

heating stage)

Day 346
(start of cooling phase)

Day 508
(end of test)

HE-D test
Three dimensional analysis: temperatures

Day 90
(end of 1st heating 

stage)

Day 93
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HE-D test
Three dimensional analysis: temperatures

Day 110
(pore pressure maxima)

Day 297
(near the end of 2nd 

heating stage)

HE-D test
Three dimensional analysis: temperatures

Day 346
(start of cooling phase)

Day 508
(end of test)
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HE-D test
Rock temperatures

D03, r = 1.11 m
Parallel to bedding

D14, r = 0.78 m 
Perpendicular to bedding
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HE-D test
Three dimensional analysis: pore pressures

Day 90
(end of 1st heating 

stage)

Day 93 Day 110
(pore pressure maxima)
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HE-D test
Three dimensional analysis: pore pressures

Day 297
(near the end of 2nd 

heating stage)

Day 346
(start of cooling phase)

Day 508
(end of test)

HE-D test
Three dimensional analysis: pore pressures

Day 90
(end of 1st heating 

stage)

Day 93
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HE-D test
Three dimensional analysis: pore pressures

Day 110
(pore pressure maxima)

Day 297
(near the end of 2nd 

heating stage)

HE-D test
Three dimensional analysis: pore pressures

Day 346
(start of cooling phase)

Day 508
(end of test)
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HE-D test
Pore pressures
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HE-D test
Deformations

Borehole D5
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HE-D test
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HE-D test
Deformations

Borehole D5
Intervals away from the heater
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Three dimensional analysis: damage parameter
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HE-D test
Computed damage effect on elastic modulus
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THM coupling in the host rock

T

Heat transport

H

Water and gas flow
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Stress-strain

Pore pressure generation

Fluid viscosity
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Fundamentals on geomechanics and multi-
physical couplings 

Antonio Gens

Universitat Politècnica de Catalunya, Barcelona Tech

ABSTRACT. The basic thermohydromechanical (THM) phenomena occurring in saturated and 
unsaturated porous media are reviewed, with special attention to their interactions. A 
mechanistic theoretical formulation that encompasses the most relevant THM phenomena and 
their couplings is developed. The description of the formulation is divided into balance 
equations, constitutive equations and equilibrium restrictions. Mass balance equations are 
established in terms of species rather than phases. Governing equations include solid mass 
balance, water mass balance, air mass balance, energy balance and momentum balance 
(equilibrium). Constitutive equations are proposed for the various THM phenomena that are 
deemed most relevant. The specific form of each constitutive equation generally includes 
information on the nature of the interactions between different phenomena. Equilibrium 
restrictions provide conditions for processes that are considered fast with respect to the 
characteristic times of the overall THM problem, notably phase changes. 

KEY WORDS: Thermohydromechanical phenomena, multiphase porous media, coupled 
phenomena, balance equations, constitutive equations. 

1. Introduction  

The engineering problems in the field of Environmental Geomechanics generally 
involve a variety transport phenomena occurring in porous multiphase materials. 
Because the phases interact with each other, coupled phenomena are a very 
characteristic feature of these problems. The simplest and most well-known 
coupling is implicit in the principle of effective stress of saturated soils where the 
mechanical problem (represented by stresses) and the hydraulic problem 
(represented by the pore pressure) interact. When the number of phases increase the 
quantity of possible couplings multiply. In addition, in Environmental 
Geomechanics, it is not uncommon to find nonisothermal situations and, therefore, 
attention should be given to the mechanisms involving heat transport. The 
incorporation of a thermal component gives rise to numerous additional interactions 
between phenomena. Inevitably, a high degree of complexity ensues. 
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Moreover, interest generally lies not only in finding what the final situation for a 
particular problem will be, but also in following the development of processes 
throughout time. In fact, events at early times may control the final state of the 
system under examination. For this reason, transient analyses are a typical feature of 
this field. In this chapter, only the THM aspects of the general problem will be 
considered, focussing on heat and mass transport phenomena. Contaminant transport 
is examined in (Thomas and Cleall 2001). 

The basic concepts and most relevant phenomena in the context of 
thermohydromechanical (THM) behaviour of porous materials are reviewed first. 
The case of a porous media with two different fluids will be used as basic reference. 
It is more general than the single fluid one and it incorporates important additional 
concepts. Saturated materials can therefore be regarded as a particular instance of 
the two-fluid case. To focus the discussion, it is assumed that the main fluids are 
water and air, but the same concepts are basically applicable to other binary systems 
such as oil/water or oil/gas. Afterwards, a coupled THM formulation is described in 
some detail to approach the problem in a more rigorous manner. The formulation 
provides a rational framework in which the various THM phenomena and their 
interactions can be properly examined. 

2. Basic concepts and relevant phenomena 

2.1 Unsaturated porous medium: potential and suction 

For the case taken as reference, a porous medium consists of three phases (solid, 
liquid and gas) and three species (mineral, water and air). It is postulated that the 
mineral species coincides with the solid phase. This is not always the case; for 
instance in saline materials water inclusions may be present in the solid phase 
(Olivella et al. 1996). The liquid phase is mainly composed of water but it may also 
contain dissolved air. The gas phase is a mixture of air and water vapour. Note that, 
for simplicity, air is considered as a single species although it is in fact a mixture of 
different gasses. Figure 1 depicts a schematic representation of the porous medium 
considered. 

Dealing with unsaturated porous media, it is useful at this point to review the 
question of water potential and suction. The total water potential, , can be defined 
as the variation of the Gibbs free energy of water per unit change of mass when the 
rest of thermodynamical variables remain constant. The same kind of definition can 
be made in terms of internal energy. The potential can be envisaged as the energy 
required (under isothermal conditions) to extract a unit mass of water and take it to a 
reference state. Total potential controls the mass transfer of water; water will flow 
from regions of high water potential towards regions of lower water potential. When 
two water volumes are in contact and there is no flow, it necessarily means that the 
water potential is the same in the two zones. 
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In 1965, A Review Panel in the Symposium on Moisture Equilibrium and 
Moisture Changes in Soils Beneath Covered Areas (Review Panel 1965) proposed a 
division of the total potential into four different components: gravitational potential, 

g, gas pressure potential, p, matric potential, m and osmotic potential, o.

ompg
 [1] 

that has proved very useful. The gravity potential is given by the difference in 
elevations, the gas pressure potential is related to the applied gas pressure, osmotic 
potential depends on differences in solute concentrations and the matric suction 
reflects the attraction that a soil matrix has for liquid moisture. In Soil Science, gas 
pressure potential is replaced by overburden potential, a more general concept. 
Although this division into components is useful for a better understanding, it should 
be stressed that the only parameter controlling the mass transfer of water is the sum 
of all four components. 

With respect to the mechanical behaviour of unsaturated media, the situation is 
more complex as it is by no means true that all potential components have a similar 
effect. In fact, it is obvious that the gravitational potential will not affect mechanical 
behaviour. In addition, experimental results (and some theoretical considerations) 
indicate clearly that gas pressure potential has no effect on mechanical behaviour 
either. Therefore, only osmotic potential and matric potential will affect the 
mechanical response of unsaturated soils. Again, there is no reason for the two 
potential components to have equivalent effects. In fact, it can be easily checked 
experimentally that their influence on mechanical behaviour is quite different and 
depends on the type of soil. 

Figure 1 : Schematic representation of an unsaturated porous medium
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As an alternative to potential, the concept of suction is often used; suction being 
simply the potential with the opposite sign. Thus matric suction is s = -- m and
osmotic suction is so = -- o. The sum of matric and osmotic suctions is often called 
total suction. For convenience, the matric suction is frequently equated to a capillary 
pressure difference across a meniscus: 

wa PPs  [2] 

where Pa is the air pressure and Pw is the water pressure.  

This definition has only real meaning in the framework of the capillary model of 
the soil. However, it is clear that the capillary approach is not applicable to many 
soils especially when clay fractions are significant. It is by no means certain that all 
soil water in an unsaturated soil is in a state of true tension, so the high negative pore 
pressures that frequently arise from [2] should not be taken literally. Matric suction 
simply reflects the degree of attraction of the water by the soil matrix and it is often 
more related to physico-chemical surface effects than to some virtual capillary 
meniscus existing in the soil. Therefore, the use of negative water pressures in the 
study and analysis of unsaturated porous media should always be understood in the 
context of these comments. 

2.2 Relevant phenomena 

A great number of phenomena can be potentially present in a THM problem 
involving unsaturated porous media. It is necessary to apply engineering judgement 
in order to select the most relevant phenomena so that the resulting formulation does 
not become too cumbersome to use.  

Starting with thermal phenomena, it can be stated that in most cases the main 
mechanism for heat transport is heat conduction. Heat conduction responds to 
gradients of temperature, T. However, additional heat transfer will also be 
accomplished by advection due to the movement of the three phases: solid, liquid 
and gas. The latent heat inherent to phase changes may also have significant thermal 
effects.

With respect to hydraulic phenomena, two of the main ones are, naturally, the 
advective flow of liquid and gas. Here, the term hydraulic is used in a generalized 
manner, including both liquid and gas flow. In the absence of gravitational or 
osmotic potential gradients, advective flows are controlled uniquely by liquid and 
gas pressures. Note that now liquid and gas pressures are used rather than water and 
air pressures. This in accordance with the assumption that each phase may contain 
more than one species. Phases are the subjects of advective flows. 

As more than one species may be present in the fluid phases, nonadvective 
(diffusion) flows are potentially significant. The most important one, especially in 
nonisothermal situations, is the diffusion of water vapour in the gas phase. The usual 
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conceptual understanding of this phenomenon is that of binary diffusion. For each 
mol of water vapour diffusing in one direction, there is another mol of air 
(considered as a single species) diffusing in the opposite direction. The total 
contribution to advective flow is therefore zero. Vapour diffusion is controlled by 
gradients of vapour concentration (or partial pressure). Exactly the same 
considerations can be made for dissolved air diffusion in the liquid phase, although 
its importance in practice is generally much less. 

Finally, the mechanical behaviour of unsaturated porous media will be associated 
not only with the usual stress/strain relationship but there will be additional 
contributions from changes in suction (matric and, sometimes, osmotic) and changes 
in temperature. 

Most of the phenomena outlined above are in fact strongly coupled and they 
must be considered as parts of a single interconnected system. As an example, 
Figure 2 shows the thermal and hydraulic interactions in an unsaturated soil 
subjected to hydration from one end and to heating from the other end. The real 
degree of complexity is in fact higher since, for clarity, the mechanical phenomena 
have not been added to the Figure. 

A final point regarding the phenomena described. In all cases the mass or energy 
transfer depend only on the gradients of the thermodynamically conjugate forces. 

Figure 2 : Coupled thermo-hydraulic  phenomena in an unsaturated porous 
medium subject to heating and hydration
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Off-diagonal processes such as Dufour effect, Soret effect, thermal filtration or 
thermal osmosis are not considered. Except in very special cases, their practical 
significance is negligible in a THM context. 

2.3 Basic features of the formulation 

The formulation to be described incorporates the basic thermal, hydraulic and 
mechanical phenomena briefly described in the previous section, i.e.: 

– Thermal: Heat conduction, heat advection for all three phases and phase 
changes 

– Hydraulic: Liquid advection, gas advection, water vapour diffusion, 
dissolved air diffusion 

– Mechanical: Dependence of strains on changes of stresses, suction and 
temperature 

A variety of approaches have been proposed to establish this type of formulation 
on a sound basis. Some examples are: hybrid mixture theory (Hassanizadeh and 
Gray 1979a, 1979b, 1980), porous media theory (De Boer 1996, Ehlers and Volk 
1998) or thermodynamic generalisations of Biot´s theory (Coussy 1995, Coussy et 
al. 1999). A macroscopic mechanistic approach will be adopted herein. The aim is to 
achieve a formulation capable of application to engineering problems, without 
omitting any significant terms in the equations.  

The formulation is expressed in terms of balance equations, constitutive 
equations and equilibrium restrictions. Each of these categories is described in turn 
below. The following convention is established for writing the equations: 
superscripts refer to species (w for water and a for air) and subscripts refer to phases 
(s for solid, l for liquid and g for gas). No symbol is attributed to the mineral species 
because it has been assumed that it coincides with the solid phase. Notation for some 
of the frequently used variables is as follows: 

: porosity : density 
i: non-advective mass flux q: advective flux 
j: total mass flux u: solid displacement vector

: stress tensor b: body forces vector
: mass content per unit volume of phase : mass fraction

Sl: degree of saturation of liquid phase Sg: degree of saturation of gas phase
ic: conductive heat flux jE: energy fluxes due to mass motion 

Volumetric mass of a species in a phase (e.g. water in gas phase g
w) is the 

product of the mass fraction of that species, g
w, and the bulk density of the phase, 

g, i.e. g
w = g

w
g.
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3. Balance equations 

3.1 Mass balance equations 

To establish the mass balance equations, the compositional approach (Panday 
and Corapcioglu 1989) is followed. This approach consists of balancing the species 
rather than the phases. Total species equations are obtained by adding over all 
phases the equation of balance of each species. In this way, phase exchange terms 
cancel out, which is particularly useful when equilibrium is assumed (Olivella et al. 
1994). It should be pointed out, however, that alternative approaches based on 
balancing phases are equally feasible. 

The macroscopic balance of any thermodynamic property  (per unit mass) in a 
continuum can be expressed by 

0f
t

j  [3] 

where  is the mass of the species per unit volume containing , j is the total flux of  
 with respect to the reference system and f  is the rate of production/removal of 

per unit volume. It is important to stress here that j is expressed in relation to a 
fixed reference system because corrections may be required to take into account that 
the solid phase moves. Total flux can be decomposed into two components: an 
advective one (phase motion) and a non advective one (motion of the species inside 
the phase), i.e. 

ivj  [4] 

where v is the mass weighted mean velocity and i is the non advective flux. 
Using this decomposition, equation [3] would be the general equation given by 
[HAS 86]. 

3.1.1 Mineral mass balance equation 

The mass balance of the mineral (solid phase) present in the medium is: 

      01 sst
j  [5] 

where s is the mass of solid per unit volume of solid and js is the total flux of solid 
with respect a fixed reference system. 

3.1.2 Water mass balance equation 

Water is the main component of the liquid phase but it is also a component of the 
gas phase in vapour form. The total mass of water per unit volume is expressed as: 

    g
w
gl

w
l SS  [6] 

where the two terms account for water in liquid and gas respectively. Note that  
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    1gl SS  [7] 

is a constraint arising from the definition of fluid phase saturation. 

The water fluxes in each phase can be written as: 
ujuqij l

w
l

w
ll

w
ll

w
l

w
l

w
l SS  [8] 

ujuqij g
w
g

w
gg

w
gg

w
g

w
g

w
g SS  [9] 

where iw
l and iw

l  are the nonadvective fluxes of water in the liquid and gas phases. 
The other terms are advective and take into account the motion of the phase. The 
second part of the expression corresponds to the distinction between the relative 
motion of the species water, j’w, with respect to the solid phase and the absolute 
motion jw with respect to a fixed reference system. 

With these definitions, the total water mass balance is expressed as: 
ww

g
w
lg

w
gl

w
l fSS

t
jj  [10] 

where fw is an external supply of water. It should be pointed out that, in this form, 
the dependence of the storage term on porosity variations does not appear explicitly. 
To do so, the equation for mineral mass balance will be resorted to, as described 
below. 

3.1.3 Air mass balance equation 

As pointed out above, dry air is considered as a single species and the gaseous 
phase is a mixture of air and water vapour. Air is also dissolved in the liquid phase. 
The total air content in the porous medium is expressed by: 

g
a
gl

a
l SS  [11] 

The mass fluxes of air in each fluid phase are 
ujuqij l

a
l

a
ll

a
ll

a
l

a
l

a
l SS  [12] 

ujuqij g
a
g

a
gg

a
gg

a
g

a
g

a
g SS  [13] 

where ia
l and ia

l  are the nonadvective fluxes of water in the liquid and gas phases. 
The air mass balance equation is: 

aa
g

a
lg

a
gl

a
l fSS

t
jj  [14] 

3.2 Energy balance equation 

Although the energy balance reduces to enthalpy balance in most cases, it is 
possible to express it in terms of internal energy. If thermal equilibrium between 
phases is assumed, the temperature is the same in all phases and only one equation 
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of total energy is required. Adding the internal energy of each phase, the total 
internal energy per unit volume of porous medium becomes: 

ggglllss SESEE 1  [15] 

where Es, El and Eg are the specific internal energies corresponding to each phase, 
i.e. the internal energy per unit mass of phase. 

The most important processes for energy transfer in a porous medium are 
conduction, advection and phase change (Bear et al. 1991). Using the specific 
internal energies and the species mass fluxes, the energy fluxes due to the motion of 
phases can be written as: 

uj 1ssE E
s

 [16] 

ujujjj lllElll
a
l

a
l

w
l

w
lE SESEEE

ll
 [17] 

ujujjj gggEggg
a
g

a
g

w
g

w
gE SESEEE

gg
 [18] 

where j’El and j’Eg  are advective energy fluxes with respect to the solid phase.

Using those definitions, the energy balance equation is expressed as: 

   )(1 Q
EgElEscggglllss fSESEE

t
jjji  [19] 

where ic is the heat conduction flux and fE is an internal/external energy supply. The 
internal production could include, for instance, energy dissipation due to medium 
deformation, but this is generally negligible. 

3.3 Momentum balance equation 

The balance of momentum for a porous medium reduces to the equilibrium 
equation for macroscopic total stresses, if inertial terms are neglected (Bear and 
Bachmat 1986): 

0b  [20] 
where  are total stresses and b is the vector of body forces. This assumption is 
usually accepted because in Environmental Geomechanics problems both velocities 
and accelerations are small, yielding terms that are negligible in comparison with the 
stress terms. 

3.4 Algebraic transformation of balance equations 

The mass balance equations derived above can be conveniently transformed by 
introducing the equation for mineral mass into the other three balance equations. In 
this way the effect of porosity variation on the storage term is explicitly incorporated 
and the mineral balance equation is eliminated from the set of equations to be 
solved.  
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To perform this algebraic transformation it is useful to consider the definition of 
material derivative with respect to the solid velocity: 

dt
d

tDt
Ds u  [21] 

Using this definition, the mineral mass balance equation can be expressed as: 

  )1(])1(1
dt
d

Dt
D

Dt
D ss

s

s u  [22] 

An explicit expression for the variation of porosity with time has been obtained. 
The first term refers to porosity changes due to variations in solid density and the 
second term reflects the porosity variations caused by volumetric soil deformation. 
If the first term is neglected, the expression for porosity variation, characteristic of 
consolidation analysis, is obtained: 

  )1(
dt
d

Dt
Ds u  [23] 

The equation of water mass balance [10], is transformed substituting definitions 
[8] and [9] and using the material derivative with respect to the solid velocity field 
[21]: 

  '' ww
g

w
lg

w
gl

w
l

s
g

w
gl

w
l

g
w
gl

w
ls

f
dt
dSS

Dt
DSS

Dt
SSD

jju
 [24] 

It can be noted that there now exists a term expressing the total variation of 
porosity with time. Introducing equation [23], the following is obtained: 

  '' ww
g

w
lg

w
gl

w
l

g
w
gl

w
ls f

dt
dSS

Dt
SSD

jju  [25] 

 It is also noteworthy that the fluxes that appear in the transformed equation are 
fluxes with respect to the solid phase, a form more convenient for applying the 
conventional constitutive laws. 

By similar manipulations the transformed equation for the air mass balance 
equation can also be obtained: 

  '' aa
g

a
lg

a
gl

a
l

s
g

a
gl

a
l

g
a
gl

a
ls

f
dt
dSS

Dt
DSS

Dt
SSD

jju

 [26] 

Again resorting to [23] gives 

  '' aa
g

a
lg

a
gl

a
l

g
a
gl

a
ls f

dt
dSS

Dt
SSD

jju  [27] 

Similarly, for the energy balance equation: 
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    '''

)1(

)1(

)1(

E
EgElEsc

ggglllss

s
ss

s
ggglll

sssgggllls

f
dt
dSESEE

Dt
DE

Dt
DSESE

Dt
ED

Dt
SESED

jjji

u
 [28] 

and introducing [23], 

    '''

)1(

E
EgElEscggglll

sssgggllls

f
dt
dSESE

Dt
ED

Dt
SESED

jjjiu
 [29] 

It must be noted that in these transformed equations, material derivatives can be 
approximated by eulerian ones if small strain rates are assumed but the variation of 
porosity due to volume change is not neglected. This is equivalent to the classical 
way of obtaining coupled flow-deformation formulation for porous media. A 
conceptual advantage lies in the fact that, now, the point of introduction of the 
assumption of small strains is precisely identified. 

At this stage, it is convenient to associate each balance equation with a state 
variable that will play the role of main unknown of the mathematical problem to be 
solved. Obviously, this association is somewhat arbitrary, as every equation is 
related to several variables. However, it is possible to identify for all equations the 
variable that, in the majority of problems, is the most relevant one. Thus, state 
variables are selected as follows: solid velocity, u  for the stress equilibrium 
equations, liquid pressure, Pl, for the water balance equation, gas pressure, Pg, for 
the air balance equation and temperature, T, for the energy balance equation. These 
balance equations constitute the set of governing equations that must be solved 
simultaneously in order to take into account all the range of coupled phenomena. To 
this end it is necessary to use numerical methods via a suitable discretization 
technique. This aspect of the problem is described in detail in (Charlier et al. 2001). 

4. Constitutive equations 

In addition to the state variables, there are many others that affect the thermo-
hydro-mechanical problem. The closure of the formulation requires, therefore, the 
incorporation of further equations in the form of constitutive laws and equilibrium 
restrictions. Here, the basic constitutive laws are presented, divided in thermal, 
hydraulic and mechanical. In spite of this distinction between the three basic 
components of the problem, the constitutive equation provide in fact the links that 
couple the various phenomena considered in the formulation. 
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4.1 Thermal constitutive equations 

Heat conduction is assumed to be governed by Fourier’s law: 
Tci  [30] 

where  is the thermal conductivity of the whole porous media. The heat transport 
by conduction through a porous media is a complex phenomenon in which all three 
phases play a significant part. The overall thermal conductivity reduces as porosity 
increases and as degree of saturation decreases. Empirical observations have shown 
that a reasonable approximation can be obtained by adopting the geometric mean of 
the thermal conductivities of the three phases. In that case: 

llll S
dry

S
sat

S
g

S
ls

111  [31] 

where 

gsdrylssat
11  [32] 

It can be observed that hydraulic coupling is introduced by the dependence on 
degree of saturation and mechanical coupling by the influence of porosity. 
Sometimes, thermal conductivity may depend on temperature as well, giving rise to 
a nonlinear conduction law. Figure 3 shows experimental results concerning the 
thermal conductivity variation with degree of saturation for a compacted bentonite. 
A comparison with the proposed law is also provided. 

Figure 3 : Dependence of thermal conductivity on degree of saturation for a
compacted bentonite



13 

As pointed out before, the total internal energy per unit volume of a porous 
medium is computed by simply adding the internal energy of the three phases: 

    ggglllss SESEE 1  [33] 

where Es, El and Eg are the specific internal energy corresponding to each phase, i.e. 
the internal energy per unit mass of phase. 

The gas phase energy is usually expressed as: 
a
g

a
g

w
g

w
gg

a
g

a
g

w
g

w
ggg EEEEE  [34] 

where Eg
w and Eg

a are the specific internal energies of species (water and air). This 
additive decomposition is admissible for the gaseous phase because of the 
assumption of mixture of gasses.  

It is not so immediate that the same decomposition is also valid for the liquid 
phase where there is a solution and not a mixture. However the same hypothesis will 
be made since the significance of the internal energy of dissolved air is small:  

a
l

a
l

w
l

w
ll

a
l

a
l

w
l

w
lll EEEEE  [35] 

The values of the specific internal energies for the individual species are: 
El

w = 4180.0 (T-To) (J/Kg), El
a = 1006.0 (T-To) (J/Kg), Eg

a = 1006.0 (T-To)  (J/Kg) 
and Eg

w = 2.5x106 + 1900.0 (T-To)  (J/Kg). 

It can be noted that the specific internal energy of the vapour (water in gas 
phase) contains an additional term that represents the latent heat in vapour. The 
thermal consequences of evaporation/condensation are therefore taken into account 
in a straightforward manner. 

4.2 Hydraulic constitutive equations 

4.2.1 Advection (phase) fluxes 

Balance of momenta for fluid phases are reduced to constitutive equations and 
advective fluxes are computed using generalized Darcy’s law (Bear 1979), 
expressed as: 

    gKq llll P  [36] 

    gKq gggg P  [37] 

where K is the permeability tensor, and g the gravity vector. As pointed out above, 
Darcy’s law refers to the relative motion of the fluid phase with respect to the solid 
phase. 

The permeability tensor is not constant but in turn depends on other variables: 
/rkkK  [38] 
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where k is the intrinsic permeability tensor, kr  id the relative permeability and  is 
the dynamic viscosity. Note that  stands for l or g depending on which phase is 
being considered. 

Relative permeability expresses the variation of permeability with degree of 
saturation (or suction): 

lgrlrgrllrl PPskksfkSfk      ;   1     ;      or        [39] 

This dependence is very strong, the permeability may change orders of 
magnitude over limited ranges of degree of saturation or suction (Figure 4).  

