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WELCOME

What about ALERT Geomaterials ?

The Alliance of Laboratories in Europe for Education, Research and Technology (ALERT) “Geomaterials”
has been created in 1989 by Roberto Nova, Manuel Pastor, lan Smith, Peter Vermeer, Olek
Zienkiewicz and Félix Darve as a pioneering (at that time!) effort to develop a European School of
Thinking in the field of the Mechanics of Geomaterials. The generic name “Geomaterials” is viewed as
gathering together materials, whose mechanical behaviour depends on the pressure level, which can
be dilatant under shearing and which are multiphase because of their porous structure. So, the
“geomaterials” label brings together mainly soils, rocks and concrete. It has been obvious from the
very beginning that there is a crucial need for a joint Graduate School in order to build firmly this
European scientific group in the Mechanics of Geomaterials, in close link with the doctoral students.
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WELCOME

Who are ALERT Geomaterials members? 38 Universities or organizations
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WELCOME

What are the activities of ALERT Geomaterials members?

ALERT Workshop
ALERT Doctoral school

Every year in end September in Aussois (France)
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What are the activities of ALERT Geomaterials members?

ALERT Workshop

ALERT Doctoral school
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WELCOME

What about EURAD (Grant agreement ID: 847593) ?

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

" Morocco
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WELCOME

What are the activities of EURAD?
EURAD - GAS WP
Mechanistic understanding of gas transport in clay materials (GAS)
The main objectives of this WP are:
To improve the mechanistic understanding of gas transport processes in natural and engineered clay
materials, their couplings with the mechanical behaviour and their impact on the properties of these

materials;

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

What are the activities of EURAD?

EURAD - HITEC WP

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

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

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

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

What will you do during this school?

Monday 28 August

9.00 -12.30 Basics of thermo-hydro-mechanical processes in geomaterials
F. Collin, ULiege

13.30 - 17.00 Basics of experimental testing of geomaterials
Alessio Ferrari, EPFL

Tuesday 29 August

9.00 -12.30 Constitutive modelling of thermo-hydro-mechanical processes in
geomaterials
Jean-Michel Pereira, ENPC

13.30 - 17.00 Development, validation and maintenance of numerical codes
Olaf Kolditz, UFZ

19.30 Banquet at the city center
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WELCOME

What will you do during this school?
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Banquet at Selys Vander Valk Restaurant close to the city center
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WELCOME

What will you do during this school?

Wednesday 30 August

9.00-12.30

PhD day: poster sessions and pitches

13.30 — 17.00

Advanced multiphysics experimental testing and imaging of
geomaterials

Laura Gonzalez-Blanco (UPC), Dragan Grigc (U Lorraine), Jiri Svoboda
(CTU), Andrew Wiseall (BGS)

Thursday 31 Aug

ust

9.00 -12.30 Advanced multiphysics modelling of geomaterials: multiscale
approaches and heterogeneities
Pierre Beésuelle (UGA), Frédéric Collin (ULiege), Anne-Catherine
Dieudonné (TU Delft), Sebastia Olivella (UPC)

13.30 — 17.00 In situ THM and gas experiments

Arnaud Dizier (Euridice), Emiliano Stopelli (TBC), Carlos Plua (ANDRA),
Maria Victoria Villar (CIEMAT)




WELCOME E

ONDRAF/NIRAS

What will you do during this school?

Friday 1 September SCI{ Cen

Exploring a better tomorrow

Departure to Mol at 8.00

9.30-12.00 Group 1 visits Tabloo expositions @
Group 2 visits EURIDICE_HADES underground research
laboratory ESV EURIDICE GIE

12.15-13.15 Sandwich lunch

13.15-15.30 Group 2 visits Tabloo expositions

Group 1 visits EURIDICE_HADES underground research
laboratory

Return from Mol at 15.45
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INTRODUCTION

Nuclear electricity production :

+ Low CO, emission

- Noxious ionizing radiations

- Radioactive waste production
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INTRODUCTION
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INTRODUCTION

Deep geological disposal

Intermediate
Repository in deep

(long-lived)
& ‘ geological media with good
. L confining properties
high activity