Intrinsic permeability is often made dependent on porosity (Figure 5). However, 
although porosity does indeed have an important influence on permeability, it should 
not be forgotten that permeability depends also on pore structure and pore size 
distribution. This fact is not very significant in granular materials but it may be 
dominant in materials that undergo important changes in fabric such as, for instance, 
swelling clays during hydration. Often, the intrinsic permeabilities for gas and liquid 
are assumed identical. However, experimental evidence demonstrates that this is by 
no means always the case (Villar 1998, Volckaert et al. 1994). Sometimes this is due 
to well-attested phenomena such as the Knudsen effect whereas in other cases 
simply reflect the changes in pore size distribution of the material. 

Figure 4 : Variation of permeability with suction for various materials 
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Again, advective flow exhibits coupling with the thermal problem, via the 
variation of fluid viscosity, with the hydraulic problem through the expression for 
relative permeability and with the mechanical problem due to the effect of porosity 
(or pore structure) on intrinsic permeability. 

4.2.2 Nonadvective (species) fluxes 

The nonadvective fluxes of the different species in a phase are subject to the 
constraint: 

gl
i

i ,      ,0i  [40] 

where i = , a for  = g or l. Often, nonadvective fluxes are called species diffusion. 

Gas phase is considered a mixture of two species. For most problems, molecular 
diffusion is dominant and it complies with [40]. Therefore the nonadvective flux of 
air is simply equal the nonadvective flux of vapour with opposite sign (Bear et al 
1991). The same approach is used for the nonadvective flow of dissolved air in 
liquid. 

Nonadvective fluxes are computed through Fick’s law that expresses them in 
terms of gradients of mass fraction of species through a hydrodynamic dispersion 
tensor that includes both molecular diffusion and mechanical dispersion (Pollock 
1986): 

lgawiiii ,      ,    Di  [41] 

Figure 5 : Variation of intrinsic permeability with porosity for a compacted 
bentonite (Villar 2000)
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For vapour diffusion, the following expression for the hydrodynamic dispersion 
tensor is adopted: 

w
ggg

w
mgg

w
g

w
g

w
g DS DIDi  [42] 

where  Dg  is the dispersion tensor,  is the tortuosity, Dm  is the dispersion 
coefficient corresponding to molecular diffusion of vapour in air and D’g is the 
mechanical dispersion tensor. The value of the molecular diffusion coefficient is 
given by: 

g

w
m P

TD
3.2

122 15.273109.5/sm  [43] 

A usual expression for the mechanical dispersion tensor is: 

g

t
gg

tlgtg ddd
q

qq
IqD )(  [44] 

where dt and dl are the transversal and longitudinal dispersivities respectively. 
Generally, molecular diffusion is dominant and it will be possible to neglect 
mechanical dispersion of vapour unless advective velocities are very high. 

It can be remarked that in vapour diffusion, the couplings with all three aspects 
of the formulation again appear: thermal effects through the variation of molecular 
diffusion with temperature, hydraulic effects through the influence of degree of 
saturation and mechanical effects due to porosity changes. 

The same considerations can be made regarding diffusion of air in the liquid 
phase: 
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4.2.3 Retention (characteristic) curve 

The retention or characteristic curve expresses the relationship between degree 
of saturation and suction. This is an important law that has a crucial influence on 
unsaturated flow and provides useful information regarding the type of soil and the 
features of its pore structure (Figure 6). Generally, characteristic curves exhibit 
hysteresis effects with the drying curve not coinciding with the wetting curve. A 
number of proposals have been put forward to account for this feature of behaviour 
(Vaunat et al. 2000). 

A widely used expression for the characteristic curve was given by (Van 
Genuchten 1980): 

1
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1
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lrl  [46] 
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where  and P are parameters. The parameter P can be assimilated to the air entry 
value of the material. It is therefore reasonable to expect that P will be proportional 
to the surface tension, o. Surface tension depends on temperature as: 

N/min      
15,273

93,252exp03059.0)(
T

To
 [47] 

By varying P in accordance with this expression, a dependence of the 
characteristic curve with temperature is introduced, albeit a small one. The 
experimental evidence, however, has shown that, in most cases, the influence of 
temperature on the characteristic curve is indeed small (Romero and Vaunat 2000). 

An attractive feature of Van Genuchten expression is that an associated relative 
permeability relationship can be used with the same parameters: 

2
/12/1 11 eerl SSk  [48] 

It should be pointed out that this expression is not very suitable for very low 
permeability soils where alternative functions can be adopted. 

Sometimes, characteristic curves are expressed in terms of water content vs. 
suction, although this is less convenient for numerical analysis as the water content 

Figure 6 : Characteristic curves for various soils (Brooks and Corey, 1964)
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of full saturation changes with porosity. An advantage is that, for clayey soils, there 
appears to be a unique relationship between suction and water content when suctions 
are high. This corresponds to the situation when most of the water occupies the very 
small pores where basic surface physico-chemical phenomena predominate. Figure 7 
(Romero and Vaunat 2000) illustrates this fact for a bentonite compacted at two dry 
densities. It can be observed that the relationship suction-water content becomes 
quasi-unique at high suctions in spite of the difference in porosity and fabric. When 
saturation approaches, the effect of differing dry densities are clearly apparent. It is 
also noteworthy that hysteresis at high suctions is nearly absent when data is plotted 
in this way. 

4.3 Mechanical constitutive equations 

The mechanical behaviour of porous materials and of soils in particular is very 
intricate which has led to the development of mechanical constitutive models with a 
high degree of complexity. Naturally when dealing with the THM behaviour of soils 
the level of complexity increases even further. A general form of a suitable 
constitutive equation, showing explicitly the independent contributions of strains, 
temperature and suction, is: 

Figure 7 : Characteristic curves for bentonite compacted at two different dry 
densities
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dsdTdd hD  [49] 

where is the constitutive stress, the strains, D the constitutive stiffness matrix, 
the constitutive vector relating stresses and temperature and h the constitutive vector 
relating stresses and suction (Gens 1995). It should be pointed out that the coupling 
of the mechanical behaviour with other THM phenomena is not only expressed in 
the fact that there are now two additional terms but it also affects the coefficients of 
D,  and h by making them nonlinear and potentially dependent on other 
mechanical, hydraulic or thermal variables. The issue of mechanical constitutive 
laws for saturated and unsaturated materials is dealt with in detail in (Laloui 2001, 
Laloui et al. 2001). 

4.4 Phase physical properties 

The properties of the fluid phases appear in the balance equations and in the 
constitutive laws. In general, they depend on the composition of the phase and on 
the state variables (temperatures and pressures). Some of them such as surface 
density and specific energy have already been defined above. It remains however to 
specify expressions for density and viscosity.  

The function of density for the liquid phase can be expressed as: 
)104.3)1.0(105.4exp(6.1002)(kg/m 443 TPll

 [50] 

It can be noted that the effect of presence of air is neglected. This expression 
must have a cut-off for significant negative liquid pressures; otherwise, unrealistic 
density reductions are obtained. 

The air density and the vapour densities are obtained from the law of ideal gases:

)15.273( TR
PM aaa

g
 [51] 

)15.273( TR
PM vww

g
 [52] 

where Pa is the partial pressure of air, Ma the molecular mass of air (0.02895 
kg/mol), Pv is the partial pressure of vapour and Mw the molecular mass of water 
(0.018 kg/mol). 

The density of the gas phase is obtained adding the partial densities of the two 
species:

w
g

a
gg

 [53] 

Finally, the viscosities of the liquid and gas phase are, respectively 
(Hassanizadeh and Leijnse 1988): 

Tl 15.273
5.1808exp101,2s)(MPa 12  [54] 
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T
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12  [55]

5. Equilibrium restrictions 

It is assumed that phase changes (air dissolution/exsolution and water 
evaporation/condensation) are rapid in relation to the characteristic times typical of 
this type of problems. Therefore, they can be considered in local equilibrium, giving 
rise to a set of equilibrium restrictions that must be satisfied at all times. This 
assumption has the added advantage that phase changes do not appear explicitly and 
the number of equations is thereby reduced. 

To define the amount of air dissolved in water, Henry’s law is adopted. This law 
expresses a linear relationship between the concentration of air in dissolution and the 
partial pressure of air in the gaseous phase: 
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where l
a is the mass fraction of gas in the liquid phase and H Henry’s constant 

(1000 MPa). 

Finally, the vapour concentration in the gaseous phase is governed by the 
psychrometric law: 
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where g
w is the vapour concentration in the gas phase, ( g

w)o is the vapour 
concentration in the gas phase in equilibrium with a liquid with a flat surface (at the 
same temperature),  is the total potential of the water (excluding gravity terms), Mw

is the molecular mass of water (0.018 kg/mol) and R the gas constant (8.314 
J/mol/oK). 

6. Summary of formulation 

A theoretical formulation that encompasses the main THM phenomena occurring 
in a porous medium has been described in some detail. The core of the formulation 
is constituted by the four balance conditions corresponding to water mass balance, 
air mass balance, internal energy balance and momentum balance, equations [25], 
[27], [29] and [20]. They must be solved together to account for the range of 
couplings between different phenomena. The formulation is completed by the set of 
constitutive laws and equilibrium restrictions. To summarize, a number of the most 



21 

important features and assumptions made in the development of the formulation are 
given here: 

– State variables are: solid displacements, u (three spatial directions); liquid 
pressure, Pl; gas pressure, Pg; and temperature, T.

– Balance of momentum for the medium as a whole is reduced to the equation 
of stress equilibrium together with a mechanical constitutive model to relate 
stresses with strains. Strains are defined in terms of displacements.  

– Advective terms due to solid displacement can be neglected after the 
formulation is transformed in terms of material derivatives, if small strains 
and small strain rates are assumed for solid deformation. Then material 
derivatives are approximated as eulerian time derivatives and volumetric 
strains are properly considered.  

– Thermal equilibrium between phases is assumed. This means that the three 
phases are at the same temperature  

– Balance of momentum for dissolved species and for fluid phases are 
reduced to constitutive equations (Fick's law and Darcy's law).  

– Dry air is considered a single species and, usually, it is the main component 
of the gaseous phase. Henry's law is used to express equilibrium of 
dissolved air.  

– Vapour concentration is in equilibrium with the liquid phase, the 
psychrometric law expresses its concentration.  

– Physical parameters in constitutive laws depend on pressure and 
temperature.  

The formulation, once discretized and incorporated into a suitable numerical 
scheme, can be applied to the solution of THM engineering problems involving 
saturated and unsaturated porous media. 
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Long-term management of radioactive wastes

Underground structures

= network of galleries

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)

& 
high activity

wastes



Repository phases

Construction

Excavation

Maintenance

Ventilation

Repository

Sealing

Long term

Corrosion, 
heat generation

Type C wastes (Andra, 2005)

Tim
e

Tim
e

Excavation Damaged Zone (EDZ)

Fracturing & permeability increase 
(several orders of magnitude)

Opalinus clay in Switzerland
(Bossart et al., 2002)

Mechanical fracturing

Excavation

Stress redistribution

Damage / Fracturing

Coupled processes
HM property modifications

Safety function alteration

Water transfer

Drift ventilation

Air-rock interaction

Drainage / desaturation

Modification of the 
water transfer

Construction Maintenance
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The equality of the internal and external virtual powers for any virtual pressure field leads 
to compliance with the local mass balance equations at all points in the domain, therefore 
the overall balance. The equality checked for a limited number of disturbances leads to the 
respect on average of the global and local balance.
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Fluid Linear momentum balance equation (strong form)
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Where K is the hydraulic conductivity (m/s) and k the intrinsic permeability (m²)
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The equation to be solved is provided to us by the virtual power principle, which allows 
local balance to be respected on average. The latter is expressed as follows:

In order to solve this problem, we propose to use the finite element technique. The 
discretized variable is the pressure field. We use here iso-parametric elements; the 
geometry and the pressure field are discretized using the same interpolation functions:
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Using the same discretization for the virtual pressure field, the power of the internal 
forces is rewritten as follows:

In reality these quantities can be evaluated element by element. We can therefore 
express the preceding quantities as a sum over all the finite elements
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The problem to be solved therefore consists in verifying the equality of internal and 
external forces:

In this case, the global balance is assured and thanks to the principle of virtual powers, 
the local balance is also met on average.





If the balance is not met, a new better solution must be sought. The objective is to 
reduce the out-of-balance forces out of equilibrium by modifying the pressure field. If 
the problem is nonlinear, there exists a nonlinear relation between the nodal flows and 
pressures. It is impossible to solve this problem without linearizing it. To do this, we 
carry out a Taylor series development, limited to the first order, of out-of-balance nodal 
flows, around the last known approximation of the pressures (the one which is not in 
equilibrium):
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Considering that only the internal force depends on the nodal unknowns, we can 
rewrite the internal nodal forces:
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linear) curve linking flow and pressure. It changes depending on the pressure. A single 
resolution of the system of equations does not give an exact solution, but reduces the 
residual out-of-equilibrium flows. It is necessary to repeat several times the operation 
(computation of the tangent matrix, inversion, resolution) so that the flows out of 
equilibrium become sufficiently low.
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Temporal discretization allows to compute a numerical estimate of the pressure at step 
n + 1 as a function of its value at step n. Their ratio is hereinafter called amplification 
factor A:



In this expression, G is the Gauss error integral function, which varies from 0 to 1. 
Consider the abscissa at which this function is equal to 0.9: at this point, there remains 
only 10% of the solicitation at the boundary. 

This place is located in:
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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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The equality of the internal and external virtual powers, for any kinematically
admissible perturbation of the displacement rate implies respect for the local balance 
at all points of the solid and vice versa.
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Viscous drag force :

Fluid Linear momentum balance equation (strong form)

Solid mass balance equation (strong form)
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System of equations to be solved:

For the description of the HM FE in the Lagamine code see: 
Influence of evaporation and seepage on the convergence of a ventilated cavity. P Gerard, R Charlier, R Chambon, F Collin - Water resources research, 2008
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Characteristics :

Soil height : 2H
Vertical displacement only
Drained bases
Constant load

Oedometer test Numerical model Reality



Analytical Solution (two drained bases)
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Adimensional  pore pressure distribution : 
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Comparison : Analytic solution & LAGAMINE

Geometry : 30 elements CSOL2



* Zienkiewicz O.C., Chan A.H.C., Pastor M., Schrefler B.A., Shiomi T. Computational geomechanics with 
special reference  to earthquake engineering, Wiley, Chichester, 1999.







Comparison for E=106 Pa

Divergence
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Gaseous phase:

Liquid phase: Liquid water + Dissolved air

Water vapour + dry air

Gaseous phase advection

Dry air water vapour diffusion
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For the description of the H2M FE in the Lagamine code see: 
Thermo-hydro-mechanical coupling in clay barriers. F Collin, XL Li, JP Radu, R Charlier - Engineering Geology, 2002
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1 m

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

Benchmark exercise* 

JOMMI C., VAUNAT J., GENS A., GAWIN D. & SCHREFLER B. 
Multiphase flow in porous media : a numerical benchmark 
Proceedings NAFEMS World Congress Stuttgart, 1997.

VAUNAT J., GENS A. & JOMMI C. A Strategy for Numerical 
Analysis of the Transition between Saturated and Unsaturated 
Flow Conditions Numerical Models in Geomechanics, pp. 297-
302, 1997.



1 m

1 m

Non linearities induced by the retention curve.

Time derivation of the storage term induces 
excessive mass balance error if direct chain 
rule is used -> use of numerical discretization 
of the time derivative.

Sanavia L., Pesavento F., Schrefler B.A. Finite element analysis of 
non-isothermal multiphase geomaterials with application to strain 
localization simulation, Computational Mechanics, 37(4), 331-348 
(2006)

Celia M.A., Bouloutas E.T., Zarba R.L., A general Mass-
conservative Numerical Solution for the Unsaturated flow Equation, 
Water Resources Research, Vol 26(7), pp. 1483-1496 (1990)
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Assumptions: 

A unique temperature T for the different species

Thermodynamic equilibrium between water vapour and liquid water

Thermodynamic equilibrium between dissolved air and dry air



Heat transfer: 
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Liquid phase Gaseous phase

Liquid water

Air

Water vapour

Dissolved Air
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Installation of 
instrumentation in 

observation borehole
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ATLAS III in situ heating test in boom clay: Field data, observation and interpretation. GJ Chen, X Sillen, J Verstricht, XL Li - Computers 
and Geotechnics, 2011

DIZIER A.  CARACTÉRISATION DES EFFETS DE TEMPÉRATURE DANS LA ZONE ENDOMMAGÉE AUTOUR DE TUNNELS DE 
STOCKAGE DE DÉCHETS NUCLÉAIRES DANS DES ROCHES ARGILEUSES PhD thesis, 2011.





Pinj = 1.1 MPa

(40 W or 100°C)

3



Temperature [°C] Water content [%]
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Numerical modelling of coupled transient phenomena 721 

                             
1 An initial one. However initial state in geomechanics is always arbitrary.  
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Numerical modelling of coupled transient phenomena 725 

                             
2 For the sake of simplicity, we limit ourselves here to two-dimensional cases.  
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3 This concerns Galerkin's approximation. For advection dominated problems, other 
weighting function have to be used.  
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Considering that nodal values are not concerned by the integration, it comes :  

 [40] 
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Monolithical approach of coupled phenomena implies identical space and time 
meshes for each phenomenon. This is not always possible, for various reasons. The 
coupled problems may have different numerical convergence properties, generally 
associated to different physical scales or non-linearities. For example, a coupled 
hydromechanical problem may need large time steps for the fluid diffusion problem, 
in order to allow in each step fluid diffusion along distance of the order of 
magnitude of the finite elements. In the same time, strong non-linearities may occur 
in solid mechanics behaviour (strong elastoplasticity changes, interface behaviour, 
strain localisation…) and then the numerical convergence needs short time – 
loading steps, which should be adapted automatically to the rate of convergence. 
Then it is quite impossible to obtain numerical convergence for identical time and 
space meshes. 
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RÉSUMÉ. Cet article traite de deux problèmes en relation avec l’enfouissement de déchets 
nucléaires dans des couches géologiques profondes. D’une part, une expérience 
d’hydratation et de chauffage sur une argile gonflante a été conduite à petite échelle au 
laboratoire. Sa modélisation thermo-hydro-mécanique est proposée et discutée. D’autre part, 
l’extension de la zone endommagée lors du creusement d’une galerie est discutée sur base 
d’une modélisation hydromécanique avec une mise en évidence de la localisation des 
déformations en bandes de cisaillement, amorce de fractures.  
ABSTRACT. This paper is concerned with two problems related to deep underground storage of 
nuclear waste. On one hand, a small-scale laboratory experiment has allowed to heat and 
wet a confined swelling clay. A thermo-hydro-mechanical modelling is proposed  and 
discussed. On the other hand, the extent of the damaged zone produced during tunnelling in 
clay is discussed based on an hydromechanical modelling showing evidences of strain 
localisation, i.e. a fracture initiation.  
MOTS-CLÉS : barrière argileuse, localisation des déformations, couplages multi-physiques, 
THM, hydromécanique, enfouissement de déchets. 
KEYWORDS: clay barriers, strain localisation, multi-physics coupling, THM, hydromechanics, 
underground storage.  
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1. Introduction 

One solution nowadays proposed for long term nuclear waste is the realization 
of waste repositories in deep geological low permeability layers: the Boom Clay 
formation in Belgium, clay-stone formation in France and granite and claystone 
formations in Switzerland for example. In order to develop and to assess this 
approach, Underground Research Laboratories (URL) have been constructed in 
several countries in Europe (France, Switzerland, Belgium, ...). Different 
experiments can be achieved: on one hand, at the gallery scale, in-situ measurement 
are made in thermo-hydro-mechanical (THM) conditions close to those that will be 
created when the nuclear waste will be deposited. On the other hand, it is also 
interesting to achieve small-scale experiment in order to test (at lower cost) different 
set-up of engineered barriers. These kind of tests on the filling material (usually clay 
material) reproduce the conditions in the gallery: resaturation by the host formation, 
heat production due to waste activity and confinement of engineered barrier. 

Modelling such kind of experiment requires complex constitutive laws (See 
[LAL05] and [GEN05] in the same book) in order to tackle the different coupled 
phenomena and needs also advanced experimentations in order to determine the 
parameters of the constitutive models. In the second section, a small-scale heating 
and hydration test is presented and a THM modelling is proposed. 

Another aspect of this problem is the necessity to ensure that gallery excavation 
does not damage the host formation. Indeed if some fracturation processes appear, 
they will constitute preferential paths for pollutant migration like radionuclide. The 
tunnelling method should then minimize the damaged zone (EDZ) around the 
excavation. In the existing URL, the mechanical behaviour of the host formation is 
usually brittle and the constitutive laws usually used to reproduce their behaviour 
are damaged models or strain-softening models. Such kind of models allows to 
reproduce the progressive decrease of material strength during testing; 
consequently, they predict also strain localisation, which is observed in-situ ([MER 
04]). In the third section, it is proposed to model the excavation process with a very 
simple strain-softening constitutive law in order to exhibit the main phenomena 
appearing during tunnelling.  

2. Modelling of the THM behaviour of unsaturated clay 

In the following, a small-scale heating and hydration test is first presented and a 
modelling is proposed. This latter one was a part of a benchmark exercise in the 
framework of CATSIUS CLAY European project ([ALO 99]): experimental results 
of an heating and hydration test on a clay material were known ([VIL 94], [VOL 
96]). The different partners were asked to model the experiment, being free to chose 
the mechanical constitutive law. Series of tests on the material ([VIL 94], [PIN 97]) 
allow to determine the parameters.  
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2.1. Experiment set-up 

The clay material used for the experiment is the S2 bentonite, which is a 
montmorillonite coming from Almeria in Spain. This clay was axially compacted at 
a dry density of 1.66 g/cm3 (Srw = 49% and w = 11.8 %) and was inserted in a cell, 
which dimension (in cm) are given in the Figure 1. 

The total duration of the experiment is 2401.6 hours; clay sample is saturated 
and heated. Different temperature and water content measurement are available 
during the test.  

The heater is a vertical cylinder inserted in the upper part of the cell 
(Figure 1). It is a resistance electronically regulated by an ON/OFF 
temperature controller with a thermocouple sensor. A power of 40 W is 
supplied up to a temperature of 100°C and turned off still the 
temperature decreases below 97°C. The cell containing the sample is in 
direct contact with ambient laboratory atmosphere, which is assumed to 
be at 25°C.  

Hydration of the bottom of the sample is realized through a porous 
stone and the injection pressure equals 1.1 MPa. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Experiment set-up 

During experiment, water volume intake is monitored as well as the 
total pressure at the bottom of the sample. Moreover, several 
thermocouples allow to know the temperature evolution within the 
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sample all along the test. After 2401.6 hours, the clay sample is 
extracted from the cell and cut into slices, which allow to know the 
final water content distribution.  

The aim of the modelling is to be able to reproduce the measurements realized 
during the experiment. It should be noticed that the information on the mechanical 
behaviour comes only from one pressure transducer. Thus sound conclusions on the 
mechanical aspects will not be drawn here. A contrario measurements of 
temperature and water content allow to have a better comprehension of hydric 
exchanges during experiment. 

2.3. Modelling predictions 

The constitutive law used for the mechanical behaviour of the S2-Bentonite is 
the BBM model ([ALO 90]), which is written in terms of net stress and suction. A 
multiphasic model is used to reproduce the water, air and thermal flows that appear 
in an unsaturated media. Water vapour flows are also taken into account (following 
Phillip and De Vries expression [PHI 57]) and are very important in such low 
permeability medium. 

The determination of the model’s parameters is a crucial task to get a proper 
modelling of the problem. Many advanced experiments are needed for the complex 
constitutive models we used but it remains always some parameters that the 
engineers have to estimate. A detailed description of the parameters determination 
and the numerical implementation could be found in [LI 00] and [COL 02]. 

In the following computations, the fully coupled finite elements have five 
degrees of freedom: geometrical coordinates, water pressure, gas pressure and 
temperature. They are used to mesh the steel case, the porous stone and the sample. 
Some additional boundary finite elements are needed to model the action of the 
heater and the thermal exchanges between the steel case and the ambient air.  

2.3.1. Initial and boundary conditions 

The sample is initially at ambient temperature (T0 = 25 °C) in the steel case. 
Knowing the saturation of the sample at the beginning of the experiment (Srw = 
49%) and assuming an atmospheric gas pressure, the initial water pressure is given 
by the corresponding suction and equals -78,53 MPa. The clay material is inserted 
in the cell without compaction and is thus initially stress free.  

Injection of water is realized trough the porous stone at a pressure of 1.1 MPa. 
For the modelling gas pressure will be assumed constant and equal to 100 kPa. This 
supposes that air can flow out the cell without strong overpressure. For TH 
modelling, the influence of air pressure variation was studied [COL 02] and it was 
shown that this implies a lower water saturation degree near the heater. For the 
thermal problem, a 40 W heat flow is applied at the sample surface in contact with 
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the heater and this flow is controlled in order to reach a maximum temperature of 
100°C. Moreover, thermal exchanges appear between the external face of the cell 
and the ambient air, due to convective fluxes. The exchange coefficient was chosen 
to a value of 6.5 W/m² thanks to a back analysis of the temperature field. 

The steel case and the porous stone are assumed to be rigid and a perfect sliding 
contact condition is considered between the sample and the confinement (the cell, 
the porous stone and the heater). 

2.3.3. Numerical Results 

In the modelling presented here, all the physical phenomena are coupled. 
Therefore it is interesting to study the different problems separately to understand 
what appends during the experiment. Considering first the thermal problem only, 
the exchange coefficient is calibrated by comparison with experiment 
measurements. Further (coupled) computations showed that temperature field is 
only slightly influenced by water flow and strains. Indeed, the thermal problem is 
essentially conductive. Figure 2-a presents a comparison between experiments and 
numerical responses (for coupled T-H-M modelling), at the bottom, the middle and 
the top of the sample. Predictions are very closed to the measurements except at the 
middle near the heater where the model overestimates the temperature. Of course, 
these results show that temperature is higher near the heater (about 75°C in 1 cm 
from the heater). Material is colder far from the hot spot: temperature is then 
directly related by the ambient air temperature. It is also important to notice that 
temperature field does not vary much between 25.6 hours and the end of 
experiment. Indeed, thermal steady state is reached after 13 hours [VIL 94].  

(a) – t = 2380,6 h (b) 

Figure 2. Temperature field in the sample 

The supplied heat power is sufficient enough to reach 100°C at the heater. In the 
beginning of the experiment, the power actually supplied is equal to 27 W. Then, it 
decreases to 23 W and finally increases during the remaining experiment time due 
to the progressive sample resaturation (Figure 2-b).  
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During the experiment, water injection is realized at the bottom of the sample. 
Figure 3-a shows that the model reproduces very well the water intake curve. The 
curve depends mainly on the bentonite permeability. However, it is not much 
influenced by the thermal field. Experiment shows clearly a resaturation of the 
sample, from its bottom and a desiccation of the clay near the heater due to the 
increase of temperature and the water vapour transfer (Figure 3-b). Thus, in order to 
reproduce the desaturation, it is necessary to include in the model water vapour 
flow; if it is not the case, desaturation will not be very important. Related to this 
effect, the parameter controlling the intensity of vapour fluxes is the tortuosity. The 
value chosen (tortuosity = 0.15) was calibrated by back analysis in order to 
reproduce the water content near the heater. At the end of the experiment, despite 
the water injection at the bottom, water content near the heater has decreased due to 
water evaporation. Near the bottom of the sample, clay is fully saturated and the 
water content is about 35%.  

(a) Water intake (b) Water content 

Figure 3. Hydric transfer in the sample 

Due to the confinement of the sample, clay material cannot sustain large strains; 
thus a swelling pressure is created, and the porosity changes, what has a strong 
influence on the water content (figure 3-b). Indirectly, it appears that the model 
mechanical response is qualitatively good.  

2.4. Conclusions 

The developed model was able to predict the bentonite behaviour under thermo-
hydro-mechanical loading. Modelled temperatures are quite equivalent to measured 
ones. The hot zone (T = 100 °C) is located near the heater while the temperature 
near the casing is controlled by the convection condition with ambient air.  

Water content modelled and measured are similar; a saturated zone is produced 
near the porous stone. In the upper part of the sample, the bentonite cannot fully 
saturate, because the water is vaporised near the heater and the material is dried. 
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Water transfers in vapour phase are therefore crucial to be modelled in such kind of 
problem.   

Eventually, it should be noticed that such a modelling was possible thanks to a 
very large experimental program on bentonite material. This allowed to determine 
its mechanical, hydraulic and thermal properties. The models ask for many 
parameters, which is consequence of the modelling complexity of highly coupled 
phenomena.  

3. Tunnelling in clay/claystone for nuclear waste disposal 

In the following, it is proposed to model the excavation process with a very 
simple strain-softening constitutive law in order to exhibit the main phenomena 
appearing during tunnelling : the progressive decrease of material strength during 
testing and the strain localisation. This coupled modelling is a benchmark exercise 
proposed by the GDR-Momas and organized by EDF-CEA ([CHA 05]). 

3.1. Description of the problem 

The proposed constitutive law is an elasto-plastic strain-softening model. The 
yield criterion is a Drucker-Prager model given by the following equation: 

  [1] 

where II  is the second deviatoric stress invariant, I  is the first stress invariant, 
 is the friction angle, parameter m is a function of : m = 2 sin( )/(3-sin( )), the 

cohesion c= c0 f(  p) is the softening variable, c0 is the initial cohesion and  p is the 
equivalent deviatoric plastic deformation.  

A cylindrical unsupported cavity of 3 m diameter is located in an homogeneous 
low permeability formation. The initial state of stress and pore pressure is the 
following: 

   

The excavation process is modelled by decreasing both radial total stress and the 
pore pressure at the cavity nodes: 
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at r=3m  and at r=    

The excavation duration T is equal to 1.5 Ms (about 17 days) and the final 
modelling time is 300 Ms (about 9.5 years).  

3.2. Model predictions 

During the excavation, the behaviour of the material becomes plastic near the 
tunnel and permanent strains are created. The yield criterion is first met in the 
direction where the orthoradial stress is the major principal stress. Dilatancy effects 
are evidenced on Figure 4-a, where the pore pressure becomes negative at the end of 
the tunnelling. Then, during the remaining modelling time, the pore pressure 
increases progressively. Figure 4-b shows the radial displacement curve: during the 
tunnelling phase, cavity convergence remains around 1,5 cm. Most of the 
convergence appears later and reaches 22,6 cm. Indeed, negative pore pressure 
allows a additional cohesive strength; this effect is maximum after 1,5 Ms and 
decreases progressively still 300 Ms.  

Shear band localization is also influenced by the hydro-mechanical coupling. 
Indeed, at the end of excavation, there is no clear localization patterning even if the 
Rice’s criterion is verified. After that phase, pore pressure increases progressively 
and a patterning is gradually created. Figure 5-a presents a map of equivalent 
strains, where the different shear bands appears clearly. The Vilotte’s indicator is 
shown in Figure 5-b; this indicator evidences the strain activity of the shear band. 
One can see here that only the external shear band is active at the end of the 
simulation and that a chip is finally created. It is clear however that these results are 
mesh dependent and enhanced models are necessary for an objective post-
localization modelling (See [ZER 01] for an example of excavation and [ZHA 04], 
[CHA 04] for coupled enhanced models).  
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(a)  

 

 

 

(b)  

Figure 4. Pore pressure and displacement curve during coupled excavation  

(a)  (b)  

Figure 5. Equivalent strain and Vilotte’s indicator for active shear band (t = 
300Ms) 

3.3. Influence of hydric boundary condition 

In the previous section, the boundary condition for the flow problem is the 
following: a decrease of the pore pressure from its initial value till the atmospheric 
pressure (Defined as Case A). Due to the hydro-mechanical coupling (dilatancy 
effect), this implies an injection of water into the formation (See Figure 4-a). A 
more realistic condition is a dripping boundary condition: a water flow can be 
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created only if the pore pressure in the formation is greater than the atmospheric 
pressure (Unilateral flow condition). This case will be referred as case B in the 
following. For long-term predictions, one can assumed an equilibrium between the 
pore pressure at the tunnel and the relative humidity of the cavity atmosphere. 
Indeed, this relative humidity can be controlled in waste disposal. A third case (Case 
C) is then considered, where a negative pressure of –5 MPa is imposed as boundary 
condition. 

Figure 6 shows the resulting pore pressure distribution for the two latter cases. In 
Case B, the pore pressure becomes negative near the cavity at the end of the 
excavation. Then pore pressure increases progressively. In case C, the results is 
similar at the end of the excavation. However, after this first phase, the pore 
pressure remains negative as it is imposed by the boundary condition and the 
suction diffuses in the formation. 

 

 

 

(a) Case B 

 

 

 

 

 (b) Case C 

Figure 6. Pore pressure distribution in case B and case C 

These pore pressure distributions have a direct influence on the convergence 
predicted. Table 1 presents the results for the three cases. At the end of the 
excavation, the convergences are more ore less the same. But for the long-term 
response, the predicted displacements are rather different. Indeed in case C, the 
remaining suction near the tunnel ensures an additional strength and limits the 
material deformations. Moreover, the boundary condition inhibits totally the 
creation of shear bands pattern. The case C condition is then conservative in 
comparison with the two other ones.  
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 Case A Case B Case C 

t = 1,5 Ms 1,5 cm 1,26 cm 1,42 cm 

t = 300 Ms 22,6 cm 12,8 cm 1,44 cm 

Table 1: Cavity convergence for Cases A, B and C. 

3.4. Conclusions 

Tunnelling in clay formations may induce strain localisation and fracture, as 
recently observed in Mol URL. An hydromechanical modelling with a strain 
softening constitutive model allows to reproduce such phenomena. The results are 
strongly dependent on the hydraulic boundary condition at the tunnel face, which 
has to be better analysed. 

4. Conclusions 

Deep underground storage of (high level and long life) nuclear waste induces 
severe conditions on the host rock (especially of clay/claystone) and on the 
engineered barrier, which is generally made of swelling clay. The long-term 
integrity of the permeability barriers has to be proved. The good understanding of 
such disposal needs high-level numerical models, including different aspects: 
thermal and partial saturation hydraulics effects, suction–mechanics interaction, 
strain localisation and fracture prediction. Highly coupled non-linear finite element 
codes are today necessary to tackle such challenge.  
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MULTI-BARRIER SYSTEM

Isolation is provided by a 
combination of natural and 
engineered barriers

• Natural barrier
• Host rock

• Engineered barrier system 
• Canister
• Concrete
• Bentonite-based materials
• …
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BENTONITE

• Bentonite = clay material that primarily consists of montmorillonite
1) Significant swelling upon hydration = swelling capacity
2) Very low permeability (~ in saturated conditions)
3) Important radionuclides retardation capacities
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tight contact with the 
surrounding geological 
formation, thereby 
delaying the release of 
radionuclides to the 
biosphere

BENTONITE

• Bentonite = clay material that primarily consists of montmorillonite
1) Significant swelling upon hydration = swelling capacity
2) Very low permeability (~ in saturated conditions)
3) Important radionuclides retardation capacities

• Different bentonites: B75, FoCa7, Febex, GMZ, Kunigel, MX-80…

• Different forms: powder, compacted blocks, pellets
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REM Experiment 
[Andra]

Febex Experiment 
[Alonso et al. 2005]
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BENTONITE

Complex behaviour under repository conditions
• Mechanical behaviour
• Water retention properties
• Permeability evolution

The sensitivity of the bentonite-based materials 
to mechanical and environmental loads arises 
from

• The mineralogical composition of bentonite
• The (micro)structure of the material
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This lecture aims to provide insights into the role of the mineralogical composition 
and (micro)structure of bentonites on the macroscopic behaviour of the material

OUTLINE

I. Structure of clay minerals

II. Structure of compacted bentonites

III. Impact of structure changes on the water retention behaviour of bentonites
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OUTLINE

I. Structure of clay minerals

II. Structure of compacted bentonites

III. Impact of structure changes on the water retention behaviour of bentonites
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MINERALOGICAL COMPOSITION

Bentonite primarily 
consists of 
montmorillonite, a clay 
mineral of the smectite 
group
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STRUCTURE OF CLAY MINERALS

Clay minerals belong to the phyllosilicate group (> φύλλον = leaf)
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Tetrahedral and octahedral sheet
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The type of 
layers and the 
nature of the 
interlayer 
determine the 
properties of the 
clay minerals

…
…

STRUCTURE OF CLAY MINERALS
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PHYSICOCHEMICAL PROPERTIES OF CLAY MINERALS

The surface of phyllosilicate is not electrically neutral !

• Isomorphous substitutions

• Local charges
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Si4+ Al3+

Al3+ Mg2+, Fe2+, 
Mn2+

PHYSICOCHEMICAL PROPERTIES OF CLAY MINERALS

The natural tendency is to ensure electroneutrality
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• Cation Exchange Capacity 
(meq/100g)

= number of exchangeable positive 
charges / 100g of dry clay mineral

• Specific Surface area (m2/g)

= (interlayer surface area + clay particle 
external surface area) / g of clay 
mineral
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HYDRATION AND SWELLING MECHANISMS

Starting from dry conditions:

• Crystalline swelling: progressive intercalation of discrete layers of water in the interlayer 
space

• Osmotic swelling: interaction of the DDL
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Compacted MX-80 bentonite [Saiyouri et al., 
2004]

OUTLINE

I. Structure of clay minerals

II. Structure of compacted bentonites

III. Impact of structure changes on the water retention behaviour of bentonites
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STRUCTURE OF COMPACTED BENTONITES

Compaction of bentonite on the dry side of optimum confers to the material an 
aggregated fabric with an (apparent) bimodal pore size distribution
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20 m

Compacted Febex 
bentonite

Lloret et al. [2003]

Inter-aggregate 
pore

Aggregate

STRUCTURE OF COMPACTED BENTONITES
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Compacted Febex 
bentonite

Lloret et al. [2003] 20 m
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STRUCTURE OF COMPACTED BENTONITES
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Compacted Febex 
bentonite

Lloret et al. [2003] 20 m

EFFECT OF MECHANICAL LOADS

1. Pore volume: increasing the 
compaction effort at constant water 
content decreases the volume of 
macropores, while the volume of 
micropores is hardly affected

2. Pore size: compaction shifts the size 
of dominant macropores towards 
smaller pore radii (#AEV)
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Compacted Febex bentonite
Lloret et al. [2003]
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STRUCTURE OF COMPACTED BENTONITES

BUT… This is not the end of the story !
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EFFECT OF CHANGES IN WATER CONTENT
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Compacted MX-
80 bentonite

Seiphoori et al. 
[2014]

Wetting path under 
constant-volume 
conditions
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EFFECT OF CHANGES IN WATER CONTENT
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Compacted MX-
80 bentonite

Seiphoori et al. 
[2014]

Wetting path under 
constant-volume 
conditions

EFFECT OF CHANGES IN WATER CONTENT
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Compacted MX-
80 bentonite

Seiphoori et al. 
[2014]

Wetting path under 
constant-volume 
conditions
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MICROSTRUCTURE EVOLUTION

• Mechanical loads do not affect the volume of micropores

• Wetting leads to an increase of the micropore volume
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Romero et al.  [2011]

Dieudonné et al.  [2017]

OUTLINE

I. Structure of clay minerals

II. Structure of compacted bentonites

III. Impact of structure changes on the water retention behaviour of bentonites
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LIMITATIONS OF TRADITIONAL WATER RETENTION MODEL

Water retention curve:      amount of water stored = f(suction…)

(generally a unique relationship !)

Classical approaches for modelling the 
water retention behaviour: 

parameters to be fit using experimental data
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water retention behaviour: 
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LIMITATIONS OF TRADITIONAL WATER RETENTION MODEL
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(generally a unique relationship !)

Classical approaches for modelling the 
water retention behaviour: 

parameters to be fit using experimental data
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WATER RETENTION BEHAVIOUR
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Water ratio Void ratio

Compacted MX-80 bentonite/sand mixture
Gatabin et al. [2016]

WATER RETENTION BEHAVIOUR
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Degree of saturation Strong competing effects of
Water uptake ( )
Swelling ( )

Compacted MX-80 bentonite/sand mixture
Gatabin et al. [2016]
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WATER RETENTION MODEL

Water ratio

Dubinin model
« Van-Genuchten » model

With 31

Dieudonné et al. [2017]

VALIDATION OF THE WATER RETENTION MODEL

Calibration of the model along constant volume wetting paths
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VALIDATION OF THE WATER RETENTION MODEL

Validation of the model along free swelling wetting paths

33

SUMMARY
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Montmorillonite layers are 
electronegative

The natural tendency is to ensure 
electroneutrality

Hydrated cations and water molecules 
are attracted in the interlayer
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SUMMARY
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Aggregated structure created upon 
compaction

Structure evolves with mechanical and 
hydraulic loads, among others

CHALLENGES

• Defining quantitative descriptors of the microstructure
• So far, the microstructure has essentially been described by pore volumes

• Incorporating information from the microstructure in constitutive/numerical 
models

• Keep in mind the limitations of imaging and microstructure investigation 
techniques (and of the interpretation of their results)

• Other aspects have not been addressed in this presentation:
• Time-dependency and ageing (cf. non-equilibrium conditions)
• Effects of temperature, water chemistry…
• Pellet mixtures (bring another level of complexity)
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STRUCTURE OF BENTONITES
Characterisation and evolution under mechanical 
and hydraulic loads
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Microstructure of bentonites: characterisation and
evolution under mechanical and environmental loads

Anne-Catherine Dieudonné

Delft University of Technology, the Netherlands

1 Introduction

The role of engineered barriers in geological disposal of radioactive waste is to form a tight contact with
the host rock, and thereby limit the release of radionuclides to the biosphere. The low permeability and
important swelling capacity of bentonites are therefore essential properties. In order to characterize
the swelling capacity of compacted bentonites, two macroscopic physical quantities can be measured:
the swelling potential and the swelling pressure. These quantities are determined after saturation of a
bentonite sample under different confining conditions. The swelling potential ΔH/Hi corresponds to
the ratio between the change in sample heightΔH upon saturation under oedometer conditions, and its
initial heightHi. On the contrary, the swelling pressure SP is defined as the pressure required to prevent
volume changes upon wetting. Figure 1 presents the evolution of the swelling pressure of five reference
bentonites with dry density. While important differences are observed between the different bentonites,
they all show an increase of their swelling pressure with dry density. Furthermore, the swelling pressures
reached upon saturation (typically of the order of few MPa to around 15 MPa for dry densities ranging
between 1.5 and 1.7 Mg/m3) are significantly higher than for non-swelling clays (few hundreds kPa).

Figure 1: Evolution of the swelling pressure of five reference bentonites with dry density.

While the swelling capacity of compacted bentonite is firstly observed at the macroscopic scale, this
property essentially results fromphysicochemical phenomena taking place at amicroscopic scale. There-
fore, a good comprehension of the material microstructure is of paramount importance for a better un-
derstanding of the hydromechanical behaviour of compacted bentonites and for the development of
physically-based constitutive models.

These lecture notes are organized as follows. The mineralogical composition of bentonites is first pre-
sented. The structure and coupled processes taking place in compacted bentonites are then described
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starting from the smallest scale of interest, namely the scale of the clay minerals. Accordingly, the struc-
ture and physicochemical properties of clay minerals are presented. Attention is then focused on the
hydration and swelling mechanisms in smectites, the main constituents of bentonites. Increasing the
scale of observation, the structure of compacted bentonites is addressed. The water storage and hydra-
tion mechanisms are analysed. The different factors, both mechanical and environmental, affecting the
material structure are presented. Finally, modelling challenges and prospects are addressed.

2 Definition and mineralogical composition of bentonites

The name bentonite dates back to the late 19th century when Knight [1898] used the term to describe
highly plastic and swelling clays from the Cretaceous Fort Benton group in Wyoming, USA. The first def-
initions of bentonite [Hewitt, 1917; Wherry, 1917; Ross & Shannon, 1926] suggested a genetic origin of
the material, generally from the alteration of tuff or volcanic ash. Nowadays, the term bentonite has lost
its mineralogical definition and refers to any smectite-rich material regardless of its geological origin
[Grim, 1968]. More specifically, in the context of nuclear waste disposal, bentonite primarily consists of
montmorillonite, a clay mineral of the smectite group which exhibits significant swelling upon hydration
[Apted, 1995].

Table 1 presents the mineralogical composition of five reference bentonites which are studied as po-
tential barriers for the isolation of high-level and intermediate-level radioactive waste. Besides mont-
morillonite, these bentonites contain variable quantities of other clay minerals (generally kaolinite and
illite, which are non-swelling clay minerals), quartz1, feldspars, plagioclase, gypsum, pyrite and calcite.
They can also hold small amounts of organic matter (usually less than 0.5%). Although present in limited
quantities, some of these accessory minerals may influence the properties of bentonites, especially their
chemical reactivity [Sellin & Leupin, 2013].

Bentonite Origin Phyllosicilicate SiO2 K-feldspar Plagioclase

Febexa Spain 92% interstratified 2% traces 2%

montmorillonite–illite

(10–15% illite)

FoCa7b France 80–85% interstratified 1.4–6%

smectite–kaolinite

(50% Ca-beidellite, 50% kaolinite)

4–6% kaolinite

GMZc China 75.4% montmorillonite 20% 4.3%

0.8% kaolinite

Kunigel V1d Japan 46–49% montmorillonite 29–38% 2.7–5.5% 4%

MX-80e USA 75–90% montmorillonite 2.8–15.2% 2–8% 9.2%

aFernandez [2004], Lloret & Villar [2007]
bProust et al. [1990], Bruno [1993], Lajudie et al. [1994]
cWen [2006]
dJNC [2000], Nakashima [2004]
eLajudie et al. [1994], Madsen [1998], Montes-H [2002]

Table 1: Mineralogical composition (main minerals) of five reference bentonites.

1In Table 1, the content in SiO2 corresponds to the total content in quartz, cristobalite and tridymite.
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3 Structure of clay minerals

3.1 Structure and mineralogy

Clay minerals belong to the phyllosilicate group. The term phyllosilicate derives from the Greek phyllon,
leaf, emphasizing the layered structure of clay minerals. This structure is based on the combination of
two basic crystal structural units, namely the tetrahedral sheet and the octahedral sheet.

The tetrahedral sheet is also called silica sheet. As shown in Figure 2(a), it is made up of silica tetrahedra
(SiO4)

4-, which are linked together by sharing three of their four oxygen ions. All tetrahedra of the silica
sheet are oriented in the same direction and define hexagonal cavities. Similarly, Figure 2(b) shows
the structure of the octahedral sheet, also termed alumina sheet. The octahedral sheet is composed of
aluminium ormagnesium octahedra in which the cation bondswith six oxygen atoms or hydroxyl groups.
Octahedra are all laid on a triangular face and linked together by sharing their six oxygens or hydroxyls.

(a) Silica tetrahedron, tetrahedral sheet and schematic representation of the tetrahedral
sheet.

(b) Aluminiumormagnesiumoctahedron, octahedral sheet and schematic representation
of the octahedral sheet.

Figure 2: Basic crystal structural units of phyllosilicates [Mitchell & Soga, 2005].

Tetrahedral and octahedral sheets bond together to form layers. Two types of layers are defined, namely
the TO layer and the TOT layer. The TO layer, also called 1:1 layer, is made up of one tetrahedral sheet and
one octahedral sheet, and has a thickness of 7.2 Å. On the other hand, the TOT layer, or 2:1 layer, consists
of an octahedral sheet sandwiched between two tetrahedral sheets. Its thickness in the absence of any
polar molecule is 9.6 Å. In both cases, strong primary bonds exist between the sheets of a same layer
[Stçepkowska, 1990].

Conversely, the bonds between two successive layers are generally weaker. The type of layers and the
nature of the interlayer determine the properties of the different clay minerals and, in particular, their be-
haviour in presence of water. On this basis, clay minerals are classified into different groups, as depicted
in Figure 3. The main clay minerals composing bentonites, namely smectite, kaolinite and illite, are to be
found in this classification.

The structure of kaolinite is based on the TO layer, whereas the structures of smectite and illite are built
on the TOT layer. In kaolinite, hydroxyl groups and oxygen ions of two consecutive layers are bonded
through hydrogen bonds which maintain the interlayer closed and prevent swelling. Only the external
surfaces can adsorb water, allowing limited swelling. In smectites, water molecules and ions are able
to penetrate the interlayer space, causing the expansion of the mineral upon wetting. Conversely, the
interlayer space of illite is occupied by potassium ions whose molecular size is close to the one of the
hexagonal cavities of the tetrahedral sheet, and which therefore strongly lock the layers together through
ionic bonds, thereby preventing swelling. When layers of different types are stacked together, themineral
is referred to as a mixed-layer or interstratified mineral, and its behaviour depends on the nature of the
different layers and interlayers.
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Figure 3: Classification of clay minerals [Mitchell & Soga, 2005].

Finally, clay layers stack together to form particles. Depending on the nature of the interlayer and the
water content, the number of layers in a particle may vary from a few to several hundreds [Saiyouri et al.,
2004]. The behaviour of the different clay minerals in presence of water is further discussed in the next
two sections, with a special attention given to smectites.

3.2 Physicochemical properties

A fundamental characteristic of clay minerals is their electronegativity. The surface of phyllosilicates
is indeed not electrically neutral and surface charges exist (Table 2). These charges have two different
origins:

• Isomorphous substitutions, which refer the replacements of ions in the tetrahedral or octahedral
sheets for other ions, without significant change in the layer structure. When a cation in a tetrahe-
dral or octahedral sheet is replaced by a lower valency ion, the substitution leads to an excess of
negative charge at the surface of the layer. The most common isomorphous substitutions in clay
minerals are Al3+ for Si4+ in the tetrahedral sheet andMg2+, Fe2+ andMn2+ for Al3+ in the octahedral
sheet.
Isomorphous substitutions are common in smectites, which explains their important surface charges
compared to other phyllosilicates (Table 2). Depending on the position of the charges, smectites
are classified into montmorillonites, whose charges are predominantly in octahedral position, and
beidellite, whose charges are predominantly located in tetrahedral position. Bentonites are mainly
composed of montmorillonite.

• Local charges, which are due to broken bonds and an incomplete neutralization of charges on the
edges of the layers. The value of these local charges depends on the pHof the solution [Grunberger,
1995]. In acid environments, charges are positive due to the fixation of H+ protons on the O2- anions;
they are negative if the solution is basic.
According to Mitchell & Soga [2005], local charges are thought to contribute up to 20% towards the
total charge deficit.

Kaolinite Illite Montmorillonite

Surface charges (meq/100 g) 5–15 20–40 80–100

Table 2: Range of surface charges in kaolinite, illite and montmorillonite [Yong et al., 2009].
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The natural tendency is to ensure electroneutrality of the clay particle and therefore, the layer will tend to
adsorb cations present in the environment. These cations that form the interlayer are called exchange-
able cations as they can be exchanged with other cations of the solution [Van Olphen, 1963]. According
to Sposito et al. [1984], exchangeable cations are adsorbed at the surface of the layer by at least three
different mechanisms:

• Inner-sphere complexation, by which cations bind to the clay surface (through primary bonds)
without any interposed water molecule.