(Low permeability
K<1012m/s)

wastes

-
— =
Installations de surface

= zone 2
< B

Installations de surface
zone 1

Disposal facility of Cigéo project in France
(Labalette et al., 2013) 18




INTRODUCTION

Disposal in vertical shaft Disposal in horizontal gallery
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INTRODUCTION

Repository phases

E Excavation
Ventilation
Repository
Sealing

E Corrosion,

heat generation

Radioactive
waste cells

Swelling clay
Concrete plug

plug

Type C wastes (Andra, 2005)




INTRODUCTION 0 Mechanics
/ o
? k Water and gas
iy flows
\ } Heat transfer

In the following, we will not address the bio-chemo processes although there are of |mportance ﬂO reaction
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INTRODUCTION

The material involved in the processes are Saturated/Unsaturated porous media

EDZ — Buffer swelling
Water flow from
the hostrock =~ =/ S 3-F
\
/\ I,
, I Technological gap
, \\ filling

Buffer hydration

. "/ ————EDZ recompression

Host rock desaturation? Host rock
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INTRODUCTION

The material involved in the processes are Saturated/Unsaturated porous media

Representative
elementary volume
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Porous Medium Solid Skeleton Pore fluid 1 Pore fluid 2
Solid phase Liquid phase Gas phase
Phases: (u)) (u=u,) (Ug=u,+u,)

fAace , Liquid water Dissolved air Dry air Water vapour
SpeC|es. Mineral [ (u,) ] [ (x"j“) ] [ (u,) ] [ (u,) ]

Air species

Water species e U “
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INTRODUCTION

The material involved in the processes are Saturated/Unsaturated porous media

Solid phase Liquid phase Gas phase
(u) (u=u,) (Ug=u,+u,)
Volume fraction: 1-¢ S.. ¢ (1-S,) . ¢
Q, QO +Q
Porosity: h= =9
orosity q 0 0
Q)
Saturation: S, =L

Q)
(), Porous volume

(); Liguid phase volume ey

Q, Gas phase volume 24
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INTRODUCTION

Repository phases

E Excavation
Ventilation
Repository
Sealing

E Corrosion,

heat generation

Mechanics

Water and gas
flows

Heat transfer

Bio-chemo reaction
(R . I
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

In the sound host rock, the medium remains saturated (most of the
time) and the three main processes are heat transfer, liquid transport { surface layers |
and mechanical behaviour.

We will focus first on the coupled thermo-hydraulic processes:

host rock (e.g. clay) corrosion

gas diffusion

* Physical phenomena
* Constitutive equations
* Balance equations

damaged
zone

Supercontainer reference design, adapted from Grunwald (2021).
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Advection flow of the liquid phase: Darcy’s law

K;at

Q== [grad(pw) +g pw grad (Z)]

- Uy

where
. g‘? [m?] is the intrinsic permeability
* W, [Pa.s]is the water dynamic viscosity

* p,, [Pa] is the pore water pressure

* p,, [kg/m?3]is the liquid water density

eurad,
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Water properties

1600
1400

W 1200

E00
240 400

930 200

T
120 40 160 o 0 40 ED Bl 100 120 140 60

o 20 40 80 B0 100 il
Températurs [*C] Température [*C]

The water dynamic viscosity u,, [Pa.s] and the liquid water density p,, [kg/m?] (related
to the thermal dilation coefficient) are a function of the temperature.

dp
ady = 1/pwa_']‘:v

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

B
u = e”*c+T [Rumble, 2019] eu ,
29




THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Water properties

1 U—IT 3

A Direct methods
A O  MX-80/sand
(Wang et al. 2013)

A ® O Kunigel V1
(Marcial et al. 2002)

2 Fourges
(Marcial et al. 2002)

—_
c
=

T

—
Q
@
I
[ Jim
b 4
o

10 A - Indirect methods
A ® MX-80/sand
AL - (Wang et al. 2013)

A m  Kunigel V1
(Marcial et al. 2002)

A Fourges
(Marcial et al. 2002)

Saturated water permeability, K,,: m’
S
1
>
®
O

10'22 [ 1 1 1 1 " 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Dry density, p,: Mg/m?

The intrinsic permeability [m?] depends on the density.