• Outer-sphere complexation, bywhich solvated cations are attracted and bonded to the clay surface
through hydrogen bonds and electrostatic forces.
Inner-sphere and outer-sphere complexes form the Stern layer [Stern, 1924] (Figure 4). These com-
plexesmay be insufficient to balance the negative charges at the clay surface, so that a thirdmech-
anism allows to neutralize the residual charges.

• Electrostatic attraction of solution cations, resulting from the presence of unbalanced charges at
the surface of the clay layer. The attracted cations from the solution form the diffuse double layer
(Figure 4).

Asmentioned by Sposito et al. [1984], outer-sphere complexes differ from cations adsorbed in the diffuse
layer in their residence time, i.e. the amount of time that a cation remains adsorbed at a given position.
The residence time of cations from the diffuse layer is of the order of 10 ps, which is significantly shorter
than the 100 ps residence time of outer-sphere complexes and over 10 ns of inner-sphere complexes (the
strongest the bonding, the longest the residence time).

Figure 4: Mechanisms of cation adsorption at the surface of a clay layer [after Meunier, 2005; Yong et al.,
2009].

The cation exchange capacity (CEC) measures the ability of smectites to adsorb cations from the solu-
tion. The CEC is defined as the number of exchangeable positive charges per 100 g of dry clay mineral.
It is expressed in milliequivalents per 100 g of dry clay (meq/100 g). In general, the interlayer comprises
a mixture of different cation species, essentially Na+, Ca2+ and Mg2+ in bentonites. Table 3 presents the
CEC and main exchangeable cations of five reference bentonites. Based on the nature of the dominat-
ing exchangeable cations, bentonites are referred to as sodium bentonite or calcium bentonite: Febex
and Foca7 are calcium bentonites, GMZ and Kunigel V1 are sodium-calcium bentonites, while MX-80 is
a sodium bentonite. As explained in the next section, the nature of the exchangeable cation influences
the swelling capacity of the bentonite, with a higher capacity in sodium bentonites.

Finally, another important physicochemical parameter of clay minerals is their specific surface area SS ,
expressed in m2/g. The total specific surface area comprises both the interlayer surface area and the

5



EURAD School for Radioactive Waste Management 22 – 24 January 2020, Liège (Belgium)

Bentonite CEC Exchangeable cations Specific

Na+ Ca2+ Mg2+ surface

(meq/100 g) (meq/100 g) (meq/100 g) (meq/100 g) (m2/g)

Febexa 111 25 47 36 725

FoCa7b 69 3 63 454

GMZc 77.3 43 29 12 570–597

Kunigel V1d 73 41 29 3 389–687

MX-80e 76–88 61–67 8–10 3–5 512–800

aLloret & Villar [2007]
bSaiyouri et al. [2004]
cWen [2006], Ye et al. [2009]
dKomine & Ogata [1996], JNC [2000], Marcial et al. [2002], Komine [2004]
ePusch [1982], Madsen [1998], Bradbury & Baeyens [2003], Villar [2007]

Table 3: Cation exchange capacity and specific surface of five reference bentonites.

clay particle external surface area. Table 3 presents the values of specific surface area for five reference
bentonites. Obviously, a strong correlation of the CEC with the specific surface is observed, the CEC
being all the more important that the specific surface is large.

3.3 Hydration and swelling mechanisms in smectites

The swelling capacity of clay minerals refers to their ability to expand upon hydration and shrink upon
drying. Accordingly, a good understanding of the hydration mechanisms is required to puzzle out the
swelling mechanisms. Starting from dry conditions, two regimes of swelling are generally identified
[Norrish, 1954]:

• Crystalline swelling, which is predominant at low water contents and corresponds to the progres-
sive intercalation of discrete layers of water in the interlayer space (development of the Stern layer).
In the case of smectites, one, two, three or four layers of water molecules are sequentially inter-
calated, leading the interlayer to increase sequentially from 9.6 Å with no water to 12.6 Å, 15.6 Å,
18.6 Å and 21.6 Å respectively. Figure 5(a) presents the evolution of the interlayer thickness during
hydration of compacted MX-80 bentonite.

(a) Increase in the number of adsorbed water layers. (b) Decrease in the number of stacked layers per particle.

Figure 5: Effect of hydration (suction decrease) on particles of MX-80 bentonite [Saiyouri et al., 2004].

As shown in Figure 5(b), the insertion of layers of water molecules in the interlayer space leads to
a reorganisation of the solid matrix [Tessier, 1978]. During hydration, clay particles initially made
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of 350 layers divide into smaller structures of around 10 layers. These smaller particles are able to
fix high amount of water and form water layers up to 100 Å thick [Saiyouri et al., 2000].

• Osmotic swelling, which is associated with interactions of the diffuse double layer. Under high
water content, the interlayer is a highly concentrated medium as compared with the bulk solution.
As a consequence of the difference in cation concentrations, the cations near the clay surface
tend to diffuse away. However, the negative electric field at the clay surface prevents the cation to
freely diffuse. Contrary to crystalline swelling, swelling is a continuous phenomenon in the osmotic
domain. Furthermore, it occurs both between clay layers and between clay particles [Cases et al.,
1990; Mitchell & Soga, 2005].

Neglecting the existence of the Stern layer, the clay – water system has traditionally been described
using the diffuse double layer (DDL) theory early developed by Gouy [1910] and Chapman [1913]. In the
DDL theory, a unique particle surrounded by an ionic solution is considered. The clay layer is supposed
uniformly charged over its surface and ions are considered as point charges without interaction. The
electrical potential Ψ around the clay layer (Figure 6(a)) is then given by

Ψ = Ψ0 exp (−κxc) (1)

where Ψ0 is the electrical potential at the clay layer surface and xc is the distance from the clay layer
surface. κ−1 is the Debye-Hückel length given by

κ−1 =

(
εrε0kT

2n0e
2z2

)1/2

(2)

where εr is the dielectric constant of the electrolyte, ε0 is the dielectric permittivity of the vacuum (=
8.8542×10−12 C2/J·m), k is the Boltzmann constant (= 1.38×10−23 J/K), T is the absolute temperature,
n0 is the ion concentration in the electrolyte, e is the electric elementary charge (= 1.602× 10−19 C) and
z the valency of the ion in the electrolyte.

The diffuse double layer theory can be used to describe the behaviour of colloidal solutions in which clay
minerals are dispersed in a continuous liquid phase [Van Olphen, 1963]. However, in compacted ben-
tonites, the density is such that clay minerals interact through their diffuse double layer and a repulsion
force takes place, similarly to two magnets that are brought close to each other. This repulsion force
may be assimilated to a swelling pressure (Figure 6(b)). Bolt [1956] used the diffuse double layer theory
to predict the swelling pressure developed between two parallel clay layers. Although one can show that
this hypothesis is not satisfied in compacted bentonites [see Segad et al., 2010, for a discussion], the the-
ory provides interesting qualitative results. In particular, the repulsive swelling pressure σR is expressed
as

σR = 2n0kT (coshu− 1) (3)

whereu is a non-dimensional potential at themid-plane between the twoclay layers2. This non-dimensional
potential u will be all the more important given that the electrical potential Ψ around a single clay layer
is large.
Despite the restrictive assumptions behind the double diffuse layer theory, some interesting and qualita-
tive conclusionsmay be drawn concerning the factors affecting the swelling pressure of bentonite-based
materials:

• the higher the dry density, the higher the swelling pressure (Figure 1). Under the assumption of
homogeneous and parallel particle distribution, an increase in the dry density yields a decrease in
the distance between clay minerals, hence an increase in the mid-plane potential u (Figure 6(b)).

• the higher the CEC, the higher the swelling pressure. A high CEC corresponds to an important sur-
face charge density, hence an important electric potentialΨ0 and an important mid-plane potential
u.

• the lower the valency z of the exchangeable cation, the higher the mid-plane potential u and the
higher the swelling pressure. Accordingly, the swelling properties are enhanced for sodium ben-
tonites compared to calcium bentonites.

2Details concerning the precise determination of u can be found in Van Olphen [1977] and Tripathy et al. [2004].
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(a) Single clay layer. (b) Two parallel clay layers.

Figure 6: Representation of the double diffuse layer, according to Gouy-Chapman theory. Evolution of the
electrical potential as a function of the distance from the clay layer surface.

Analysing in details the mineralogical composition (Table 1), cation exchange capacity and specific sur-
face (Table 3) of the five reference bentonites, the obvious difference in swelling pressure developed by
the different materials may be partly explained by the diffuse double layer theory. For instance, one can
observe that the low montmorillonite content of Kunigel V1 bentonite is associated with low swelling
pressures. Conversely, the important montmorillonite content and Na+ dominant exchangeable cation
of MX-80 bentonite lead to the development of very high swelling pressures upon hydration under con-
stant volume conditions.

4 Structure of compacted bentonites

4.1 Experimental techniques

The microstructure of compacted bentonites3 can be investigated by using different experimental tech-
niques depending on the type of information required and the scale under consideration. The information
that may be obtained from microstructural experimental study includes the pore types, distribution and
connectivity, the arrangement and distribution of clay particles and aggregates, the aggregate size and
morphology, and the inter-particle contact orientations and contact force directions [Romero & Simms,
2008]. The scale that can be investigated ranges from the nm to the mm. Figure 7 presents the range
of applications of five experimental techniques that are commonly used to study the structure of com-
pacted bentonites:

• Adsorption techniques are used to determine the specific surface area of clay minerals. Different
gases, including nitrogen and carbon dioxide, as well as methylene blue, can be used as sorbates.
A description of the different adsorption techniques can be found in Adamson [1990] and Santa-
marina et al. [2002].

• X-ray diffraction (XRD) allows the characterization of themineral phases present in samples. Qual-
itative and semi-quantitative descriptions of the nature of the clay minerals are possible. The tech-
nique may also be used to investigate the effects of the hydration process at the scale of the clay
layers [see Cases et al., 1997; Devineau et al., 2006; Likos & Lu, 2006; Villar et al., 2012, among oth-
ers]. A complete presentation and guide for the interpretation of XRD results are found in Moore &
Reynolds [1997].

• Mercury intrusion porosimetry (MIP) is a qualitative and quantitative technique used to investigate
the pore size distribution (PSD) of a porous sample. The principle is based on the injection of
mercury into a sample previously dried. A review of the applications of MIP for the investigation of
unsaturated soils microstructure is presented by Romero & Simms [2008].

• Electron microscopy provides essentially qualitative information on the pore structure via micro-
graphs of the material, although some quantitative information may be obtained by using digital

3In these notes, the term microstructure is used to refer to the structure of materials as observed at a small scale, called
microscopic scale, typically ranging from 1 nm to 1 mm.
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image analysis. Different techniques exist, such as Scanning Electron Microscopy (SEM), Environ-
mental Scanning Electron Microscopy (ESEM), Transmission Electron Microscopy (TEM). A review
of the applications of ESEM for the investigation of unsaturated soils microstructure is presented
by Romero & Simms [2008].

• Computed tomography (CT), including microfocus tomography (μCT), is a high-resolution non-
destructive 3D observation technique based on the combination of a high number of X-ray images.
This class of experimental techniques provides similar information to electron microscopy but in
three dimensions.

Figure 7: Range of applications of various experimental techniques used to investigate the microstruc-
ture of porous materials.

4.2 Experimental observations and representation

Figures 8(a) and 8(b) present ESEMmicrographs of compacted Febex and GMZ bentonites respectively.
In these micrographs, aggregates with sizes of the order of 20 μm are clearly observed. These ag-
gregates are clusters of clay particles and are formed upon compaction of bentonite dry of optimum.
Besides the clay layer and the clay particle, the aggregate represents a third level of organisation in
compacted bentonites. Accordingly, the space between aggregates defines a new pore family, called
inter-aggregate porosity, or macroporosity.

(a) Compacted Febex bentonite with dry density ρd =
1.72 Mg/m3 and water content w = 13.7% [Lloret et al.,
2003].

(b) Compacted GMZ bentonite with dry density ρd =
1.75 Mg/m3 and water content w = 11.1% [Ye et al.,
2009].

Figure 8: Micrographs of two compacted bentonites obtained using an environmental scanning electron
microscope.

Mercury intrusion porosimetry provides further insight into the structure of the compacted bentonites
and the pore size distribution. Figure 9 presents the pore size distributions obtained by Lloret et al. [2003]
on Febex bentonite compacted to dry densities of 1.5 Mg/m3 and 1.8 Mg/m3. In this figure, a bimodal
distribution is clearly observed, the two peaks being in the range of pore sizes of 10 nm and 10 μm for
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the highest dry density, and 10 nm and 40 μm for the lowest dry density. The size of the larger pores is
consistent with the inter-aggregate pores observed in Figure 8(a).

Figure 9: Pore size distribution of Febex bentonite compacted at different dry densities, ρd = 1.5Mg/m3

and ρd = 1.8 Mg/m3 [Lloret et al., 2003].

In Figure 9, the pore family with the peak around 10 nm corresponds to the intra-aggregate porosity,
and more specifically the inter-particle porosity. Note that pores smaller than around 6 nm (correspond-
ing essentially to intra-particle pores) cannot be investigated by using mercury intrusion porosimetry.
The intra-aggregate porosity is therefore not homogeneous and includes pores between particles (inter-
particle porosity) and inside a particle (inter-layer porosity). In the following, the term microporosity is
used to refer to the total intra-aggregate porosity.

4.3 Water storage and hydration mechanisms

Water in compacted bentonite is present under different forms: structural water, adsorbed water and
capillary or free water [Kezdi, 1974; Stçepkowska, 1990]. Structural water or hydroxyl is part of the min-
erals structure and does not leave the solid phase below 350°C. It is therefore excluded from water
content measurements which are obtained after drying the sample at a temperature slightly over 100°C.
Adsorbed water corresponds to the water which is adsorbed on both internal and external surfaces of
the clay minerals, i.e. which is stored in the intra-aggregate pores (micropores). Finally, capillary or free
water is stored in the macropores. Figure 10 presents a conceptual representation of the structure of
compacted bentonites and the different types of water.

Figure 10: Conceptual representation of the structure of compacted bentonite (in black) and the different
water storage mechanisms (in blue) [modified after Gens & Alonso, 1992; Jacinto et al., 2012].
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The physical state of water in the vicinity of the charged clay layers differs from the one of bulk water, and
both values of viscosity and density are affected [Langmuir, 1917; Baver & Winterkorn, 1935; Winterkorn,
1943]. Low [1979] and Bourg et al. [2003] showed that the viscosity of the adsorbed water is higher than
the one of bulk water. Moreover, due to the strong physicochemical interactions between water and the
clay particles, the density of adsorbed water is significantly higher than that of bulk water [Hawkins &
Egelstaff, 1980; Derjaguin et al., 1986; Swenson et al., 2000; Jacinto et al., 2012], and may reach values
higher than 1.4 Mg/m3 (Figure 11(a)).

From a practical point of view, the water density has a strong influence on the computed degree of sat-
uration. The degree of saturation Sr is indeed obtained from the gravimetric water content w according
to

Sr =
ρs
ρw

w

e
(4)

where ρs is the density of the solids, ρw is the water density and e is the void ratio (defined as the ratio
between the volume of voids and the volume of solids). When the degree of saturation is calculated
with the density of bulk water (ρw = 1Mg/m3), values higher than 1 are systematically obtained close to
saturation [Villar, 2002; Marcial, 2003; Jacinto et al., 2012]. Knowing the water content and void ratio of
presumably saturated samples, Villar [2000] computed the equivalent water density in compacted Febex
bentonite. Figure 11(b) shows that the mean water density is higher for denser samples, although water
densities higher than 1 are found for looser samples.

(a) Water density in sodium montmorillonite as a function of
water content [Martin, 1960].

(b) Water density in Febex bentonite as a function of dry density
[Villar, 2000].

Figure 11: Water density in compacted bentonites.

In practice, the different types of water cannot be easily separated. Thermogravimetric analysis is gen-
erally used to this end, although the interpretation of the results is not straightforward [Cases et al., 1997,
1995; Salles et al., 2009]. At relative humidities lower than 90%, water ismainly found in the interlayer and
adsorbed on the external surface of the particles. When the relative humidity increases, some capillary
condensation is believed to take place in the macropores. However, as discussed in the next section,
important porosity redistribution occurs upon wetting and leads a reduction of the macroporosity under
confined conditions, hence limiting the amount of free water. The amount of free water in compacted
bentonites is therefore usually estimated to be only a few percent of the total water, under saturated
conditions [Pusch et al., 1990; Bradbury & Baeyens, 2003; Fernandez et al., 2004].

4.4 Factors affecting the structure

The mechanisms affecting the structure of soils may be classified into internal and external factors.
Internal factors (also called intrinsic) include the mineralogy, clay particles size and morphology, and
water chemistry. External factors are the compaction method and its energy, and the water content. In
this section, the structure evolution is only considered from the point of view of the pore size distribution,
as little information is available about the morphology of the pores and aggregates structure.
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4.4.1 Mechanical loading

Figure 9 presents the pore size distributions of Febex bentonite compacted at two different dry densities,
namely 1.5 Mg/m3 and 1.8 Mg/m3, but the same water content. In both cases, a bimodal pore size
distribution is observed, even at high dry density. The compaction process has two main effects. Firstly,
regarding the porous volume, increasing the compaction effort at constant water content decreases the
volume of macropores, while the volume of micropores is hardly affected. Secondly, compaction shifts
the size of dominant macropores towards smaller pore radii.

4.4.2 Water content changes

As a result of the sensitivity of clay minerals to water, the structure of compacted bentonites is signifi-
cantly affected by changes inwater content. An increase in thewater content leads indeed to the swelling
of clay layers and particles, hence aggregates. Figure 12 shows the evolution of the pore size distribu-
tion of MX-80 bentonite compacted to a dry density of 1.79Mg/m3 and hydrated under constant volume
conditions. The experimental data show an increase of volume of the smaller pores and a progres-
sive decrease of the inter-aggregate pore volume. Consequently, the structure of the material evolves
from a bimodal pore size distribution (as-compactedmaterial) towards amono-modal distribution under
fully saturated conditions. According to Romero [2013], the evolution of the macropores volume upon
changes in water content is the consequence of both multi-scale and multi-physical processes. Dur-
ing wetting, the expanding clay particles invade indeed the macropores, hence decreasing the macro-
pores volumes. On the other hand, wetting is likely to lead to collapse of the macrostructure. At the
macroscopic scale, collapse is indeed often detected during saturation of compacted bentonites and is
generally interpreted as an instability of the material structure.

Figure 12: Influence of the water content on the pore size distribution of MX-80 bentonite compacted to
a dry density ρd = 1.79 Mg/m3 and hydrated under constant volume conditions [Seiphoori et al., 2014]

Figure 13 presents an interesting picture, obtained by cryo-Focused Ion Beam nanotomography [see
Keller et al., 2014, for details on this technique], of partially saturated MX-80 bentonite compacted to
a dry density of 1.46 Mg/m3 with a water content of 22.6%. The picture shows that the inter-aggregate
pores are filled with a loose material comparable to a gel or colloidal solution. This material is character-
ized by a special structures referred to as honeycomb [Keller et al., 2014]. For higher dry densities (1.67
Mg/m3), Keller et al. [2014] did not observe such a structure, presumably because of the lack of large
inter-aggregate pores (Figure 12).
Wang et al. [2013a] observed a different behaviour of the microstructure of a MX-80 bentonite/sand mix-
ture hydrated under confined conditions, and noticed the development of two-dimensional fissure-like
pores. These pores were detected with both mercury intrusion porosimetry (pore group with a mean
diameter of 50 μm and 1 μm in Figure 14(a)) and scanning environmental microscope (Figure 14(b)).
Wang et al. [2013a] suggested that these pores may result from the division of clay particles within the
aggregates due to swelling. However, further investigations are required since the release of the swelling
pressure before freeze-drying of the sample could also influence the observations.
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Figure 13: Microstructure of compacted MX-80 bentonite with dry density ρd = 1.46 Mg/m3 and water
content w = 22.6% obtained by cryo-Focused Ion Beam nanotomography [Keller et al., 2014].

(a) Evolution of the pore size distribution. (b) Micrograph for saturated conditions (w = 25.5%).

Figure 14: Development of two-dimensional fissure like pores during hydration of aMX-80 bentonite/sand
mixture under constant volume conditions [Wang et al., 2013a]

Finally, few experimental data are available concerning the reversibility of the microstructure behaviour
uponwetting and drying cycles. According to Romero [2013], the aggregates of as-compacted bentonites
swell and shrink almost reversibly upon wetting and drying. Therefore Romero [2013] qualifies the aggre-
gates of compacted clayey soils as a permanent feature of the microstructure. However, Seiphoori et al.
[2014] observed significant and permanent modifications of the structure of granular MX-80 bentonite
saturated under constant volume conditions. Indeed, no significant structural changes were observed
upon drying. Seiphoori et al. [2014] interpreted this irreversibility of the structure behaviour as a conse-
quence of the irreversible subdivision of smectite particles (see Section 3.3).

4.4.3 Ageing

Ageing effects refer to time-dependent phenomena. These effects were studied by Delage et al. [2006]
onMX-80 bentonite (Figure 15). The study showed that significant changes in thematerial structure were
observed when bentonite samples were maintained under constant volume and constant water content
for different periods of time ranging from 1 day to 90 days. In particular, a decrease in the inter-aggregate
porosity and an increase in the non-intruded porosity (interpreted as inter-layer porosity) were observed.
These observations were interpreted in terms of progressive placement of interlayer water molecules
within the particles and subdivision of clay particles.
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Figure 15: Changes in pore size distribution with time of compacted MX-80 bentonite with dry density
ρd = 1.61 Mg/m3 and water content w = 8.2% [Delage et al., 2006].

4.5 Model for the microstructure evolution

In the previous section, the effects of hydraulic and mechanical loading on the microstructure of com-
pacted bentonites were underlined. In particular, the experimental observations showed that the mi-
crostructure of compacted bentonites created upon compaction was not fixed, but evolving along hy-
dromechanical stress paths. In this section, attention is focused on quantifying the evolution of the
microstructure.

The experimental technique the most often used to gather quantitative information on the structure of
porous media is mercury intrusion porosimetry. While the technique provides only partial information on
the material microstructure, the results can be used to obtain a scalar measure of the interconnected
pore sizes and volumes. Accounting for this limitation, mercury intrusion porosimetry data are often
used and analysed in order to highlight tendencies in the evolution of the pore size distribution of com-
pacted bentonites along hydromechanical stress paths [Romero et al., 2011; Della Vecchia et al., 2015].
In particular, the following quantities are defined:

• the microporosity φm is the ratio between the micropores volume Ωm and the total volume Ω

φm =
Ωm

Ω
. (5)

The microporosity coincides with the total intra-aggregate porosity and includes both inter- and
intra-particles pores.

• the microstructural void ratio em is the ratio between the micropores volume Ωm and the solid
volume Ωs

em =
Ωm

Ωs
=

φm

φ
e (6)

where φ and e are respectively the (total) porosity and void ratio.

• the macroporosity φM is the ratio between the macropores volume ΩM and the total volume Ω

φM =
ΩM

Ω
. (7)

The macroporosity coincides with the inter-aggregate porosity.

• the macrostructural void ratio eM is the ratio between the macropores volume ΩM and the solid
volume Ωs

eM =
ΩM

Ωs
=

φM

φ
e (8)

with the total porosity φ = φm + φM and total void ratio e = em + eM .

From a practical point of view, these quantities can be estimated based on experimental pore size dis-
tributions. Therefore a criterion should be defined to distinguish micropores from macropores. Three
main approaches are identified and briefly summarized:
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• Approach 1: an entrance pore size is selected basedon the pore size distribution of the as-compacted
material and is used to separate intra-aggregate and inter-aggregate pores.

• Approach 2: data from a mercury intrusion and extrusion cycles are used. The difference between
the intruded and extruded mercury volume is assumed to correspond to the inter-aggregate poros-
ity [Delage & Lefebvre, 1984; Delage et al., 1996].

• Approach 3: the entrance pore size coinciding with the dominant peak of the pore size distribution
of the material saturated under constant volume conditions is detected. It is used to separate
intra-aggregate and inter-aggregate pores [Della Vecchia, 2009; Romero et al., 2011].

The different criteria are further described and discussed in Romero et al. [2011]. In addition, a fourth ap-
proach, based on the discrimination of water retention domains, was proposed by Romero et al. [1999].
Yet, if the approaches are conceptually different, they generally provide similar quantitative results in
terms of porosities evolution.

Based on the experimental observations presented in the previous section, two main conclusions can
be drawn. Firstly, mechanical loading does not affect the volume of micropores. This is at least true for
the range of loads and dry densities commonly investigated. Secondly, hydraulic loading strongly affects
the micropores volume. In particular, wetting yields an increase of the micropores volume. Accordingly,
Romero et al. [2011] suggested to plot themicrostructural void ratio em obtained from the analysis of pore
size distributions as a function of the water ratio ew (defined as the ratio between the volume of water
and the volume of solids). By doing so, Romero et al. [2011] and Della Vecchia et al. [2013] observed that,
below a given water ratio ew = e∗m, the microstructural void ratio of moderately active clays was almost
constant and not affected by the water ratio. On the contrary, for higher water ratios, the microstructural
void ratio increases almost linearly with the water ratio. Therefore, Romero et al. [2011] and Della Vecchia
et al. [2013] proposed the following law for the evolution of the microstructural void ratio with the water
ratio

em = e∗m + β 〈ew − e∗m〉 (9)

where 〈〉 designates the Macaulay brackets (ramp function), e∗m is the water ratio corresponding to fully
saturated micropores and β quantifies the swelling tendency of the aggregates.

Dieudonné et al. [2013], Della Vecchia et al. [2015] and Dieudonné et al. [2017] analysed a large number
of mercury intrusion porosimetry results on different bentonites. The materials include Febex bentonite
[Lloret et al., 2003; Lloret & Villar, 2007; Romero et al., 2011], Kunigel V1 bentonite [Romero, 2012, and
present work], MX-80 bentonite [Delage et al., 2006; Wang, 2012; Seiphoori et al., 2014] and a mixture of
MX-80 bentonite and sand [Wang et al., 2013b; Saba et al., 2014]. The analysis of the experimental results
and their representation in the (ew − em) plane does not allow identifying any threshold water content
below which the microstructural water ratio remains constant. On the contrary, the micropores volume
appears to be continuously evolving with the water ratio (Figure 16). This observation is in accordance
with results presented by Romero et al. [2011] on Febex and MX-80 bentonites.

Accordingly, Dieudonné et al. [2013] proposed to describe the evolution of microstructural void ratio with
the water ratio

em = em0 + β0ew + β1e
2
w (10)

where em0 is themicrostructural void ratio for the drymaterial (ew = 0) and β0 and β1 are parameters that
quantify the swelling potential of the aggregates. Table 4 presents the model parameters calibrated for
four bentonite-basedmaterials, namely Febex, Kunigel V1 andMX-80 bentonites, and amixture of MX-80
bentonite and sand. In particular, Figure 16 provides an example of the calibration for MX-80 bentonite,
using experimental data from Delage et al. [2006], Seiphoori et al. [2014] and Wang et al. [2014].

Three remarks are formulated concerning the proposed model. First of all, it should be noted that for
high values of dry density and water content, Equation (10) may lead to values of em higher than the total
void ratio e. In this case, it is assumed that the microstructure is completely developed and em = e.
This remark is directly related to the fact that Equation (10) does not provide any limiting value of em
with ew , although such a limit probably exists. However, the proposed relation is meant to describe the
microstructure of compacted bentonites forwhich the range ofwater ratios is limited to 0.15 � ew � 0.95.
Finally, in a reasonable range of water ratios, Equation (10) provides predictions similar to those of the
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Figure 16: Evolution of the microstructural void ratio em with the water ratio ew from MIP results on
compacted MX-80 bentonite.

Material em0 β0 β1

Febex 0.35 0.25 0.15

Kunigel V1 0.4 0.03 0.21

MX-80 0.31 0.1 0.48

MX-80/sand mixture (70/30) 0.29 0.1 0.18

Table 4: Parameters of the microstructure evolution law for four bentonite-based materials.

bilinear expression proposed by Romero et al. [2011], whilst providing a continuous evolution of em with
the water ratio.

5 Summary

Bentonites exhibit a complex behaviour under repository conditions, owing to the high sensitivity of the
material to mechanical and environmental (thermal, hydraulic and pneumatic) loads. This sensitivity of
bentonites to external factors arises from both the mineralogical composition and the multi-scale struc-
ture of the material, which can be investigated by using modern experimental techniques.

In these lecture notes, attention was first focused on the physicochemical properties of smectites and
the hydration and swelling mechanisms of these minerals. At the scale of the clay particle, hydration
leads to an increase of the average interlayer distance and a division of the clay particles into smaller
structures, both contributing to the particle swelling. A precise description of the processes is com-
plex. Yet, the diffuse double layer theory provides interesting qualitative results on the factors affecting
swelling. In particular, the theory allows a first explanation of the considerably different swelling pres-
sures reached by different bentonites upon saturation.

The hydration and swelling mechanisms were then addressed at the scale of the compacted material
microstructure. The experimental data show that hydration of compacted bentonite under confined con-
ditions is associated with a progressive increase of the micropores volume and a decrease of the inter-
aggregate porosity. On the contrary, under unconfined conditions, swelling taking place at the clay layer
yields important swelling strains observed at the macroscopic scale. Based on the interpretation of a
large number of pore size distributions on compacted bentonites, a model for the microstructure evolu-
tion is proposed.
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Bruno, G. (1993). Etude expérimentale des mécanismes de reduction et d’oxydation du Fer d’une argile
naturelle – Evolution de ses propriétés physiques et chimiques. Ph.D. thesis, Université de Poitiers.
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pacted clayey soils. Géotechnique 61, No. 4, 313–328.

Romero, E., Gens, A. & Lloret, A. (1999). Water permeability, water retention and microstructure of unsat-
urated compacted Boom clay. Engineering Geology 54, No. 1–2, 117–127.

Romero, E. & Simms, P. H. (2008). Microstructure investigation in unsaturated soils: a review with spe-
cial attention to contribution of mercury intrusion pororismetry and environmental scanning electron
microscopy. Geotechnical and Geological Engineering 26, No. 6, 705–727.

Ross, C. S. & Shannon, E. V. (1926). The minerals of bentonite and related clays and their physical prop-
erties. Journal of the American Ceramic Society 9, No. 2, 77–96.

Saba, S., Delage, P., Lenoir, N., Cui, Y. J., Tang, A. M. & Barnichon, J. D. (2014). Further insight into the
microstructure of compacted bentonite-sand mixture. Engineering Geology 168, 141–148.

Saiyouri, N., Hicher, P. Y. & Tessier, D. (2000). Microstructural approach and transfer water modelling in
highly compacted unsaturated swelling clays. Mechanics of Cohesive-Frictional Materials 5, 41–60.

Saiyouri, N., Tessier, D. & Hicher, P. Y. (2004). Experimental study of swelling in unsaturated compacted
clays. Clay Minerals 39, 469–479.

Salles, F., Douillard, J. M., Denoyel, R., Bildstein, O., Jullien, M., Beurroies, I. & Van Damme, H. (2009).
Hydration sequence of swelling clays: evolutions of specific surface area and hydration energy. Journal
of Colloid and Interface Science 333, No. 2, 510–522.

Santamarina, J. C., Klein, W. Y. H., K. A. & Prencke, E. (2002). Specific surface: determination and rele-
vance. Canadian Geotechnical Journal 39, No. 1, 233–241.

Schanz, T. & Al-Badran, Y. (2014). Swelling pressure characteristics of compacted Chinese Gaomiaozi
bentonite GMZ01. Soils and Foundations 54, No. 4, 748–759.

Segad, M., Jönsson, B., Akesson, T. & Cabane, B. (2010). Ca/Na montmorillonite: structure, forces and
swelling properties. Langmuir 26, No. 8, 5782–5790.

Seiphoori, A., Ferrari, A. & Laloui, L. (2014). Water retention behaviour and microstructural evolution of
MX-80 bentonite during wetting and drying cycles. Géotechnique 64, No. 9, 721–734.
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Villar, M. V., Gómez-Espina, R. & Guitiérrez-Nebot, L. (2012). Basal spacings of smectite in compacted
bentonite. Applied Clay Science 65–66, 95–105.

Wang, Q. (2012). Hydro-mechanical behaviour of bentonite-based materials used for high-level radioactive
waste disposal. Ph.D. thesis, Université Paris-Est.
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EXPERIMENTAL EVIDENCES OF 
ADVECTIVE GAS TRANSFER AT LAB 
SCALE
A DETAILED RESEARCH METHODOLOGY ON 
BOOM CLAY

23 January 2020 School for Radioactive Waste Management 2020 1

OUTLINE OF THE LECTURE

2

1. Motivation and content

2. Insight into gas transfer (gas generation, gas
transport mechanisms, multi-scale aspects)

3. Some observations regarding gas testing
(experimental protocols)

4. A detailed research methodology on Boom Clay:
• Material characterization
• Stress paths followed
• Gas test protocols
• Test results at different scales (macroscopic results

and microstructural features)

5. Final comments. Future challenges

https://www.dropbox.com/sh/wk
qnzldepjguxxm/AAB8G3Si9B83dBS
bbbv22NWua?dl=0
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WHAT IS THE MOTIVATION OF THIS LECTURE? SOME COMMENTS

To present an ‘updated perspective’ on the use of laboratory techniques (multi-
physics testing) to understand macroscopic (phenomenological) features of
advective gas transport in saturated clayey materials. Laboratory tests are
necessary to improve the understanding of the basics and to provide data for
the development of predictive tools.

Discontinuities, fractures and heterogeneity play an important role in this
understanding. Microstructural tests are mandatory to study the changes (before
and after gas injection) in the pore size distribution, reconstruct fissure/pathway
patterns (estimate the total volume of pathways and their connectivity), and
provide information on the heterogeneous distribution of porosity (‘low-density’
pathways).

3

WHAT IS THE MOTIVATION OF THIS LECTURE? SOME COMMENTS

Experimental techniques used to study coupled multi-physics process do not
always present the complete picture of understanding (information on local
behavior usually remains unknown). Often, theoretical and/or numerical models
must accompany the interpretation of the physical tests to better exploit the
information provided by measurements and to offer additional confidence on the
experimental results (validation of the experimental techniques).

Advective gas tests are associated with so-called ‘critical phenomena’ that are at
the verge of predictability (particularly at specimen scale), and microstructural
features set on compaction / stress paths affecting pore size distribution and
connectivity issues (multiple gas pathways, dominant single cluster, ….) are admitted
to play an important role in the scatter.

4

3

4
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WHY GAS TRANSPORT ISSUES ARE OF INTEREST?

5

Landfill design (methane, …)

Conventional/unconventional gas reserves

Understanding gas transport process is an
important issue in the assessment of
radioactive waste repository performance
and other energy / environmental
geotechnics related fields (shale gas, CO2
capture, landfill design, …)

Safely storing CO2

Peterhead CCS Project (UK) 

GEOLOGICAL DISPOSAL FACILITIES

Based on the multi-barrier system 
concept for long-term isolation 

• Artificial barriers:
• Waste canister
• Metallic overpack
• Sealing and buffer materials EBS to prevent / 

delay the release of radionuclides, gases and 
other contaminants

• Natural barriers:
• Geosphere: geological formation and 

groundwater (host rock)

6

1. Glass matrix, containing radioactive material
2. Metal container
3. Backfill with bentonite
4. Host rock

Swiss concept (NAGRA)

5

6
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GAS GENERATION SOURCES

7

• Degradation of organic matter: methane and carbon
dioxide

• Radiolysis: hydrogen, oxygen, carbon dioxide,
methane, etc

• Alpha decay process: helium

• Anaerobic corrosion of ferrous materials in metallic
overpacks (largest source and production of
hydrogen)

Gas pressure

Gas production rate

Transport properties of EBS 
and of host formations

Gas pressure build-up may cause the failure of the EBS and the 
possible release of radionuclides into environment

Swiss disposal concept for High Level Waste
• Total volume of produced gas: 20 Mio m3 (STP) 
• Total pore volume of backfilled 

underground structures: 0.105 Mio m3

• Upper limit of gas pressure: 20 MPa 

MULTI-BARRIER PERFORMANCE

NAGRA (www.mont-terri.ch)

• Large number of past THM-C
processes and phenomena that
interact

• No overlapping with bentonite
saturation and EDZ self-sealing

• Predictions required for long periods
of time

8

7

8
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COUPLED MULTI-PHYSICS INTERACTION IN THE DISPOSAL

9

Thermal
Heat transfer

Hydraulic
Water / Gas 

migration

Mechanical
Stress-strain

Effective stress changes 
Suction changes

Porosity changes
Hydraulic conductivity
Fracture aperture

Chemical
Precipitation / 

Dissolution

LONG-TERM Small thermal interactions (thermal history has impact)
EBS and host rock close to saturated conditions (reduced chemical interactions)

Gas 
generation 

and 
migration

Gas dissolved in water migrates 
through diffusion (low gas 
generation rates)

• Gas pressure builds up due to the 
slow diffusive transport in low 
permeable media (high gas 
generation rates)

Gas flow through the matrix partially 
displacing water (two-phase flow)

• Flow affected by mechanical effects 
(intrinsic permeability affected by 
porosity changes)

Gas flow through pressure-
dependent pathways/fractures 
(existing/induced) (microscopic 
fissuring, macroscopic fracture)

• Flow properties affected by 
mechanical effects and fracture 
aperture

10
Marschall et al. (2005)

GAS MIGRATION IN SATURATED POROUS 
MEDIA: GAS TRANSPORT MECHANISMS

9

10
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11

ONDRAF/NIRAS (2016)

GAS TRANSPORT PATHWAYS AT THE MACRO-SCALE

Plastic host rock: gas migration along 
bedding planes or discontinuities in the EDZ 

Extension of EDZ in Connecting Gallery
(Boom Clay, HADES URL, Belgium)

Salehnia et al. (2015)

BIB-SEM: broad ion beam scanning electron 
microscopy 
FIB-SEM: dual-beam system (focused ion 
beam scanning electron microscopy)

RANGES OF PORE SIZES (TOMOGRAPHIC TECHNIQUES, BOOM CLAY)

Hemes et al. (2015) 

Multi-scale characterisation of porosity in 
Boom Clay

(HADES-level, Mol, Belgium)

12

MIP: Mercury intrusion porosimetry (450 m and 7 nm)

Digital image analyses using tomography (X-
ray μ-CT, BIB-SEM / FIB-SEM tomography) 
(rendering graphics software ImageJ, Avizo,
…)

3D volume reconstruction from slice-and-
view images, and stacking multiple planar 
images with a known separation

Resolution depending on system and sample 
size (typically between 0.01 to 100 μm) 
(1000-2000x the object cross-section 
diameter)

11
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RANGES OF PORE SIZES (TOMOGRAPHIC TECHNIQUES, BOOM CLAY)

Multi-scale characterisation of 
porosity in Boom Clay

(HADES-level, Mol, Belgium)

13

Image analyses (pore size distribution, pore 
bodies / pore throats, fissure / pore volume
through filtering process, connectivity and 
morphology of the pore space, random 
porosity distribution, …

Hemes et al. (2015) 

GAS TRANSPORT PATHWAYS AT THE MICRO-SCALE

Bedding patterns μ-CT 
Vsample=1900 mm3

Bedding planes initially ‘closed’ that are activated
during gas injection (pressure-dependent fissures) Ypresian clays, Belgium  (depth 283 m) 

= 12 mm
h = 16 mm

AA’ BB’

BB’AA’

1

2

3

5

6

4

Gonzalez-Blanco et al. (2017)
Sau et al. (in prep.)

Boom Clay, Belgium  (depth 223 m) 

Plastic host rock: gas migration affected by 
bedding planes (natural discontinuities)

14

13
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DEGRADATION / FISSURING ISSUES ON INDURATES CLAY ROCK BEFORE GAS
PERMEABILITY TESTS

Tertiary (Eocene) Lilla claystone (Spain). 
Rock matrix (clayey fraction + large size
minerals)

Micro-fissuring developed mainly at the
interfaces between the clayey matrix and 
the large-size minerals (rigid inclusions)

Hydraulic degradation 
application

SEM + EDS

After Hydraulic cycle

H2O 1h drying
HR=50%

+
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DEGRADATION / FISSURING ISSUES ON INDURATES CLAY ROCK BEFORE GAS
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Pressure decay method (RH = 50%)

The as-compacted structure is not 
completely extinguished (memory effect)

Saturated 
sample

As-compacted 
sample

During the compaction, high-density 
aggregates (grain-type structure)

During the saturation, aggregates swell and 
partly fill the boundaries with low-density 

material

GAS TRANSPORT THROUGH TORTUOUS PATHWAYS AT THE MICRO-SCALE
MX-80 compacted bentonite (dry-side): gas migration along lower dry density 
zones

Romero & Gonzalez-Blanco (2019) 18

17
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Density (porosity) calibration to take into 
account local heterogeneity

As-compacted 
sample

Sample As-compacted Saturated 
Degree of saturation

(μm) 2849 1156
(Mg/m3) 1.53 1.53

Density range (Mg/m3) 1.46-1.62 1.52-1.56

(Mg/m3) 0.16 0.04

Standard deviation 0.031 0.010

Coefficient of variation 0.020 0.005

Saturated 
sample

The covariance range of the structure reaches
correlation lengths of at least 3 mm

HETEROGENEITY EFFECTS AT THE MICRO-SCALE (DRY-SIDE COMPACTED MX-80)

Romero & Gonzalez-Blanco (2019) 19

Use of 
representative 

area of the 
histogram not  
only the mode

-5% +5%

Distribution according to 
μ-CT with no correlation length
(diameter 50 mm)

Romero & Gonzalez-Blanco (2019)

HETEROGENEITY EFFECTS AT THE MICRO-SCALE (DRY-SIDE COMPACTED MX-80)
Density (porosity) calibration to take into account local heterogeneity

Random porosity field in coupled FEM simulation:

20
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ADVECTIVE GAS EXPERIMENTS AT LAB SCALE: SOME ISSUES OF CONCERN
• Effects of the stress state and stress history (mechanical, saturation, thermal) on gas migration

• Volume change behaviour during the stress history and along gas injection / dissipation (changes in gas 
and liquid pressures and their impact on gas permeability). Stress changes during gas injection under 
soil constant volume conditions

• Role played by natural discontinuities and their orientation (anisotropy) and low-density pathways 
(material heterogeneity)

• Changes in the pore / fissure network and their connectivity due to gas injection / dissipation (opening 
of bedding planes / fissures / pathways)

• Gas migration after resaturation (reopening of fissures)

• Liquid displacements (desaturation of pathways) during gas injection / dissipation

• Influence of the gas injection rate and gas type 

• Mobilisation of bentonite material along the gas percolation path (internal erosion)

Simple concepts but no so simple tests to perform and interpret. Need for coupled
modelling to complement the information not provided by measurements
(‘boundary value tests’)

HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

22

Importance of:

• Hydro-mechanical characterization of tested material (uncertainty / variability 
assessment)

• Restoring in situ stress state (effective stress) (natural samples)

• Reproducible sample preparation methods (artificially prepared samples)

• Defining the stress paths to follow prior to gas injection (saturation path)

• Measuring volume changes in stress-controlled tests / stress state under isochoric 
conditions

• …

21
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

23

Gas injection protocol:

• Stress controlled (dilatant pathways) or controlled volume conditions (isochoric test)
• Type of fluid at the boundaries (gas – gas) / (gas – liquid). Gas type (air / nitrogen N2 / 

helium He ...)
• Flow direction with respect to bedding orientation (anisotropy features)
• Surface to apply gas injection (gas on entire sample surface, point injection)
• Gas injection method (pressure ramp / controlled volume or mass rate injection )
• Gas injection rate (slow – fast) (dynamic effects on water retention curve)
• Type of test (‘soft breakthrough’ with maximum pressure close to AEV / ‘hard 

breakthrough’ until gas outflow)
• Information on system volumes (inflow/outflow volumes, dead volume up to valves, gaps, 

…)
• …
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Opalinus Clay claystone (Switzerland)
Brown Dogger claystone (Switzerland)

Total suctionOsmotic suction

IMPORTANCE OF RESTORING IN SITU STRESS STATE (EFFECTIVE STRESS)

24

Occurrence of (matric) suction despite 
the nearly saturated state:

• Release of total stresses under water 
undrained conditions upon retrieval

• Some drying undergone during 
sampling, transportation, storage 
and preparation

Boom Clay (Belgium)

Ypresian clays (Belgium)
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IMPORTANCE OF RESTORING IN SITU STRESS 
STATE (EFFECTIVE STRESS)

25

The capability of the porous
matrix to sustain the high
(matric) suction under saturated
conditions is associated with the
air-entry value of the material

IMPORTANCE OF RESTORING IN SITU STRESS 
STATE (EFFECTIVE STRESS)

26

If values of induced matric suction are 
higher than the AEV, then some air is 
expected to enter the soil during 
retrieval that induces the degree of 
saturation to decrease and fissures / 
gaps along bedding planes to open

0.85 0.90 0.95 1.00
Degree of saturation
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0.01 0.1 1 10 100
Matric suction (MPa)
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0

Balanzas upper claystone (Spain)
Boom Clay (Belgium)
Ypresian clays (Belgium)
Opalinus Clay claystone (Switzerland)
Brown Dogger claystone (Switzerland)
Callovo-Oxfordian claystone (France)

Estimated from retrieval depth
Measured matric suction

AEV from dominant largest pore size

25
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IMPORTANCE OF RESTORING IN SITU STRESS 
STATE (EFFECTIVE STRESS)

27

• Boom Clay loaded under water
undrained conditions to in situ 
vertical stress (3 MPa)

• Placed in contact with synthetic water
SBCW at atmospheric pressure
(despite being saturated there is still
some remaining matric suction
around 0.15 MPa)

• Afterwards vertical stress and water
pressure can be translated (constant
vertical effective stress) for water
back-pressure application

Gonzalez-Blanco et al 
(2016)

stainless steel pistons

graphite packing material

1/8 conduit

double-layered sleeve
stainless steel porous disk (fluid reservoir)
connector for confining pressure
rock sample

1/8 conduit

stainless steel porous disk (fluid reservoir)
confining pressure conpartment
graphite packing material

axial load

stainless steel 
body

Sample
Ø  28.5mm
h 30 mm Hildebrand et al. (2002)

Test stages:

•Saturation

•Water permeability

•Removal of water from porous disks

•Gas injection test

TYPICAL LABORATORY TEST STAGES BEFORE GAS INJECTION

28
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isotropic stress

injection pressure

outflow air pressure

injection volume rate 0.0244 mL/min

outflow air volume

corrected
'constant mass'
system
V0=450.20 mL

recovery piston stopped

isotropic stress - injection pressure

8.38x10-8 m2/s

Air injection test at controlled-volume rate: 
2.44x10-2 mL/min

Srf =74% (final)
Downstream: gas    

Upstream: gas    

Injection pressure was not able to 
increase over 4.5 MPa due to 
desaturation effects:
• Progressive desaturation of sample
• Decay of air injection pressure

CONSEQUENCES OF TYPE OF FLUID AT THE BOUNDARIES (GAS – GAS)

Romero et al. (2010) 29

Air injection tests on Brown Dogger shale formation (Switzerland)

IMPORTANCE OF MEASURING VOLUME 
CHANGES DURING GAS INJECTION

Triaxial/isotropic cell (h=25 mm, φ=50 mm)
p= 15 MPa

tshut-in=224.6 min tshut-in=11562 mintshut-in≈4.2 min

BD (777 m)
r=100 mL/min

A

B

C

r=2 mL/min

r=0.04 mL/min
BD (782)

r=100 mL/minBD (777)

B’’
B

B’

r=2 mL/min

r=0.04 mL/min
BD (782)

Gonzalez-Blanco et al. (2016)

30

A→B: Gas injection at 
constant volume rate

B: Shut-off phase (constant 
injection volume)

B→C: Dissipation phase
(constant injection volume)

expansion compression

29
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IMPORTANCE OF STRESS HISTORY

31

Gas injection on compacted 
(dry-side) MX-80 bentonite

(constant volume rate: 2 
mL/min)
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Romero & Gonzalez-Blanco 
(2019)

As-compacted state
Dry density, ρd 1.55 Mg/m3

Water content, w 20%
Total suction, 21.1 MPa
Vertical 
compaction stress

4.9 to 5.1 
MPa

Void ratio, e 0.806

OUTLINE OF THE LECTURE

32

1. Motivation and content

2. Insight into gas transfer (gas generation, gas transport mechanisms,
multi-scale aspects)

3. Some observations regarding gas testing (experimental protocols)

4. A detailed research methodology on Boom Clay:
• Material characterization
• Stress paths followed
• Gas test protocols
• Test results at different scales (macroscopic results and microstructural

features)

5. Final comments. Future challenges

31
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BOOM CLAY

Bedding planes orientation

Marine sediment of the Cenozoic (Rupelian age, 30 My) 

Samples retrieved at HADES URL level (223 m 
depth) in boreholes horizontally drilled

Sillen & Marivoet (2007)

34

EXPERIMENTAL CHARACTERIZATION

Parameter Value
Geotechnical properties

Density of soils, ρs (Mg/m3) 2.67
Liquid limit wL (%) 67
Plasticity index, IP (%) 38

Initial conditions
Density, ρ (Mg/m3) 2.02-2.06
Dry density, ρd (Mg/m3) 1.63-1.69
Porosity, n 0.37-0.39
Void ratio, e 0.58-0.63
Water content, w (%) 22.6-24.0
Degree of saturation close to 1
Total suction after retrieval, Ψ 
(MPa) 2.45

Air-entry value from MIP (MPa) 4.8
Dominant pore mode from 
MIP(nm) 65

0.0001 0.001 0.01 0.1 1
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This study
Lima (2011)
Coll (2005)
Romero (1999)
Langy (1996)
Langy (1996)
Rhattas (1994)
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EXPERIMENTAL CHARACTERIZATION

100 101 102 103 104 105

Entance pore size, x (nm)

0

0.2

0.4

0.6

0.8

1

MIP
BJH

Mono-modal pore size distribution from 
MIP: 
• dominant pore mode around 70 nm
• AEV 4.8 MPa

Drying path of the water retention 
curve: 
• initial total suction after 

retrieval 2.45 MPa
• AEV 4.5 MPa

36

EQUIPMENT AND SETUP

Sample size (two orientations):
- 20 mm in height
- 50 mm in diameter

Oedometer cell

1. Sample
2. Metallic concentric rings with gaps
3. Axial loading piston
4. PVC for vertical stress
5. PVC for gas injection
6. PVC for water (upstream)
7. PVC for water (downstream)
8. LVDT 