N 4 M
: - - ¢ (L — o)
Kozeni-Carman law: Ky = Ko~ r i

(1—¢) & eu
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Storage of the liquid phase per unit volume:

Sw = Pw-N

The influence of the temperature on the density explains the thermal pressurization
mechanism in undrained conditions:

dp = Ildo + AdT [Minh. 2020]

Isotropic case b

g _ K
U= e v
K K Kvw

<
3&5(&; — Dt)
A= .

L
K K K

eurad,
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer
* Conduction

Heat transfer by direct contact of particles

* 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 ey

32
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer

* Conduction : Fourier’s law

leond = _Fm 'grad (T)

", is the thermal conductivity of the medium. It depends on the thermal
conductivity of its constituents (solid and liquid phase).

Serial constituents (S + L): 1/Tp =1/Ts(1=n)+1/T,n
Constituents in parallel (S+L): I'm = [((1-n)+L,n

. . I, =r.m,n r j
Geometric mean (S+L): m S w e U

33
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes of heat transfer
* Internal energy per unit volume
PmCpm (T _ TO)

where p,,is the density of the medium, c, . is the heat capacity of the medium
(under constant pressure).

In order to evidence the influence of each constituent, an additive formulation is
also used:

pscp,s(1 —n)(T — TO) + pwcp,wn(T - TO)

eu
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Permeability, storage

—

Mechanics

eurad,

35

Heat transfer
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Balance equations

 Water mass balance

0 .
a(pwn)‘l'dlv(iw)_QW:O iW:pwgl

* Internal energy balance

dS
— -+ div(Vr) — 0 =0

S =N Py Cpw (T_T0)+(1_n)pscps (T_TO)

Vr = =T VT + cpw pw q (T —To)

ey
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Praclay heater test in Mol

I First shaft (1980-1982)

First gallery (1983-1984)

Second shaft : oLl e 7, ﬁg—.g-e"
(1997-1999) Connecting gallery (2001-2002) = - ! ‘

—

Experimental shaft & gallery
PRACLAY gallery {2007) (1984)

Boom Clay

Layout of the underground laboratory at Mol, Belgium (EURIDICE website, 2018) Layout of the monitoring boreholes around the PRACLAY gallery
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)
Benchmark excercise (EURAD-HITEC WP - Task 2.3)
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Monitoring boreholes around the PRACLAY gallery

Evolution of temperature

80
Interface B
701 |——CG35E-6
5} ——CG38E-2
= ——— CG42E-2
60 |——cca9E-6
2
= 50 - .
= Conclusions:
Q40f
2
o
30t . ° i
Boom Ciay : // Anisotropy of the
= . .
_ _ _ ] thermal conductivity
Main physical, thermo-hydraulic parameters for the Boom Clay
10 : : : : : : :
Material parameters Boom Clay 0 1000 2000 3000 4000 5000 6000 7000
Solid phase density [kg/m?3] Ps 2639 Time [days] ® Negl |g| ble |nﬂ uence
Porosity [-] n 0.39 801 of the water
Vertical intrinsic permeability [m?] k, 218 701 _Egg)agig d ti
. . n i a0 2 -19 — —PG50D-9 a Vec Ion
Horizontal intrinsic permeability [m?] kp, 4E o PG50D-8
Vertical thermal conductivity [W/mK] A 1.31 g eor Egggg:g
Horizontal thermal conductivity [W/mK] An 1.65 E 50 PG50D-5
—— PG50D-4
Linear thermal expansion coefficient [°C?] a, 1E° é ——PG50D-3
40 r |——PG50D-2
Solid phase specific heat [J/(kg.K)] G 769 § — PG50D-1
Young’s modulus parallel to bedding [MPa] Ey 400 g30r
(]
Young's modulus normal to bedding [MPa) E, 200 . 20l - .
Poisson’s ratio parallel to bedding [-] Vi 0.25 e U
ccan’c rati . 10 : : : : : : '
Poisson’s ratio normal to bedding [-] VL 0.25 0 1000 2000 3000 4000 5000 6000 7000 L .

Shear modulus normal to bedding [MPa] G, 80 Time [days] 39
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)
Benchmark excercise: Near field case (EURAD-HITEC WP - Task 2.3)

RS
N | c
Clay/ claystone
Boom Clay COx OPA
Solid phase density [kg/m3] Ps 2639 2690 2340
Bulk density [kg/m3] p 2000 2450 2030
Porosity n 0.39 0.18 0.13
Isotropic intrinsic permeability [m?] K 2.83E79 2320 3.0E20
- Isotropic Young’s modulus [MPa] E 300 7000 6000
= Poisson’s ratio [-] Y 0.125 0.3 0.3
= E, Isotropic thermal conductivity [W/m/K] A 1.47 1.67 1.85
; Linear thermal expansion coefficient [°C-"] s 1E5 1.25E% 1.7E%
YL Solid phase specific heat [J/kg/K] Cp 769 978 995
~ g n ......_é._._>%..
' 100m !
1.25m
r A
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)
Benchmark excercise: Near field case (EURAD-HITEC WP — Task 2.3)

«—

= Impervious

Constant total stress

cyy:12.7 MPa

(UX,OJ o'y,O)

cyy=12.7 MPa

Constrained
displacement
perpendicular to the
boundary

A

—_—

Drained boundary
with constant pore
water pressure P,

boundary
Constrained normal

derivative of the
radial displacement

o To=22°C Py=4.7MPa

> T,=22°C PPy,

o) Ju=22°C Py=4.7MP2

100 m 100 m
" 2 A 2
8 Xﬂ\ — é\ Xﬂ‘
= N N
2 g> T0=22°C Patm . 2
A &
0o~ 5% of o, =
5% of o,
Excavation Waiting
0~24 h 24 h~180 days

a,,~12.7 NMPa
1 1 1 1 3
P,=4.7MPa

100 m

w 00l

Heat flow

5% of o,

o liquid flow
a¥Ya

/
P
Heating

180 days~10 years

Period

Mechanical conditions

Hydraulic conditions

Thermal conditions

To-To+ 24 hours :

Stress reduction to 5%

Pore pressure

No flow at the

10 years : heating

_ of the initial in-situ reduced to P, (0.1
excavation ) MPa) borehole wall

stress a

To+24 hours-T,+6

. As above PP=P,, As above
months : waiting

To+ 6 months-T, + As ab No fl Thermal flow outside

s above o flow

the lining (200 W/m)

_XXo

ed\Nv'CL
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Temperature evolution of water density (Kell, 1975)

1005
1000
From experimental values of the density (Kell, 1975), — 22(5)
the dilation coefficient is computed as: % 985
= 980
dp,, G 975
ady = 1/pWW § 970
965
a,, [104 1/°C] = 4E-06 T3 - 0,001 T2 + 0,1404T - 0,3795 [Kell,1975] ggg
0 20 40 60 80 100 120
B < o
u = e?*er [Rumble, 2019] Température [°C]
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS) : S
3
COx in isotropic elasticity ~*
14 14 14 ¢
=== Horizontal(x=1.25) 000-0—0— YO
==@==Horizontal(x=1.90)
12} 127 12 —a— Horizontal(x=2.50) |  Figure: Schematic distribution of the output nodes
= = T Horizontal(x=6.25)
o 107 o 10 o 10} +Horizonta|(x=50.0)
2, 2, 2, Horizontal(x=100)
o o © 8¢ — ©— - Vertical(y=1.25)
=) =) =}
2 2 o — -@— - Vertical(y=1.90)
0 0 0 6t — -8— - Vertical(y=2.50)
% % % Vertical(y=6.25)
5 5 o 4 — 4~ - Vertical(y=50.0)
o o o Vertical(y=100)
B 0 G 5T I O 45°%inclined(r=1.25)
----- @ 45°inclined(r=1.90)
. | l | 0 | . % 45°%nclined(r=2.50)
180 103 104 180 10° 104 180 10° 10*
Time [days] Time [days] Time [days] Thermal expansion coefficient of water has
(a) constant value (b) Modified y (¢) modified p and a,, larger influence on the evolution of pore
Figure: Pore pressure at heating p.ressu.re, displacement, etc. than its
VISCOSIty.
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

090
w00l

Boom clay in isotropic elasticity o*
00000 YO
357 351 35¢ . o
—o— Horizontal(et 25) Figure: Schematic distribution of the output nodes