35
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37

PRE-CONDITIONING STAGE

At 223 m depth 
(in situ conditions)

After retrieval
(undrained unloading)

Objectives:
- to apply similar stress state than in situ 
- to reduce initial suction
- to avoid expansion and degradation of the sample 

induced by suction reduction at low stress levels

Post-storage High initial suction 
due to stress relief 37

Large deformation
when soaking at 0.02 
MPa

Soaking at 3 MPa

Della Vecchia et al 
(2011)

Contact 
with 
water

Contact 
with 
water

Air - water

Fluids at the 
boundaries

Gas type

Flow direction
(oedometer)

Gas injection 
method

Stress state and 
air pressures

Injection rate

Air

Axial

Volumetric rate

H2

He

Radial

Pressure ramp

Air - air

≥ 2 mL/min

< 2 mL/min

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

38

37
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Air - water

Fluids at the 
boundaries

Flow direction
(oedometer)

Gas injection 
method

Stress state and 
air pressures

Injection rate

Axial

Volumetric rate

Radial

Pressure ramp

Air - air

≥ 2 mL/min

< 2 mL/min

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

39

Gas injection 
method

Volumetric rate

Pressure ramp

Air - water

Fluids at the 
boundaries

Flow direction
(oedometer)

Stress state and 
air pressures

Injection rate

Axial

Radial

Air - air

≥ 2 mL/min

< 2 mL/min

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

40

39
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Flow direction
(oedometer) Axial

Radial

Gas injection 
method

Volumetric rate

Pressure ramp

Air - water

Fluids at the 
boundaries

Stress state and 
air pressures

Injection rate

Air - air

≥ 2 mL/min

< 2 mL/min

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

41

Air - water

Fluids at the 
boundaries

Air - air

Flow direction
(oedometer) Axial

Radial

Gas injection 
method

Volumetric rate

Pressure ramp

Stress state and 
air pressures

Injection rate
≥ 2 mL/min

< 2 mL/min

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He
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isotropic stress

injection pressure

outflow air pressure

injection volume rate 0.0244 mL/min

outflow air volume

corrected
'constant mass'
system
V0=450.20 mL

recovery piston stopped
isotropic stress - injection pressure

8.38x10-8 m2/s

Air injection test on Opalinus Clay

Air

Air •Progressive desaturation of the sample
•Air injection pressure decays
• Breakthrough process does not  occur 

42

Romero et al. (2010)
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Injection rate
≥ 2 mL/min

< 2 mL/min

Air - water

Fluids at the 
boundaries

Air - air

Flow direction
(oedometer) Axial

Radial

Gas injection 
method

Volumetric rate

Pressure ramp

Stress state and 
air pressures

< AEV

> AEV

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

Romero et al. (2010)
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isotropic stress

injection pressure

outflow pressure

injection volume rate 0.1 mL/min

outflow volume

corrected
'constant mass'
system
7.50x10-10 m2/s
V0=523.09 mL (measured 519 mL)

7.50x10-10 m2/s

Injection volume rate: 0.1 mL/min

Air diffusion phenomena are 
important to consider 

43

Air injection test on Opalinus Clay

Air

Water

> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

Stress state and 
air pressures

Injection rate
≥ 2 mL/min

< 2 mL/min

Air - water

Fluids at the 
boundaries

Air - air

Flow direction
(oedometer) Axial

Radial

Gas injection 
method

Volumetric rate

Pressure ramp

< AEV

> AEV

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

< AEV

> AEV
Gonzalez-Blanco (2017)

If < 1 MPa air flows between 
sample-ring interface

44
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> 1 MPa (flow through sample)

< 1 MPa (flow through interface)

Stress state and 
air pressures

Injection rate
≥ 2 mL/min

< 2 mL/min

Air - water

Fluids at the 
boundaries

Air - air

Flow direction
(oedometer) Axial

Radial

Gas injection 
method

Volumetric rate

Pressure ramp

< AEV

> AEV

HOW TO PERFORM THE GAS INJECTION STAGE?

Gas type
Air

H2

He

< AEV

> AEV

0.01 0.1 1 10 100 1000 10000
Time (min)

2
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14
15

AEV= 4.8 MPa

v= 14 MPa

> 1 MPa to avoid air 
passage between sample-ring interface

Gonzalez-Blanco 
(2017)

45

46

TEST PROTOCOL

Complementary tests performed 
at higher vertical stress ( = 9 / 
14 MPa): 
• to study the post-yield 

response
• to have a more complete 

picture of water permeability 
variations with void ratio

• to inject gas at higher 
pressures  

45
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47

PRE-CONDITIONING STAGE

Some deformation occurred:

Higher compressibility on loading of 
sample with bedding planes orientated 
normal to the axis (elastic anisotropy)

→ Deformation due to suction changes and stress changes

σv =0 → 3 MPa
(15 kPa/min)

σh

Air

Air ua=0

ua=0

Loading at constant water content

48

PRE-CONDITIONING STAGE

Samples with bedding planes normal to flow underwent 
higher swelling (elastic anisotropy)

Swelling strains recorded during soaking due to some remaining suction

0 1000 2000 3000 4000 5000 6000 7000
Time, t (min)

0

-0.2

-0.4

-0.6

-0.8

At 
easured
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765432

Effective vertical stress, 'v (MPa)

2.0

1.6
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0.8

0.4

0.0
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DRAINED LOADING
σv=3 → 6 MPa
(0.5 kPa/min)

Water

Water

uw=0.5 MPa

uw=0.5 MPa

σh

Drained loading

- Small anisotropy in elastic domain

50

FULL HYDRO-MECHANICAL PATH

- Slope of post-yield compression line similar for both orientations  

49
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51

WATER PERMEABILITY
σv (3, 6, 9 or 14 MPa)

uw=0.6 / 1.5 MPa

uw=0.5 MPa

Water

Water
σh

Water permeability determination

- Clear dependence of  water 
permeability on porosity

- Higher water permeability with 
flow parallel to bedding planes 
(anisotropy) 

GAS INJECTION STAGES
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Shut-off

Vair=constant
r = 0

A
S

B
S

C
S

r = constant

A→B: Air injection at constant volume rate                          
B: Shut-off of the injection system     
B→C:  Air dissipation at constant air injection volume

Tests performed:

Two orientations: 
• flow normal to 

bedding planes
• flow parallel to 

bedding planes

Two volumetric rates:
• fast (r= 100 mL/min) 
• slow (r= 2 mL/min)

52
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A→B: Fast air injection at constant 
volume rate 100 mL/min up to 4 MPa
- No important expansion detected
- No outflow detected 

B→B’: Shut-off and dissipation phase at 
constant injection volume
- Expansion while air pressure front 

propagates (constitutive stress 
decreases)

B’→C: Dissipation phase at constant 
injection volume
- When outflow volume rate increases,  

air pressure decreases and samples 
undergo compression (constitutive 
stress increases)

TEST RESULTS 
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v= 6 MPa, r = 2 mL/min

TEST RESULTS 

A→B: Slow air injection at constant 
volume rate 2 mL/min up to 4 MPa
- Expansion while air pressure front 

propagates (constitutive stress 
decreases)

- First outflow detected during the 
injection

B→C: Shut-off and dissipation phase at 
constant injection volume
- Immediately after shut-in, the 

outflow volume rate increases, the 
air pressure decreases and samples 
undergo compression (constitutive 
stress increases) CBA

B
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VOLUME CHANGE BEHAVIOUR

Significant effect of 
injection rate 

Faster injections → higher expansions
(samples expanded after shut-off during
pressure front propagation)
Pore pressure nearly equilibrated during
slower injections (no expansion after
shut-off)

Important influence of 
bedding orientation under 

oedometer conditions
Samples with bedding planes normal to
flow underwent higher expansions on air
equalisation and larger compressions on
the air dissipation stage (anisotropy)

r = 100 mL/min

Shut-off C

B

A

B’

r = 2 mL/min

Shut-off

C

B

A

55

AIR PERMEABILITY FROM INJECTION PRESSURE DECAY DATA

uin: Injection pressure
uout: pressure at recovery point
Vin: constant air injection volume

L: height of sample
A: sample area
μa: air viscosity

Assumptions:
- Steady-state conditions at high degrees of saturation (air pathways desaturated)
- Flow cross-section equal to sample area
- Negligible air diffusion though water

56
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ESTIMATED INTRINSIC PERMEABILITY FROM AIR AND WATER
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Air permeability possibly 
affected by expansion 

during air injection

Ka > Kw
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MICROSTRUCTURAL CHANGES INDUCED BY GAS MIGRATION: TECHNIQUES

- Quantitative technique 
- Intruded (connected) 

porosity 
- Discerning different scales
- Pore size detection: 7 nm -

100 μm
- Shape through fractal 

analysis

- Qualitative/quantitative 
technique 

- Morphology of the surface
- Resolution depending on 

magnification (1 μm in this
study)

- Image analysis (measuring
distances, pores, aggregates, 
orientation etc.)

- Qualitative/quantitative 
technique 

- 3D volume reconstruction
- Resolution depending on 

sample size (20 μm in this
study)

- Image analysis (fissure volume 
through filtering process, 
connectivity, …)

FESEM μ-CT 

Equivalent sizes and drying protocols (freeze-drying) to allow comparing 
techniques

MIP
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MICROSTRUCTURAL CHANGES INDUCED BY GAS MIGRATION: TECHNIQUES

FESEM μ-CT MIP FESEM μ-CT 

60

MIP: PORE SIZE DISTRIBUTION

Bi-modal pore size distribution after air tests: 
natural pores (matrix) and fissures (damage/degradation)

2 μm
New family of fissures
(enhancement through 

opening of 
discontinuities)

59

60



02-03-20
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MIP: INFLUENCE OF THE UNLOADING PROCESS IN PORE SIZE DISTRIBUTION

Influence of the unloading process on the final
pore size distribution:
• Drained unloading process induces damage 

(opening of fissures) equivalent to air 
pressurization process

• Undrained unloading process does not modify 
the microstructure

62

MIP: FRACTAL ANALYSIS
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Microporosity

Macroporosity

Natural pores

Matrix
pore sizes < 900 nm

Fractal dimension: Ds

New family of fissures at > 2 m
(tending to fissure-like shape) 

61

62



02-03-20

63

MIP: CHANGES IN THE WATER RETENTION CURVE

0.8 0.85 0.9 0.95 1
Degree of saturation, Sr
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material
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0.9<Srfinal<1
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• Decrease of AEV after tests
• Final degree of saturation close to 1

Flow through preferential pathways
Matrix remains saturated

64

MICROSTRUCTURAL CHANGES INDUCED BY GAS MIGRATION: TECHNIQUES

FESEM μ-CT FESEM μ-CT MIP FESEM
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FESEM: IMAGE BEFORE AND AFTER TESTS

100 μm

Intact sample After air injection tests

100 μm

66

FESEM: IMAGE BEFORE AND AFTER TESTS

100 μm

Intact sample After air injection tests

100 μm100 μm
predominant 
direction of 

fissures
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FESEM: IMAGE BEFORE AND AFTER TESTS

100 μm

Intact sample After air injection tests

100 μm100 μm
predominant 
direction of 

fissures100 μm
predominant 
direction of 

fissures

68

FESEM: IMAGE AFTER TESTS

100 μm

1 μm

1 μm
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FESEM: IMAGE AFTER TESTS

100 μm

1 μm

1 μm

1 μm

1 μm
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MICROSTRUCTURAL CHANGES INDUCED BY GAS MIGRATION: TECHNIQUES

FESEM μ-CT FESEM μ-CT MIP μ-CT 
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ΜICRO-CT: IMAGE TREATMENT

ROI

Software ImageJ

Procedure for μ-CT image analysis:
• Define Region of Interest (ROI)
• Identify features
• Volume reconstruction 
• Filtering process (if required)
• Connectivity filter (if required)

3D volume reconstruction 
(rendering) of intact sample

Bedding direction not visible 

(Schneider et al, 2012) 

72

ΜICRO-CT: FEATURES IDENTIFICATION
a) Intact sample b) After air injection:

bedding // flow
c) After air injection:

bedding flow

Fissures

Calcium 
carbonate 

concretions
pyrite

71
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ΜICRO-CT: FISSURE FILTERING

Isolation of fissure pattern by using: Multiscale 
Hessian fracture filtering (Voorn et al., 2013)

Air flow

Air flow

74

ΜICRO-CT: ISOLATION OF FISSURE NETWORK

Vsample = 1900 mm3

Vpores+fissures = 712 mm3 (e 0.60)
Vfissures = 34.5 mm3

Vsample = 1600 mm3

Vpores+fissures = 960 mm3 (e 0.60)
Vfissures = 23.9 mm3

Air flow

Air flow
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ΜICRO-CT: FISSURE CONECTIVITY

Vsample = 1900 mm3

Vpores+fissures = 712 mm3 (e 0.60)
Vfissures = 34.5 mm3

Vconnected fissures = 8.6 mm3 (25%)

Connected fissures
Apparent non-connected 

fissures

Air flow
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ΜICRO-CT: FISSURE APERTURE

Air flow Air flow

Fissures on the sample with bedding planes orientated parallel to air flow 
were thinner than those with bedding planes oriented normal to flow

75
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ΜICRO-CT: FISSURE SEPARATION

Fissures on the sample with bedding planes orientated parallel to air flow 
were slightly closer than those with bedding planes oriented normal to flow

Air flow Air flow
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MICROSTRUCTURAL CHANGES INDUCED BY GAS MIGRATION: TECHNIQUES

FESEM μ-CT FESEM μ-CT μ-CT MIP

77
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FISSURED RATIO DETECTED AND FINAL DEGREE OF SATURATION 

Entrance pore size (x)

PS
D

efissure

etotal

2 μm

0.8 0.85 0.9 0.95 1
Degree of saturation, S r

0.001

0.01

0.1

1

10

0.9<Srfinal<1

Sample Technique
Bedding 
// flow 

( =0.560
)

MIP ( >2 μm) 0.038 0.068 0.932
MIP ( >40 μm) 0.021 0.037 0.963
μ-CT ( >40 μm, all fissures) 0.028 0.050 0.950
μ-CT ( >40 μm, connected fissures) 0.007 0.012 0.988

Bedding 
flow 

( =0.563
)

MIP ( >2 μm) 0.029 0.051 0.949
MIP ( >40 μm) 0.017 0.030 0.970

μ-CT ( >40 μm, all fissures) 0.014 0.024 0.976

Void ratio

Fissured void ratio

Fissured ratio Final degree of saturation*

*Assuming all the fissures 
are unsaturated
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EFFECTS OF FISSURE OPENING IN GAS 
TRANSPORT PROPERTIES

Intrinsic permeability to air 
affected by the proportion of 

fissures 

Sharp decrease of air entry value
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tri

ns
ic

 p
er

m
ea

bi
lit

y 
(a

ir)
, k

 (m
2 )

In
tri

ns
ic

 p
er

m
ea

bi
lit

y 
(a

ir)
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0.00 0.04 0.08 0.12
efissured/e

10-3

10-2

10-1

100

101

x > 2 m
Intact sample (MIP)
After air tests (MIP)
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DAMAGE VARIABLE FOR ACCOUNTING THE 
EFFECTS INDUCED BY GAS MIGRATION

Damage variable definition

Damage laws :

values of the undamaged state

parameters that control the rate of degradation

residual value at high degrees of degradation 

maximum value for high values of damage

Undamaged state

Fully damaged state

Similar to the 
proposed by Fall et 
al. (2014)

82

EVOLUTION OF PORE SIZE DISTRIBUTION
N2 MIP μ-CT

Undamaged 
matrix

Active fissures 
(damaged)

1 mm1 μm1 nm

81
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GAS TRANSPORT MECHANISM  IN BOOM CLAY

Intrinsic permeability and air entry value 
governed by the opening of fissures

‘Dilatational pathways’
Zones in which fractures are developed if certain
conditions are attained (opening due to tensile
strains, plastic dilatancy, unloading path, material
degradation due to irreversible straining, …)

84

EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

Publication Material (μm) (μm) (μm)
Olivella & Alonso 2008 Opalinus Clay 0.1 - 600
Arnedo et al. 2008 Sand/bentonite 0.1

Arnedo et al. 2013a Tertiary Mudstone 
Norwegian Shelf 0.001 0.3 - 0.5 5000

Romero et al. 2016 Ypresian clay 0.7 95

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 
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EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

Intrinsic permeability of the
matrix changes with porosity:
Kozeny’s model

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 
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EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

AEV of the matrix is considered constant
and derived from van Genuchten’s model

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 
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EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

MIP FESEM μ-CT
Aperture: > 2 3 - 10 90// - 150

Separation: - 150 - 270 410// - 560

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 
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EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 

Su
ct

io
n,

 s
 (M

Pa
)

Air entry capillary pressure changes fitted
using WRC data from MIP after gas tests
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EXPERIMENTAL DATA AT MULTI-SCALE LEVEL NECESSARY FOR THE 
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS 

k 
(m

2 )

P 
(M

Pa
)

Equivalent permeability

Fracture aperture

Air entry capillary pressure changes

Embedded fracture 
permeability model 

(Olivella & Alonso, 2008) 
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APPLICATION OF THE EMBEDDED FRACTURE MODEL

89
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SIMULATION OF EXPERIMENTAL RESULTS ALLOWED BETTER EXPLOITING THE
INFORMATION PROVIDED BY MEASUREMENTS

10-9 10-8 10-7 10-6 10-5 10-4 10-3

0.000

0.004

0.008

0.012

0.016

0.020

ZFD - Advective flux
ZFD - Diffusive flux
Matrix - Diffusive flux

10-9 10-8 10-7 10-6 10-5 10-4 10-3

0.000

0.004

0.008

0.012

0.016

0.020

10-9 10-8 10-7 10-6 10-5 10-4 10-3

Gas fluxes (kg s-1 m-2)

0.000

0.004

0.008

0.012

0.016

0.020

t= 150 min

t= 245 min

t= 600 min

t= 150 min → During gas injection
t= 245 min → At shut-off (end of the injection)
t= 600 min → During gas dissipation
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OUTLINE OF THE LECTURE

93

1. Motivation and content

2. Insight into gas transfer (gas generation, gas transport mechanisms,
multi-scale aspects)

3. Some observations regarding gas testing (experimental protocols)

4. A detailed research methodology on Boom Clay:
• Material characterization
• Stress paths followed
• Gas test protocols
• Test results at different scales (macroscopic results and microstructural

features)

5. Final comments. Future challenges

94

FUTURE CHALLENGES

TASK 3: Barrier integrity
• To investigate the evolution of damage in clay-

rich geomaterials when subjected to excessive 
water / gas pressures: fracture opening and 
fracture sliding mechanisms in host rocks and 
pathway dilation and particle mobilization on 
buffer materials

• To study the self-sealing capacity of the tested 
geomaterials: after gas injection experiments, 
the samples will be subjected to re-saturation. 
Then, final water permeability testing will be 
conducted to qualify the loss of hydraulic barrier 
function

• To use model-based interpretation for 
complementing experimental data

WORK PACKAGE 6 – GAS - Mechanistic understanding of gas transport in clay materials 

TASK 2: Transport mechanisms
• To determine gas diffusion parameters on 

different clayey materials at different degrees of 
water saturation using pore network modelling 
to support experimental data interpretation 

• To study if gas sorption could be a relevant 
retardation mechanism for diffusive transport 
under repository conditions, in clays that are 
partially or fully saturated with pore water 

• To study gas advection flow (displacement vs. 
dilation) providing data under a broad range of 
conditions investigating how petro-physical 
parameters (mineralogy, density, etc.) or stress 
state influence free gas transport

93
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IIDEAL GAS LAW 

We remember from our early courses of physics:  

Where:  is pressure,  is volume,  is number of moles, is absolute temperature 
and  is the universal gas constant  

 

How can this be used in porous media flow?  

Density and molar mass are defined as:  

  and  

 So:  and  

The equation for ideal gas is used to calculate gas density:  

NON IDEAL OR REAL GAS LAW 

Van deer Waals:  

  

 

Redlich-Kwong:  

 

Definitions:  and   

 

 

Redlich–Kwong equation of state is an empirical, 
algebraic equation that relates temperature, pressure, and 
volume of gases. It is generally more accurate than the van der 
Waals equation and the ideal gas equation at temperatures 
above the critical temperature. 
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NNON IDEAL OR REAL GAS LAW 

Example for CO2 

Redlich-Kwong EOS with Spycher et al. (2003) parameters 

GAS DIFFUSIVITY 

Diffusion of a gas in a liquid 

Dissolution of gas in a liquid by Henry’s law 

Diffusion in porous media by Fick’s law:  , based on theory for solutes in liquids. 

 is different for each gas. Dispersion can be added 

 

Diffusion of a gas in a gas mixture 

Theories of gas mixtures (kinetic theory of gases) 

Binary mixtures 

Diffusion by Fick’s law or Dusty gas model 

 

(See next section for gas mixtures) 
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GGAS VISCOSITY 

Gas viscosity has an important role in Darcy equation for gas flow 

Gas viscosity can be calculated using:  

 

For Knudsen diffusion or Klinkenberg effect, viscosity can be corrected as:  where 

 and  is intrinsic permeability  

 

(See next section for gas mixtures) 

 

GAS FLOW IN DRY POROUS MEDIA 

The mass conservation of a gas in a porous medium is: 

 

Where:  is gas density,  is porosity and  is the flux of gas. 

 

This equation can be transformed, for isothermal conditions, into: 

 

Neglecting gravity, this is a non-linear diffusion equation: 

 

Gas experiments in dry porous materials can be modelled with this simple equation (analytically or 
numerically) 
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GGAS FLOW IN DRY POROUS MEDIA 

For a small drill hole minipermeameter probe, in situ permeability measurement 
(Dinwiddie, Molz, Castle, 2003) can be done using: 

 

 is gas permeability   is flow rate 

 is injection pressure  is atmospheric pressure 
 is gas viscosity   is internal radius of tip seal 

 is a dimensionless geometric factor  
The geometrical factor, when calculated numerically for a given sample and probe 
geometry, accounts for the complex multidimensional flow pattern throughout the 
porous medium, capturing the edge effects associated with the geometry of the sample 
and probe, and thus boundary conditions that are simply not accounted for by an 
empirical calibration using core plugs. 
 
Dinwiddie, C. L., Molz, F. J., and Castle, J. W. ( 2003), A new small drill hole 
minipermeameter probe for in situ permeability measurement: Fluid mechanics and 
geometrical factors, Water Resour. Res., 39, 1178, doi:10.1029/2001WR001179, 7. 
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MMIXTURES OF GASES 

The Dusty Gas Model (DGM) is a generalized theory to calculate the component fluxes in a mixture of 
gases. It is based on the Stefan-Maxwell equations but it also incorporates the Knudsen diffusion 
effects. An advective flux, calculated through Darcy’s law can also be added to the DGM model.  

 

Mason EA, Malinauskas AP (1983) Gas transport in porous media: the dusty-gas model, Chemical 
engineering monographs 17. Elsevier, Amsterdam Google Scholar 

Maxwell JC (1962) Illustration of the dynamical theory of gases. Part II. On the process of diffusion 
of two or more kinds of moving particles among one another. Philos Mag 20(1860):21 (Reprinted in 
“Scientific Papers”, vol 1, pp 392–409, New York) Google Scholar 

 

 

DUSTI GAS MODEL 

According to Abu-El-Sha’r and Abriola (1997) the Dusty Gas Model equations, 
after incorporation of the advective flux term (gravity neglected) are:  

 

 

For  and  and  
 

This theory can be simplified 

 

Which contains molecular diffusion ( ), advective flow ( ) and 
Knudsen diffusion ( ).  

 

Mole fractions are used in these equations 

Wa’il Abu-El-Sha’r and Abriola, L. M.: 1997, 
Experimental assessment of gas transport 
mechanisms in natural porous media. Parameter 
estimation, Water Resour. Res. 33(4), 505–516. 
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BBINARY MIXTURES 

In porous media we use: 

 

 

For mas density (kg), the equations imply that an equivalent molar mass should be 
defined as: 

 

Mass density (kg):   versus  molar density:  

Mass fraction (kg):    versus  molar fraction:  

   

 

BINARY MIXTURES 

In porous media we use:   

 

This is the total flux of a gas component ( ) in the gas phase (for a rigid porous media). The Knudsen diffusion can 
be incorporated in the viscosity as:  

 

The fact that mass fraction is used implies the assumption that Darcy is a mass averaged velocity (provided that 
binary diffusion coefficient is the same for the 2 components of the mixture).  
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MASS CONSERVATION 

Mass conservation of a multiphasic system (for each component): 

 

 

Where, for instance:  

 

Mass conservation of an -component can be combined with solid conservation to convert 
porosity variations into deformations. 
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MMASS CONSERVATION 

Solid mass conservation using material derivative: 

Mass conservation of -component using material derivative and with solid mass 
conservation substituted: 

Where 

And  

(Fick and Darcy) 

INTRINSIC PERMEABILITY FOR CLAYS 

Is “intrinsic permeability” a good concept for clays? No. Clay materials display an intrinsic permeability 
that depends on the water content. This is due to changes in material structure. 

Compiled data on permeability of clays to gas and water. Boom Clay and Febex Clay (Olivella and Gens, 
2000).  

 

Boom Clay. 
Estimated values from experimental data 

from Volkaert et al. 1994. 

Liquid degree of saturation

Pe
rm

ea
bi

lit
y 

(m
2 )

Febex Clay. 
Values from experimental data from Villar 

1998. 