37 3t 30 —@— Horizontal(x=1.90)
— — === Horizontal(x=2.50)
& 25¢ © E Horizontal(x=6.25)
= s S . . === Horizontal(x=50.0)
© o E Y i Horizontal(x=100)
7 3 5 — -©— - Vertical(y=1.25)
N 0 - o—- i -
3 45" g 8 @ Vert!cal(y—1.90)
a a & — -8— - Vertical(y=2.50)
o o o Vertical(y=6.25)
DC_) 1 D? Dc_) — A~ - Vertical(y=50.0)

Vertical(y=100)
----- O+ 45°inclined(r=1.25)
----- @ 45°%inclined(r=1.90)
----- % 45°inclined(r=2.50)

0.5

0]

| | 0 | | 0 | |
180 103 104 180 103 104 180 1000 10000
Time [days] Time [days] Time [days] . ..
Thermal expansion coefficient of water has
(a) constant value (b) Modified p (c) modified p and o, larger influence on the evolution of pore
_ _ pressure, displacement, etc. than its
Figure: Pore pressure at heating : .
VISCOSIty.
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THERMO-HYDRAULIC PROCESSES (SATURATED CONDITIONS)

Conclusion :

Permeability, storage

—

Mechanics

eu
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UNSATURATED FLOW PROCESSES

The material involved in the processes are Saturated/Unsaturated porous media

EDZ — Buffer swelling

Water flow from
the host rock

o

Technological gap
filling

Buffer hydration
EDZ recompression

.......................

Host rock desaturation? Host rock
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UNSATURATED FLOW PROCESSES

Liquid phase
(aqueous solution)

Granular materials

Gas phase
Soil skeleton (humid air)
Oil
Water | olid phase

gaseous
phase

Argillaceous rocks

(Hydrocarbon-polluted soils, ~.
petroleum extraction) /
(Priol et al. 2004) solid phase ~ =
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UNSATURATED FLOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION
The total potential of water y is defined as the amount of work (per unit mass of pure Water) required to
transport reversibly and isothermally an infinitesimal quantity of water from a reservoir of pure water at a

specified elevation and atmospheric pressure to the point under consideration (Aitchison, 1965).

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

¢=¢g+¢p+¢m+lpo

where y, is the gravitational potential, i, the external pressure potential, y;, the matric potential and y, the
osmotic potential. The sum of the matric and osmotic potentials is referred to as the internal potential.

eu
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UNSATURATED FLOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION
In soil mechanics, the concept of suction is often used as an alternative to the internal potential. The
gravitational and external pressure potentials are indeed not relevant for constitutive modelling of the soil (Gens,

2010). The suction is an energy per unit volume (instead of per unit mass) and is expressed in terms of pressure.
The total suction s, is defined as:

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

The total suction is directly related to relative humidity.

eu
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UNSATURATED FLOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION

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

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

The surface tension is able to maintain different The height of capillary rise depends on the surface
pressure of liquid and gas in the interface. tension between the two phases
S G
\ 9/40“
—
G o
c 0 L L
S
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UNSATURATED FLOW PROCESSES
CAPILLARY SUCTION: Laplace’s law

Force equilibrium

s \G >/40 If 6 < 90°, the air pressure
B S 2 is partly sustained by the
rchy =2rr.
- Tl LY w 7T-1e-OgL cosd meniscus. The water
2 5. COSH presure is lower than the
h=_—"6GL air pressure.
Iy
L
O : contact angle

oL - Surface tension between phases G and L
rc : capillary tube radius

2.0, COSE
— _ _ = GL
S=Py—Pu=ruwh=
r.C
If © < 90°, the liquid enters the cavities in ] i
eu

the solid surface and the liquid is said to

wet the surface =
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CAPILLARY SUCTION: Laplace’s law

0 =0°
6L = 0.073 N/m (20°C)
Py = 100 kPa (absolute pressure)

s (kPa) 0.146 14.6 1460
p,, (kPa) 99.854 85.4 -46 -1360

eu.
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Laplace’s law

CAPILLARY SUCTION

The meniscus is concave toward the air
side and pore water presure is negative
Particles are stuck together by surface

The contact angle of water with the
tension and negative pressure

particle surface is less than 90°
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CAPILLARY SUCTION: Laplace’s law

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

S =Pg — Pw

This definition corresponds to the capillary suction, and not to the matric suction

(see Baker & Frydman, 2009, for a discussion). However, essentially for historical reasons, it
is used to express quantitatively the degree of attachment of the liquid phase onto the solid
phase, regardless the attraction mechanism.