Liquid degree of saturation

Pe
rm

ea
bi

lit
y 

(m
2)

Boom clay Febex clay 

S. OLIVELLA and A. GENS, Vapour 
Transport in Low Permeability 
Unsaturated Soils with Capillary 
Effects Transport in Porous Media 
40: 219–241, 2000.  
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RELATIVE PERMEABILITY 

Van Genuchten – Mualem liquid and gas relative permeabilities 

 

Granular soils 

 

Silty Clayey soils 

  

INTRINSIC PERMEABILITY FOR FRACTURES 

Fractures are preferential paths for flow 

Aperture can be used to calculate the transmissivity of a fracture using cubic law . Ramajo et al 
2002 

 

 

Intrinsic transmissivity 

 

 

 for mechanical and  

hydraulic processes is 

not the same 

H. RAMAJO, S. OLIVELLA, J. CARRERA and X. SANCHEZ-VILA, Simulation 
of Gas Dipole Tests in Fractures at the Intermediate Scale Using a New 
Upscaling Method, Transport in Porous Media 46: 269–284, 2002 
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RRELATIVE PERMEABILITY 

Relative permeability calculated numerically for a fracture with heterogeneity (Ramajo et al 2002). 
Normally, curvature of liquid and gas relative permeability are different.  

H. RAMAJO, S. OLIVELLA,J. CARRERA and X. SANCHEZ-VILA, 
Simulation of Gas Dipole Tests in Fractures at the 
Intermediate Scale Using a New Upscaling Method, 
Transport in Porous Media 46: 269–284, 2002 

Section 3: Multiphase flow 

GAS DISPERSION 

Diffusion/dispersion of a gas in a liquid 

Dissolution of gas in a liquid by Henry’s law 

Fick’s law:  

 is different for each gas. Dispersion can be added 

 is to be calculated using liquid phase flux 

 

 

Diffusion/dispersion of a gas in a gas mixture 

Theories of gas mixtures (kinetic theory of gases) 

Fick’s law:  

 is to be calculated using gas phase flux 
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5. Energy balance 

6. Applications 

7. Summary 

NET AND EFFECTIVE STRESSES 

Net and effective stress 
 

 

Net and effective stress variations are responsible for deformations: 
 

 

Changes in deformations lead to changes in permeability: 
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DDEFORMATIONS AND PERMEABILITY VARIATIONS 

Elastoplastic deformations that may cause permeability increase: 

Expansion induced by unloading 

Dilatancy induced by shear deformation 

Extension induced by tensile stress 

CONTENTS 

1. Fundamentals 

2. Gas mixtures 

3. Multiphase flow 

4. Coupled deformation 

5. Energy balance 

6. Applications 

7. Summary 
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IINTERNAL ENERGY AND ENTHALPY 

First thermodynamics principle can be expressed in two different ways (heat is transformed 
into internal energy and work or mechanical energy):

 

Where  

 

If enthalpy is introduced here ( ), the corresponding equation is:

 

 

 

INTERNAL ENERGY AND ENTHALPY 

Balance of energy including mechanical work, can be written as:

 

 

Or in terms of enthalpy: 
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IINTERNAL ENERGY AND ENTHALPY 

Example for CO2 

 

Redlich-Kwong EOS (1949) 

CONTENTS 

1. Fundamentals 

2. Gas mixtures 

3. Multiphase flow 

4. Coupled deformation 

5. Energy balance 

6. Applications 

7. Summary 



18/01/2020 

16 

AAPPLICATIONS 

Date Event 31 

GMT: 2009 ARGILLITE: 2012 BENTONITE: 2019 

APPLICATIONS 

Date Event 32 

GMT: 2009 ARGILLITE: 2012 BENTONITE: 2019 
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BBREAKTHROUGH TESTS 

Isotropic confining pressure = 30MPa 

P1 ≤ 17MPa 

Hildebrand et al. (2002) 
V2 

V1 

Sample 
Ø  28.5mm 
hMAX 30mm 

Experimental Set-up 

Arnedo D., E. E. Alonso and S. Olivella, Gas flow in anisotropic claystone: 
modelling triaxial experiments, Int. J. Numer. Anal. Meth. Geomech. (2012), 
2013; 37:2239–2256, DOI: 10.1002/nag.2132 

BREAKTHROUGH TESTS 

Date Event 34 

 1 nDarcy = 10-21m2 

Tertiary Mudstone  
(Norwegian Shelf) 

Flow parallel  
to bedding planes 

Flow perpendicular 
 to bedding planes 

P1 

P2 

P1 

P2 
Hildebrand et al. (2002) 

TEST2 

TEST1 
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BBREAKTHROUGH TESTS 

Date Event 35 1 nDarcy = 10-21m2 

Tertiary Mudstone  
(Norwegian Shelf) 

Flow perpendicular 
to bedding planes 

Flow perpendicular 
 to bedding planes 

P1 

P2 

P1 

P2 

In deed 20nD and 17nD!! 

TEST3 

TEST2 

Hildebrand et al. (2002) 

BREAKTHROUGH TESTS 

Date Event 36 

Boom Clay 

Flow perpendicular 
 to bedding planes 

Flow perpendicular 
to bedding planes 

P1 

P2 

P1 

P2 

Hildebrand et al. (2002) 

1 nDarcy = 10-21m2 
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MMODEL FOR A SAMPLE OF MUDSTONE 

Date Event 37 D =25.6mm 

All sample  
elements 

3D model 1 
150 Hexahedral  Sample 
+ 
50 Hexahedral elements  upstream volume 
50 Hexahedral elements element downstream volume 

Geometry 
3D sample 

MODEL HETEROGENEITY 

Date Event 38 D =25.6mm 

h=30mm 

Initial Porosity fields 
 
Uniform distribution 
‘’No spatial correlation’’ 
 
Average n=0.261 
Variances 8.7x10-4 
                 3.3x10-3 

                          4.5x10-3 

                 5.4x10-3 

                 7.2x10-3 

                 9.5x10-3 

3D model 1 
150 Hexahedral  Sample 
+ 
50 Hexahedral elements  upstream volume 
50 Hexahedral elements element downstream volume 

Geometry 

3D sample 
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u=0 

ux=uy=0 

30MPa 30MPa 

30MPa 

MODEL BOUNDARY CONDITIONS 

MODEL PROTOCOL 

Time (days) Stage

30MPa

P1

P1 

P1 decay

sample 

P2(t) 

P1(t) 
P1(0)=17 MPa 

Upstream  
volume 

Downstream  
volume 
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EEMBEDDED FRACTURE PERMEABILITY 

s = element size 
a = fracture spacing 
n = number of ractures/element  

Multiple fractures in an element 

Normal strain* 
Volumetric strain 

PERMEABILITY ANISOTROPY 
 

k2 
k1 

k3 

x 

y 

z 

α 
β 

β (α, β) 

n 

Aperture variations using normal strain 

Relation to Embedded fracture model 



18/01/2020 

22 

MMECHANICAL ANISOTROPY 

Transversal isotropic elastic behavior 

 

   or     

       or         

Section 6: Applications 

Mechanical parameters 
(Anisotropic Linear Elastic) 

Parameter Value
E1

11

31 0.27 
E3

G13

Parameter Value
k
k

Element permeability parameters 

+anisotropy angles in each case 

…  mainly from Opalinus Clay 

TEST2: (α =0), β = 0       bedding horizontal 
TEST1: (α = 0), β = 90    bedding vertical 

PARAMETERS FOR TERTIARY MUDSTONE 

Parameter Value
P

Retention Curve (Van Genuchten) 

Diffusion of dissolved gas 

Parameter Value
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V1 reported in  Hildebrand et al (2002) 2~3 cm3 

 
V1 considered in model 6 cm3 

Considerations from pressure P1 decay 

V1 

V2 

MODEL TEST1 RESULTS 

time (h)

Pr
es

su
re

 (M
Pa

)

Pe
rm

ea
bi

lit
y 

(m
2)

-21

-21

-21

-21

-21

Sr

(P
in

-P
ou

t) 
, s

uc
tio

n 
 (M

Pa
)

bedding aperture

t=0

t=20h

initial curve (all elements)

 final average curve (fitted)

MODEL TEST1 RESULTS 

Suction-Saturation 
average path does 
not correspond to 
any point in the 
sample 
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68 

107 
23 

MMODEL TEST1 RESULTS 

time (h)

Pe
rm

ea
bi

lit
y,

 K
z 

 (M
Pa

)
(m

2 ) 

t=0.00058days 

t=0.0014days 

MODEL TEST1 RESULTS 

t=0.00058days 

t=0.0014days 

t=0.0273days 

t=0.05883days 

t=0.0673days 

gas flux vectors water flux vectors 

t=0.0273days 

t=0.05883days 

t=0.0673days 



18/01/2020 

25 

Mechanical parameters 
(Anisotropic Linear Elastic) 

Parameter Value
E1(MPa)

1= 2

E2(MPa)
G2 (MPa)

Parameter Value
k

k

Element permeability parameters 

+anisotropy angles 

…  mainly from Opalinus Clay 

TEST3: (α =0), β = 0       bedding horizontal 

PARAMETERS FOR MUSTONE (TEST 3) 

MODEL TEST3 RESULTS 
 

V1 

V2 

time (h)

Pr
es

su
re

 (M
Pa

)

Pe
rm

ea
bi

lit
y 

(m
2)

-22

-22

-22

-22

-22
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MMODEL TEST3 RESULTS 
 

Sr

(P
in

-P
ou

t) 
, s

uc
tio

n 
 (M

Pa
)

 final average curve (fitted)

initial curve (all elements)

(Pin-Pout) vs. Sr(average) 

bedding 
aperture 

V1 

V2 

Suction-Saturation 
average path does 
not correspond to 
any point in the 
sample 

gas flux vectors 

water flux vectors 

MODEL TEST3 RESULTS 
t=0.00823days 

t=0.00823days 

t=0.04074days t=0.04074days 

t=0.744days 

t=0.744days 
t=1day 

t=1day 

t=1.5days 
t=1.5days 
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MMODEL 45º RESULTS 
 

View parallel to bedding View normal to bedding 

α = β = 45º 

SUMMARY 

The gas migration phenomena in stiff layered clays can be 
related to opening of preferential paths (bedding planes) coupled 
to conventional two phase flow through matrix pores. 

At high net stresses (far from tensile stress states), gas can only 
flow through the sample after it has ‘pushed out’ part of the pore 
water. 

The differential pressure (Pin-Pout) and the average saturation can 
be used to draw a path in the retention curve plane 

 

Y
Test 1 

Test 3 

Test 2 
P1

P2
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CCONTENTS 

1. Fundamentals 

2. Gas mixtures 

3. Multiphase flow 

4. Coupled deformation 

5. Energy balance 

6. Applications 

7. Summary 

Task A: modElliNg Gas INjection ExpERiments (ENGINEER) 

Stage 0: Analysis of data, conceptual model and process model development  

Stage 1A: 1D flow through saturated bentonite under constant volume boundary conditions (test Mx80-D)  

Stage 1B (optional): 1D flow through saturated bentonite under isotropic boundary stress (test Mx80-4)  

Stage 2A: spherical flow through saturated bentonite under a constant volume boundary condition (test Mx80-10)  

Stage 2B (optional): spherical flow through saturated bentonite under a constant volume boundary condition (test Mx80-A)  

Stage 3A (optional): Gas flow in natural material: triaxial test on Callovo-Oxfordian claystone 

Stage 3B (optional): Gas flow in hydrated pellets under constant volume conditions 

 

Damians, I.P., Olivella, S., and Gens, A.; 2019. Modelling a gas flow experiment in Mx80 bentonite. Proceedings of the XVII European 
Conference on Soil Mechanics and Geotechnical Engineering (XVII ECSMGE-2019), Geotechnical Engineering - Foundation of the future. 
Reykjavik, Iceland. 1st – 6th September 2019. 
 

 

GAS TRANSFER THROUGH SATURATED CLAYEY MATERIALS 
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MX80 EXPERIMENT 

MX80 EXPERIMENT 
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MX80 EXPERIMENT 

MX80 EXPERIMENT 
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MMX80 EXPERIMENT 

Porosity Intrinsic 
permeability

Water 
retention 

curve

Relative 
permeabilit

y 

Embedded fractures definition parameters:

P0 λ a b0 bmax ε0

0.44
1.0×10-19

1.0×10-20

1.0×10-21

10.8
22.5
48.6

0.45
nl = 3

ng_matrix = 2
ng_fracture = 1

5.0×10-4

5.0×10-5

5.0×10-6

9.5×10-9

5.0×10-9

1.5×10-9

7.5×10-7

3.5×10-7

1.5×10-7

0.01
0.03
0.05

- m2 MPa - n-power m m m %

Layer 12Layer 11Layer 10Layer 9Layer 8Layer 7

Layer 6Layer 5Layer 4Layer 3Layer 2Layer 1

Intrinsic permeability heterogeneous in 3 zones.
Porosity set to 0.44 
k0 = ×10-19 ×10-20 ×10-21 m2 (resulting keq. = 3.3×10-21 m2)
P0 = 10.8, 22.5, 48.6 MPa with P00 at 10%
Elastic modulus = 307 MPa and Poisson’s ratio = 0.40

1.0×10-21

1.0×10-19

1.0×10-20

EMBEDDED FRACTURE: 
CUBIC LAW + RELATIVE PERMEABILITY 

48.6

10.8
22.5

5.0×10-6

5.0×10-4

5.0×10-5

1.5×10-7

7.5×10-7

3.5×10-7

0.05

0.01
0.03

strain 

EMBEDDED FRACTURE: CUBIC LAW + RELATIVE PERMEABILITY   
Relative permeability as a function of saturation of matrix and saturation of fractures 

 

The generalized Darcy’s law includes the product  which was calculated as: 

 

In this case, relative permeability depends on the element degree of saturation which is calculated using the updated 
air entry value as described before. A model improvement consist in using a different relative permeability for 
fractures and matrix, i.e.: 

 

In a first attempt, relative permeability of the matrix can be calculated as in the original models, while the relative 
permeability of the fractures can be set as 1 because the intrinsic permeability through the aperture will control the 
possibility for the gas to migrate.  

Implementation has been done considering the following:  

                    and                    
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FFINAL HM MODEL FOR STAGE 1A 

injection outflow 

Array pore pressure Stresses 

FINAL HM MODEL FOR STAGE 1A 
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HHELIUM FLUXES: DIFFUSIVE & ADVECTIVE 

Complex flux combination:  
- from 10 to 40 days: dominated by diffusion (1) of Helium in water 
- from 40 to 65 days: combination of diffusion/dispersion and liquid flux advection (2) 
- from 65 to 121 days: dominated by gas advective (3) flux while liquid flux decays (and 
dispersion as well) and some diffusion remains  
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advection gas phase

Total mass flux (addition)

Diffusion through liquid phase

Advection due to
liquid phase flow

Advection gas phase 

0 20 40 60 80 100 120
Time (e d))

HELIUM FLUXES Inflow 
(into the system) 

Outflow 
(from the system) 

1 

2 

3 

Mass 
fluxes in 

the sample 
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PPARAMETER SENSITIVITY:  
 

   

PARAMETER SENSITIVITY:  
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0
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) 
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Calculated

Measured

Obtained gas pressure (Pg) at injection 
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STP flow rate (m3/s) Inflow to injection system

Imposed Qg 

STAGE 2A: SPHERICAL FLOW UNDER A CONSTANT VOLUME BOUNDARY 
CONDITION 

STAGE 2A: SPHERICAL FLOW UNDER A CONSTANT VOLUME BOUNDARY 
CONDITION 

Axial stress 
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AA single set of properties to model Stage 1A and 2A 

Additional volumes to represent injection system and arrays 

Injection flow rate prescribed as a target model condition 

Heterogeneity on intrinsic permeability and retention curve 

Embedded discontinuity model to simulate preferential path formation  

Relative permeability different for matrix and discontinuities 

 

CONCLUDING REMARKS 

CONTENTS 

1. Fundamentals 

2. Gas mixtures 

3. Multiphase flow 

4. Coupled deformation 

5. Energy balance 

6. Applications 

7. Summary 
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GGAS FLOW. IN SITU EXPERIMENT AT GTS 

Pressurization by means of 
water injection 

Gas injection, various tests 

Olivella S. and E.E. Alonso, Gas flow 
through clay barriers, 2008, 
Geotechnique 58, No. 3, 157–176 
[doi: 10.1680/geot.2008.58.3.157] 
GEOTECHNICAL RESEARCH MEDAL 
2009 

Model for damaged zone based on elastoplastic BBM  

Suction changes (drying-wetting) induces shrinkage/swelling 

Tensile strength depends on current suction 

 

 

NORMAL DEFORMATIONS 
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INTERFACE OPENING INDUCED BY PORE PRESSURE INCREASE 

Aperture changes are controlled by 
effective stress 

Interface opening is controlled by 
normal effective stresses 

If a confined material is 
permeable, no deformations take 
place as pore pressure is increased  

If a confined material is 
impermeable, interfaces tend to 
develop because of the 
compressibility of the buffer 

LARGE INTRINSIC PERMEABILITY VARIATIONS 
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UUPPER CAVITY PRESSURIZATION 

A
cc
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ul
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FLUXES AND DEFORMATIONS 
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CCOMPARISON OF CALCULATED RESULTS AND MEASUREMENTS 

Mesh (Layers 9 and 10) 

Plane strain 

 

GMT MAIN TRANSMISSION ZONE 

Specific study to display gas flow in 
the main transmission zone 
(through layers 9 and 10) 
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All elements 

GGMT MAIN TRANSMISSION ZONE 
 

time (days) step BC

(1)

(1)

315 (2)

(2)

GMT  
pressurization + RGI-3b gas injection stage 

Analysis steps 

All elements 

GMT Main transmission zone 
 

time 
(days) step BC

(1)

(1)

315 (2)

(2)

GMT  
pressurization + RGI-3b gas injection stage 

Analysis steps 
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EMBEDDED FRACTURE PERMEABILITY 
• Intrinsic fracture permeability (laminar flow):  

• Equivalent fracture permeability: 

• Capillary air entry pressure: 

(Cubic Law) 

• Equivalent element permeability: 
Aperture variations 

Normal strain 
Volumetric strain 

BBM parameters for S/B/Pb (Layers 9 and 10) 

 

 

 

 

        Element permeability parameters 

      

 

GMT HETEROGENEOUS ANALYSIS 
 

Parameter Value
E (MPa)

s

(0)
r

(MPa-1)
k

p0* (MPa)
M
ps0

Parameter Value
k

*mean value 
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Methodology to prepare the heterogenous field: 

 

1. Random porosity field: Mean porosity  ( ) 

2. Compute   

3. Obtain  (for BBM): 

 

: porosity 

: pre-consolidation stress  

: initial matrix permeability 

 

 

GMT HETEROGENEOUS ANALYSIS 

                                                           

GGMT HETEROGENEOUS ANALYSIS 
 

Initial Porosity. Uniform distribution, no spatial 
correlation. Porosity field: Var ~ 1.0e-5 

 

 

Initial Permeability (log k) 
 

Initial field of  
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GGMT HETEROGENEOUS ANALYSIS 
 

GAS fluxes day 328 

 

GAS fluxes day 335 
 

GAS fluxes day 400 
 

GAS fluxes day 4500 

Several paths: 13th day of gas injection 

Advective flow rate (m/s) 

Observed preferential paths: 20th day 
of gas injection 

Observed preferential  paths: 85th day 
of gas injection 2nd main path developement 

GMT HETEROGENEOUS ANALYSIS 
 

Permeability (log k) and Degree of saturation: day 400 

Permeability increase. More than 2 orders of magnitude 
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GGMT HETEROGENEOUS ANALYSIS 
 

Gas pressure evolution at inlet. (1):Water pressurization (2):Constant mass rate 
of gas injection  

 

Element permeability evolution  

 

GMT HETEROGENEOUS ANALYSIS Section 6: Applications 
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PPreferential paths for SECOND simulation based on A different realization of the same random field 

GAS fluxes day 350 

 

GMT HETEROGENEOUS ANALYSIS 

Section 6: Applications 

GAS GENERATION IN A REPOSITORY 

For a given repository scheme, the gas generation rate due to corrosion produces a certain condition of 
water distribution at steady state. 

A series of calculations were carried out for ANDRA  

In addition to gas generation rate, water consumption can be considered to affect the migration 
processes (oxidation of a metal consumes oxygen and produces hydrogen) 

 

Section 6: Applications 
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CCONTENTS 

1. Fundamentals 

2. Gas mixtures 

3. Multiphase flow 

4. Coupled deformation 

5. Energy balance 

6. Applications 

7. Summary 

SUMMARY 

Gas migration in a repository is an issue to be investigated for the safety of a Spent Fuel Repository 

Gas generation in a SFR is due to corrosion of metals (oxygen is consumed and hydrogen generated) 

The transport processes are: 
Diffusion/dispersion in the liquid phase 
Advection as a two phase process in constant permeability porous media 
Advection as a preferential path process in a deformable porous media 
Gas diffusion/dispersion in the gas phase as a mixture of several components (usually neglected) 

The theoretical concepts have been described including Fundamentals, Gas mixtures, Multiphase flow, 
Coupled Deformation and Energy balance. 

Three applications have been presented: 
Simulation of gas flow lab experiments in anisotropic clay rock 

Simulation of gas flow lab experiments in bentonite 
Simulation of gas flow in situ experiment in a scheme based on sand bentonite mixture  
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IN SITU THM TESTING AT HIGH 
TEMPERATURE
Poorly indurated clays (Boom Clay)

1

European Underground Research Infrastructure for Disposal
of radioactive waste in Clay Environment

EIG EURIDICE

2

1

2
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EIG EURIDICE

3

HADES – Underground research laboratory

4

Industrial phase Pioneering phase

3

4
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HADES – Underground research laboratory

5

Industrial phase (after 2000) Pioneering phase (1980 – 1990)

CONTENT

• General considerations on Boom Clay

• In situ thermo-hydro-mechanical testing

• ATLAS heater test

• Large scale PRACLAY heater test

6

5

6
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CONTENT

• General considerations on Boom Clay

• In situ thermo-hydro-mechanical testing

• ATLAS heater test

• Large scale PRACLAY heater test

7

BOOM CLAY: GEOLOGICAL CONTEXT

• Boom Clay Formation: Rupelian, early Oligocene (± 30 Ma)
At the level of the laboratory : thickness of ~ 100 m, depth 185 – 287 m

8

7

8
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W EAntwerpen Mol Lommel

Water flow direction in the aquifer Leakage direction through the aquitard

26

6
-5

-113
-139
-160

-262

-287
-298

-333

-425

-510
-540
-560

BOOM CLAY

NEOGENE

repository

Sands of Landen

Sands of Mol

Sands of Kasterlee

Sands of Diest and Dessel

Sands of Antwerp
Sands of Voort

Boom Clay

Sands of Ruisbroek

Asse Clay

Sands of Lede and Brussel

Ieper Clay and Sands

Landen Clay
Marl of Gelinden
Tuff of Maestricht

Sands of Onderdale

Mol

F

F: fault area

SCK•CEN/F0521/IW/00/16

10 km

URL

• Stratigraphy and Lithology

BOOM CLAY: GEOLOGICAL CONTEXT

9

• Boom Clay as  a potential host rock for high level radioactive 
waste disposal

Geology: low seismic activities, no volcanic activities, no
tectonic activities (uplift, faulting…)

Good hydrogeological conditions: very low hydraulic
conductivity

Plastic clay, capacity of self-sealing/ self-healing

Good geochemical conditions for the sorption of the 
radionuclides on clay minerals

BOOM CLAY: POTENTIAL HOST ROCK ?

10

9

10
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BOOM CLAY: PHYSICAL CHARACTERISATION
Mineralogical composition [%] De Craen et al., 2004
Clay minerals

Illite
Smectite + illite/smectite ML
Kaolinite
Chlorite
Chlorite/smectite ML

30 – 60%
10 – 45%
10 – 30%
5 – 20%
0 – 5%
0 – 5%

Quartz 15 – 20%
K-Feldspars
Albite

1 – 10%
1 – 10%

Carbonates
Calcite
Siderite
Dolomite
Ankerite

1 – 5%
1 – 5%
Present
Present
Present

Organic Carbon 1 – 5%
Others

Glauconite, apatite, rutile, anatase,
ilmenite,
Zircon, monazite, xenotime

Present
Present

11

• Geotechnical properties:
Porosity : 0.39
Soil density : 1900 - 2100 [kg/m³] 
Plastic limit : 13 – 26.5 %
Liquid limit : 55 - 80 %
Water content : 20 – 30 wt% (dry weight)

• Hydraulical characteristics:
Hydraulic conductivity K = 2 - 4.10-12 m/s

• Thermal characteristics:
Thermal conductivity = 1.35 – 1.7 W.m-1.K-1

BOOM CLAY: PHYSICAL CHARACTERISATION

12

11

12
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• Geotechnical characteristics (Bernier et al., 2007)
Poisson’s coefficient ’ : 0.125
Young Modulus E’: 300 MPa
Cohesion c’:  300 kPa
Friction angle ’: 18°
Dilatancy angle ’:  0° - 10°

BOOM CLAY: PHYSICAL CHARACTERISATION

Undrained test

13

CONTENT

• General considerations on Boom Clay

• In situ thermo-hydro-mechanical testing

• ATLAS heater test

• Large scale PRACLAY heater test

14

13

14
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• First test aiming at simulating a vitrified high level waste canister in a clay
quarry in Terhagen before 1980

• In the underground research laboratory
• BACCHUS I, II (1988 - 1995)
• CERBERUS (1985 - 1999)
• CACTUS I, II (1990 - 1994)
• ATLAS I, II, III, IV (1992 -…)
• PRACLAY (2014-...)

LONG HISTORY OF IN SITU TEMPERATURE TESTING

15

CONTENT

• General considerations on Boom Clay

• In situ thermo-hydro-mechanical testing

• ATLAS heater test

• Large scale PRACLAY heater test

16

15

16
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THM EXPERIMENTS IN HADES – ATLAS 

• Small scale heater tests ATLAS I-II, III & IV 
(Admissible Thermal Loading for Argillaceous Storage)

• Objectives: 
Validate and/or improve knowledge on Boom Clay THM behaviour by studying in-situ 

thermal properties and anisotropy
• Assess/ confirm the thermal properties of Boom Clay

- Especially the thermal conductivity λ [W/(m∙°C)]
• Investigate T HM coupling in Boom Clay

- A simple THM experiment 
• 1 Heater, several observation boreholes

- Focus is only on the behaviour of the Boom Clay
• No radioactive source (CERBERUS)
• No backfill material (BACCHUS) or simulated Engineered Barrier System (EBS)
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THM EXPERIMENTS IN HADES – ATLAS
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THM EXPERIMENTS IN HADES – ATLAS
Test drift
Heater
Observation boreholes

11 m8 m

2.7 m

1.5 m

1.3 m

2.7 m

Illustration ATLAS III 
experiment

19

THM EXPERIMENTS IN HADES – ATLAS

Illustration of an instrumented casing

• ATLAS instrumentation :
• Kulite pressure sensors on the heating probe
• Piezometer filter
• Flat-jacks and biaxial stressmeter 

Illustration of a piezometer filter with twin tube connection

Central borehole with the heating probe

20

Flat-jacks Biaxial Stressmeter
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THM EXPERIMENTS IN HADES – ATLAS 

• ATLAS heater tests: 4 tests in 2 stages
• ATLAS I-II

- 2 observation boreholes drilled in the same horizontal plane than the 
heater

- 3 years of heating at 112W/m (ATLAS I) + 1 year of heating at 225W/m 
(ATLAS II) (1993 – 1997). Cooling in one step.

- Limitations:
• Relatively little instrumentation and low data acquisition rate (manual)
• Sharp heating transients

21

THM EXPERIMENTS IN HADES – ATLAS 

ATLAS heater tests: 4 tests in 2 stages

• ATLAS III & IV  
- Additional boreholes (horizontal and inclined) + Additional T & pw sensors
- Stepwise heating in 1 year: 0 50 112 175 W/m. Cooling in one 

step. 
- Same heating strategy for ATLAS III (2007 – 2008) and ATLAS IV (2011 –

2012)
- Improvements: 

• High data acquisition rate
• Investigation of thermal anisotropy 

representative of far field

22
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THM EXPERIMENTS IN HADES – ATLAS III

• ATLAS III: Temperature and pore water pressure evolution

23

THM EXPERIMENTS IN HADES – ATLAS III

• ATLAS III: Temperature and pore water pressure evolution

Modelling (3D FEM)

• Anisotropic Thermo-hydro-poro-elastic model: transverse isotropic 
elasticity

• Heat transport (conduction)

• Model parameter values:

- Consistent with previous studies

- Limited optimisation
except elastic moduli (far field)

- Valid transverse anisotropy of 
intrinsic permeability: Kh ≈ 2 x Kv

24
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• ATLAS III: Temperature and pore water pressure evolution

Modelling (3D FEM)

• Anisotropic Thermo-hydro-poro-elastic model: transverse isotropic 
elasticity

• Heat transport (conduction)

• Model parameter values:

- Consistent with previous studies

- Limited optimisation
except elastic moduli (far field)

- Valid transverse anisotropy of 
intrinsic permeability: Kh ≈ 2 x Kv

THM EXPERIMENTS IN HADES – ATLAS III 

Pressure drops – effect
of mech. anisotropy

Pressure increases at start
of cooling – predicted by 

model

25

THM EXPERIMENTS IN HADES – ATLAS 

• Main learnings from ATLAS experiments on the far field Boom Clay 
behaviour
• Anisotropic thermal conductivity of Boom Clay well estimated
• Importance of small strain stiffness characteristics in the far field and of the cross 

anisotropy in THM coupling
• Quite insignificant effect of thermo-plasticity in the far field

Validation of thermo-elastic model & THM parameters
- Predictive capability of modelling: temperature & pore water pressure 

evolutions of ATLAS III well captured by models
- ATLAS IV yields identical results to ATLAS III (no irreversible 

processes)
Limitations of the ATLAS experiments

• Small-scale  no information on pore water pressure and stress 
evolutions in the EDZ – near field

26
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CONTENT

• General considerations on Boom Clay

• In situ thermo-hydro-mechanical testing

• ATLAS heater test

• Large scale PRACLAY heater test

27

• The PRACLAY in – situ Experiment in URL HADES:
Demonstrating the feasibility of geological disposal of high-level radioactive 
waste in clay formation

THE LARGE-SCALE PRACLAY HEATER TEST

28
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• The PRACLAY in – situ Experiment in URL HADES
Gallery and Crossing test

Feasibility of constructing a gallery with industrial techniques

Feasibility of constructing a crossing between two galleries

Seal test Design and installation of the hydraulic seal

Large scale-heater test Simulate the heat-emitting high-level radioactive 
waste

THE PRACLAY EXPERIMENT – OBJECTIVES AND DESIGN

29

THE PRACLAY EXPERIMENT - PHASES

Oct 2007 Feb 2010 Nov 2011 Nov 2014 Aug 2015

PG excavation
Backfilling (sand)
Pressurization

Seal installation Start heating
Stationary phase : 10 years
80°C at Boom Clay/ concrete lining

30
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PRACLAY GALLERY EXCAVATION

• excavation and gallery lining works 
(2007)

Lining designed for geotechnical and
thermal loads

Segmental tunnel lining (wedge blocks
technique, 8 segments and one key)

Compressive materials

31

PRACLAY GALLERY EXCAVATION

• excavation works (2007)

Installation of foam panels
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PRACLAY GALLERY EXCAVATION

• excavation works (2007)
open-face tunnel boring machine

rotary erector

33

PRACLAY GALLERY EXCAVATION

• excavation works (2007)
Crossing with the installation of a steel 
reinforcement ring

34
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PRACLAY GALLERY EXCAVATION

35

PRACLAY GALLERY EXCAVATION
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PRACLAY GALLERY EXCAVATION

37

PRACLAY GALLERY EXCAVATION

38

Excavation induced fractures: gallery side-wall

Observations during the excavation
of the Connecting gallery
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PRACLAY GALLERY EXCAVATION

39

• excavation works (2007)
Installation of a temporary lining for the
hydraulic seal

THE PRACLAY EXPERIMENT - PHASES

Oct 2007 Feb 2010 Nov 2011 Nov 2014 Aug 2015

PG excavation Backfilling (sand)
Pressurization

Seal installation Start heating Stationary phase : 10 years
80°C at Boom Clay/ concrete lining

40
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PRACLAY GALLERY – HYDRAULIC SEAL INSTALLATION

41

PRACLAY GALLERY – HEATER SYSTEM, BACKFILLING

42
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• The PRACLAY Heater Test – general objectives
Examine the combined impact of hydro-mechanical disturbances caused by 
gallery construction and a large-scale thermal load on the Boom Clay due to 
heat-emitting high-level waste 

Design independent

Conditions and dimensions that are representative for a real 
repository

Confirm and refine the already scientific bases

To be sure that poorly indurated clay like the Boom Clay retains its ability to 
contain radioactive waste when it is heated

Low water permeability and no open fractures

Visco-elasto-plastic clay (Self-sealing properties)

High sorption capacities for radionuclides

THE PRACLAY EXPERIMENT – OBJECTIVES AND DESIGN

43

• The PRACLAY Heater Test – design
Thermal conditions

Temperature at gallery extrados = 80°C

Faster temperature increase 

Heating during 10 years (or more)

Heated gallery section = 30 m (no gain in test representativeness by longer 
length)

THE PRACLAY EXPERIMENT – OBJECTIVES AND DESIGN

More penalizing conditions

44
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• The PRACLAY Heater Test – design
Hydraulic conditions

As much undrained as possible  (more penalising : the higher the pore 
pressure build-up during heating, the higher the risk of damage/failure for 
host clay formation)

THE PRACLAY EXPERIMENT – OBJECTIVES AND DESIGN

pore water pressure –
drained

pore water pressure –
‘undrained’

45

THE PRACLAY EXPERIMENT - MONITORING

• Monitoring network: temperature, pore water pressure, 
stresses…

Number of sensors: about 1100

46
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THE PRACLAY EXPERIMENT – HEATING

• PRACLAY thermal loading plan:
3 heating steps to reach 80°C at Boom Clay/ concrete lining 
interface
250 W/m representative from a real repository

47

THE PRACLAY EXPERIMENT - HEATING

• PRACLAY thermal loading plan: 
Increase of the temperature in the concrete lining
Current situation: 80°C at Boom Clay/ lining interface

48
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THE PRACLAY EXPERIMENT - HEATING

• PRACLAY thermal loading plan: 
Increase of the pore water pressure inside PG

Pressurization process:
Initial pore pressure in PG = 1 MPa

49

THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the Boom Clay?

PG50 CG - 27.5 m

50
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THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the Boom Clay?
Temperature profiles in the clay (Horizontal profiles)

Extension of the thermally affected zone : > 16 m
51

THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the Boom Clay?
Temperature profiles in the clay (P35E)

52
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• What do we observe in the Boom Clay?
Temperature profiles in the clay (Vertical/ horizontal) 

THE PRACLAY EXPERIMENT - OBSERVATIONS

Extension of the thermally affected zone : > 16 m
53

THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the Boom Clay?
Pore water pressure profiles in the clay (Vertical plane, PG50D)

Extension of the hydraulic affected zone >16 m
54
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THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the Boom Clay?
Pore water pressure profiles in the clay (P35E)

55

THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the seal ?
Pore water pressure, total stress and displacement

56
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THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the seal?
Pore water pressure, total stress and displacement

Section B

Section C

Section A
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THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the seal?
Pore water pressure evolution at Boom Clay/ bentonite interface (Seal)

CG

R20R21

Section A

1.5 m

58

57

58



02/03/2020

THE PRACLAY EXPERIMENT - OBSERVATIONS

• What do we observe in the seal/ concrete lining?
Displacement of the SEAL towards the Connecting Gallery

59

COMPARISON WITH NUMERICAL PREDICTIONS

• Numerical predictions:
Modelling based on our knowledge (Concept, properties, parameters) before 
the switch-on of the heater test

Temperature evolution around the concrete 
lining (continuous line = modelling results)

Pore water pressure in the PRACLAY gallery
(continuous line = modelling results)
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COMPARISON WITH NUMERICAL PREDICTIONS

• Numerical predictions:
Modelling based on our knowledge (Concept, properties, parameters) before 
the switch-on of the heater test

Pore water pressure profiles in the clay
(continuous line = modelling results)

Temperature profiles in the clay
(continuous line = modelling results)

61

CONCLUSIONS

• In-situ THM experiments in poorly indurated clay (Boom Clay)
Complementary work between the ATLAS and the large scale PRACLAY heater 
tests
Large scale heater test:

No interruption of the heater system (good performance of the test set-up)

Boom Clay 

Anisotropic responses, as expected (vertical vs horizontal profiles)

No indication of abrupt changes in pore water pressure nor large displacement

Up to now, the clay is able to sustain the thermal load 

Seal fulfils its role as a hydraulic cut-off 

Numerical predictions in good agreements with the observations

Important information for simulating a geological disposal facility
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IN SITU TESTING OF GAS TRANSFER 
1 
Crystalline rocks

2020-01-24 EURAD Doctoral School 1

OVERVIEW

• Background

• The Lasgit test
• Background
• The location
• Installation activities
• Hydration
• Gas injection tests
• FCT
• Decommissioning

• Summary and conclusions
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BACKGROUND

2020-01-24 EURAD Doctoral School 3

The KBS-3 concept (Sweden & Finland)

Primary safety function: Complete containment
Secondary safety function: Retardation

BACKGROUND

• Transport of gas in the buffer can occur in two phases of the repository’s evolution:
• Initially trapped air needs to escape
• Hydrogen from corrosion of the steel insert – if the copper shell is damaged

• Gas which is trapped in or by the buffer can escape by two principal mechanisms:
• Gas can be dissolved in the porewater and be removed by diffusion
• In a gas phase, through a flow path

2020-01-24 EURAD Doctoral School 4
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BACKGROUND - HISTORY

• The iron insert was introduced in the early ’90s 

• Gas issue became important
• Especially in the case of manufacturing defects in the copper shell

• Initial modelling and laboratory tests started 1992-1994
• Laboratory tests presented yesterday by Jon Harrington

• RD&D 1998: “Special experiments are planned to determine how gas penetrates through a 
bentonite buffer”

• RD&D 2001: “There will not be time for any experiments on repository scale during the ensuing 
three-year period, which means that scale dependence will be a remaining uncertainty”

• SKI (regulator) review 2002: “need for experiments in different scales, including long-term tests in full scale”

• RD&D 2004: “A clear conclusion from all projects in the area is that gas transport experiments on 
a larger, preferably full, scale are necessary. SKB has therefore decided to carry out a full-scale 
experiment in the Äspö HRL (Lasgit)”

• SKI (regulator) review 2002: “SKI is very positive to the decision about a full scale test”

2020-01-24 EURAD Doctoral School 5

THE LASGIT TEST - BACKGROUND

• A detailed study was initiated in ~1994 
to examine the key variables controlling 
the entry and movement of corrosion 
gas in the bentonite

• Novel apparatus was designed and 
manufactured to allow the gas 
migration process to be investigated and 
quantified under simulated repository 
conditions

• Results showed gas flow was in 
pressure-induced pathways with 
conspicuous sensitivity to stress, 
porewater pressure and boundary 
conditions

2020-01-24 EURAD Doctoral School 6
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THE LASGIT TEST - BACKGROUND

• The knowledge was based on small-scale 
laboratory studies

• These diagnostic tests addressed specific issues 
relating to gas migration and its long-term effect 
on the hydro-mechanical performance of the 
buffer clay

• Laboratory studies have been used to 
develop process models to assess the
likely implications of gas flow in a 
hard-rock repository system

• While significant improvements in our 
understanding of the gas-buffer system 
had been taken place, a number of 
important uncertainties remain

• Central to these is the issue of scale 
and its effect on the mechanisms and 
process governing gas flow in 
compact bentonite

2020-01-24 EURAD Doctoral School 7

THE LASGIT TEST - BACKGROUND

• Objectives of Lasgit are:
• To perform and interpret a series of large scale 

gas injection tests
• Examine issues relating to up-scaling and its 

effect on gas movement and buffer 
performance

• Provide information on the processes of 
hydration and gas migration

• Provide high-quality test data to test/validate 
modelling approaches

2020-01-24 EURAD Doctoral School 8
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LOCATION
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LOCATION
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THE LOCATION

2020-01-24 EURAD Doctoral School 11

THE DEPOSITION HOLE
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INSTALLATION ACTIVITIES

• Geological Mapping of the Assembly Hall and deposition hole

• Inflow of water

• Manufacturing of buffer

• Preparation of canister

• Deposition hole instrumentation

• Gas laboratory

• Data acquisition

• Lid

• Gas injection equipment

2020-01-24 EURAD Doctoral School 13

GEOLOGICAL MAPPING OF THE ASSEMBLY HALL AND DEPOSITION HOLE

• The assembly hall constitutes of an enlarged part 
(higher and wider in about a 30m long section

• Geological mapping of tunnel roof, walls and parts of 
the floor

• The large deposition hole was drilled in 1999). The 
approximate depth of the hole is 8.5m and the 
diameter is 1.75m

• In the tunnel the geological mapping was made on 
paper. The orientations of structural features are 
obtained by compass readings

• The standard tunnel mapping is presented on a 2-D 
drawing where the tunnel walls have been 
unfolded to form a plane together with the tunnel 
roof

• The deposition holes are regarded as small tunnels

2020-01-24 EURAD Doctoral School 14

13

14



02/03/2020

INFLOW OF WATER

• ”External” water: 0.007-0.013 
litres/minute

• ”Internal water”: 0.2 litres/minute

• Pressure drop tests or pulse tests 
performed in the anchor holes:

• K = 10-12 – 7·10-10 m/s

• Gas leakage tests if there were any 
connections between the anchor holes 
themselves and the water filled Lasgit hole

2020-01-24 EURAD Doctoral School 15

MANUFACTURING OF BUFFER

2020-01-24 EURAD Doctoral School 16
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CANISTER

2020-01-24 EURAD Doctoral School 17

DEPOSITION HOLE INSTRUMENTATION

• Total pressure: 32 points

• Pore water pressure: 26 points

• Relative humidity: 7 points.

• In addition there will be measurements of 
plug and canister movements and also of 
the force in three of the anchors

2020-01-24 EURAD Doctoral School 18
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GAS LABORATORY

• Hydration system

• Hydraulic injection system

• Gas injection system 

• Data acquisition system 

• Temperature control

• Calibration of instrumentation 

2020-01-24 EURAD Doctoral School 19

DATA ACQUISITION
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LID

• Restrict swelling of bentonite
• “Constant volume” conditions

• Not deform or break during gas testing

• Minimize tension in anchor cables

• The lid was manufactured from carbon 
steel S 235 J2 G3 (SS 2172) with a 
thickness of 300 mm and a diameter of 
2600 mm. 

2020-01-24 EURAD Doctoral School 21

GAS INJECTION EQUIPMENT

• To minimise corrosion each filter 
assembly are manufactured from bronze

• All fittings, pipe and valve work are 
selected for durability and low corrosion 

• Each filter array is fitted with dual ports 
to facilitate the remove of test 
permeants

2020-01-24 EURAD Doctoral School 22
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LASGIT TESTING

• Hydration

• Gas injection tests

• FCT

2020-01-24 EURAD Doctoral School 23

INSTRUMENTATION

• UB9xx = pore-pressure sensor 
within the bentonite buffer

• UR9xx = pore-pressure sensor 
at the rock wall

• FL90x = injection filter on the 
lower array

• FM90x = injection filter on the 
mid-plane array

• FU9xx = injection filter on the 
upper array

• Cx = bentonite block

• Rx = bentonite ring

2020-01-24 EURAD Doctoral School 24
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HYDRATION

• Began on 1st February 2005 and was 
completed 25th May 2007

• Pw within the clay still low however Pw on 
the rock face exhibits a well defined 
asymptote

• Radial stress (rock wall) has increased 
significantly and continues to slowly 
evolve

• While non-uniformly distributed across 
the major axis of the hole, axial stress has 
also increased markedly and continues to 
evolve

• Suctions have decreased indicating 
progressive hydration of the clay

• Displacement data from the lid and 
canister indicate a dynamic, evolving 
system
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HYDRATION
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GAS TEST 1

• Flow into the clay is calculated using a 
combination of weighted moving average 
and time moving average (mean)

• For plot (A) the departure between measured 
and predicted gas pressure is symptomatic of 
gas penetration of the buffer. 

• In plot (B) the peak pressure response is 
symptomatic of the development of ‘major’ 
gas pathways within the buffer and is 
qualitatively similar in response to small-scale 
experiments 
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GAS TEST 1 HYDRAULIC RESPONSE

2020-01-24 EURAD Doctoral School 28

• Visually data appears similar indicating nascent gas pathways appear to have no 
significant effect on the engineering performance of the buffer
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GAS TEST 2

• Inspection of plot (A) shows the reduction 
in flux into the clay during each constant 
pressure step.

• Plot (B) shows the ‘major’ gas entry event 
signified by the rapid increase in flux into 
the clay.

• This is followed by a well-defined negative 
flux transient which first under- and then 
over-shoots the injection flow rate into the 
system.

• This is symptomatic of unstable gas pathways.

2020-01-24 EURAD Doctoral School 29

GAS TEST 2

• Prolonged gas injection in FL903

• As gas injection continued it resulted in an 
increase in pressure at FL901

• Pressure in sensor UB902 sometime later

• This shows that gas propagated to these 
locations and that the network of gas 
pathways continued to dynamically evolve 
following major gas entry 

2020-01-24 EURAD Doctoral School 30
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GAS TEST 3

• Inspection of plot (A) shows the reduction in 
flux into the clay during each constant 
pressure step

• Plot (B) shows the ‘major’ gas entry event 
signified by the rapid increase in flux into the 
clay

• This is followed by a secondary gas peak and 
an eventual transient which first under- and 
then over-shoots the injection flow rate into 
the system

• This is symptomatic of unstable gas pathways. 

2020-01-24 EURAD Doctoral School 31

GAS TEST 3

• In order of first change, gas reached sensors 
FU909, FU911, PC903 and FL904

• The evolution of pressure shows that several 
gas pathways must have formed and that 
these continued to evolve spatially and 
temporally, even though the injection 
pressure was constant
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GAS TEST 4

• Peak pressure of 6.2, which was higher than in 
the earlier tests

• In general, very similar behaviour as the other 
tests

2020-01-24 EURAD Doctoral School 33

GAS TESTS 5 AND 6

• Prior to the final Full Canister Test repeat gas injection tests 
were conducted in filters FU910 and FL903

• Both tests consisted of:

• Hydraulic, gas injection, repeat hydraulic

• Gas test 5 (FU910) [1]:

• gas entry at 5,325 kPa
• small drop in gas pressure of ~ 150 kPa
• followed by increase in gas pressure
• short shut-in conducted

• Gas test 6 (FL903) [2]:

• Gas entry at 6,420 kPa
• drop in gas pressure of ~ 550 kPa
• followed by stabilisation of gas pressure
• short shut-in suggesting plateau at around 5,200 kPa
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GAS ENTRY BEHAVIOUR

2020-01-24 EURAD Doctoral School 35

[1]

FCT
valve

FULL CANISTER TEST (FCT)

• Fundamental question: Does the volume of gas play a role on 
the post-entry behaviour?

• Full canister test involves pressurising the entire canister (available 
volume: 1.5 m3) and using a filter in the base of the canister [1]

• System modified utilising pallets of 12 cylinders of nitrogen [2]

• The mechanical deformation caused by the pressurisation of the canister 
resulted in a hydromechanical response in the buffer [3]

• Result of slow drainage
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[2]

[3]
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FCT – GAS ENTRY
• Two stage gas ramp conducted [1]

• Pressure raised to local stress and showed signs that water was 
being expelled from FCT filter

• Pressure held constant to allow water to drain

• Gas entry occurred around Day 5411

• Canister pressure began to decrease [2]

• The change in volume necessary to result in a reduced canister 
pressure can be calculated [3]

• (Suggests more than 12 litres of pathways have formed)
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[1]

GAS MOVEMENT (FCT)

• Gas migrated to UB902 [1,2]

• Previously gas pressurised during Gas Test 3

• Moved upwards in the deposition hole to filter FL901

• UB902 and FL901 connected [2]

• Gas continuing to move but has not intercepted any 
other sensor
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FUTURE

• Current plan is to close Äspö underground 
facility in 2024

• All projects need to be dismantled ahead

• Lasgit will be dismantled during 2020 
according to current plan 

• Dismantling of the installation
• Sampling
• Evaluation of parameters relevant for gas 

migration
• Water content, dry density…
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DISMANTLING
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SUMMARY

• Lasgit has been in operation for 15 years

• Seven gas injection tests have been performed (including FCT)

• The results are qualitatively similar to laboratory test results

• Entry/breakthrough pressures are generally close to total stress in the system 

• No gas flow in the bentonite at constant pressure below the breakthrough pressure

• All observations suggest mechanisms of pathway propagation and dilatancy predominate

• Formation of gas pathways does not alter the hydraulic properties of the bentonite buffer

• An increased upstream volume (x1000) does not change the general behaviour of the process 
(preliminary)

• Gas migration through a bentonite buffer does not jeopardize the properties of the 
barrier system
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 Final 
Ternary mix design 

Final 
Binary mix design  

B200  
SKB with Finnish 

laboratory materials 
CEM I 42,5 MH/SR/LA 105 kg/m3 120 kg/m3 120 kg/m3 
Silica 91 kg/m3 80 kg/m3 80 kg/m3 
Fly ash 84 kg/m3 - - 
Quartz filler 114 kg/m3 256 kg/m3 - 
Limestone filler - - 370 kg/m3 
Local aggregate 1840 kg/m3 1805 kg/m3 - 
VTT laboratory aggregates   1600 kg/m3 
Effective water content 126 kg/m3 125 kg/m3 157 kg/m3 
Water/binder  ratio 0,45 0,60 0,79 

POPLU 
Target

POPLU
Casting

POPLU 
Binary 
Lab

POPLU 
Ternary Lab DOMPLU 

Compressive strength, 
MPa @ 90 d

> 50 82.6 91.5 79.5 67.5 50

Split tensile strength, MPa 3.2 - 5.6 4.5 - 3.2

Modulus of elasticity, GPa 34 - 37.4 34.2 - 34

Autogenous shrinkage, 
mm/m

(min) - 0.22 0.15 0.03 0.1

Drying shrinkage, mm/m (min) - 0.17 0.22 - 0.6
Water tightness, mm max 50 2.1 4.0 5.0 5.3 25 - 50
Chloride diffusivity, m2/s (min) - 2.1*10-12 2.8*10-12 - 10-20*10-12

pH of leachate at 90 days 
(reference/Groundwater)

< 11 - / 10.8 11.4 / 
10.3

11.4 / 
10.3

11.4 / 
10.3

>12,5

Sulphate damage (min) - none at 
180d

- -
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