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

Very large negative ‘water pressures’ 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” r n
(Blight, 1965) eu




. |

UNSATURATED FLOW PROCESSES

Retention properties

The water retention curve is defined as the relationship between the amount of water stored in a porous
medium and suction. The amount of water stored may be expressed in terms of water content, water ratio
or degree of saturation. Yet, the degree of saturation, which provides normalisation of the volume fractions

of the liquid and gas phases, is directly involved in the mass balance eauations
18

Touchet silt loam

[y
un
1
F—
==

A9
Q

MATRIC SUCTION, (u ,-u,,) (kPa)
s
L 1 L

Fine sand

h
1

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

Glass beads

1 1 1 1

Volcanic sand

0 ) I I 1 1 1 I 1 ] 1
0 20 40 60 80 100 e l..lL
DEGREE OF SATURATION (%)
Retention curve [Brooks and Corey, 1964]

57
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Retention properties

—

rnes

Degree of saturation, S,

SAE
Suction, s (log scale)

Air

Water retention curve and schematic stages of saturation in porous media
(modified after Nuth & Laloui, 2008a) ) .
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Retention properties: hysteresis

1000 :
g | |
100 | :
= : Scanning !
2 : curves Drying
o : |
0 | |
0 . |
=) : |
@ 49— | :
. Wetting :
8 |emmbim e o mm v i i i m mom i e
1 : ,
0 s, _ 100 % r X
Saturation S, e U
59

Retention curves
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Retention properties: influence of the dry density

= Tests on compacted Boom clay
a(S,) ~ 300 MPa

f remaining intercluster water +
| _some intracluster water

.

(vapour phase)

intercluster
water

Vapour equilibrium

technique + psychrometer

104

a
o
—
w)
@
S—

l free macro- N\
pore water

=N
|

\S

Suction y (MPa)
(matric suction if (u_-u ) < 0.5 MPa)

o
—
1

om 13.7 kN/m®

o e 16.7 kN/m®
0 5 10 15 20 25 30 35

Water content, w (%) (Romero, 2000) e U

technique
(liquid phase)

Air overpressure
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Transfer properties

100 %

0
d :
X Drying
by K —
E rLw
8 . kro T
£ Wetting - ‘
)
o
)
=
o 0 s, 100 %
=0 ' ' Saturation S, ,

1 10 100 1000

Succion s [MPa]

Permeability ey
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Equilibrium restrictions

Solid phase Liquid phase Gas phase
Phases: (u;) (u=u,) (ug=u,*u,)
inc: , Liquid water Dissolved air Dry air Wat
Species: ‘ Mineral \ [ (@) } [ ) j [ o) ] { a e(rui?pour]

Air species

Water species

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

{Nater vapour

RH =100%

Pure water

pTr
T L 1044 exp(— 0.06374 (T —273)+0.1634 107 (T - 273)2)
> PH,0,0
. 0! _ Pazo,o RT

. H,0,0 M o
£
%D.B

D02 e UL J

: : 63

a0 50
Teampérature [*C]
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Equilibrium restrictions: Kelvin’s law

Water vapour
iy — + dry air .
9 Temperature = 20°C RH < 100%
R R R T SR B Pure water

relative humidity

3 o '
P s Lo L LA L
o [ A RN '

g
03 §

) 0.99 ;:-;-'r;;;:;:;--'-' (p -p )M

8 ¥ E 1 P . w g H,O
nzf.. §oep-t Kelvin’s law:  pio = P800-XP :
04 .. Foms o, RT

: ; pg pg
total suction (kPa) RH = 10 _ 77H,0

Y g
Ph,o0 P00

eu
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Equilibrium restrictions: Henry’s law

Henry’s law expresses the equilibrium between dissolved air in the liquid phase and dry air in
the gas phase. Under constant temperature, the amount of dissolved air is proportional to the
air partial pressure

pa = KaI Xy
where Kais a constant. This law may be written in terms of densities, so that

pda = Ha pa

where H,is called the Henry’s constant and is equal to 0.0234 for air.

eu

65




UNSATURATED FLOW PROCESSES

Balance equations

Solid phase Liquid phase Gas phase
Phases: (u;) (u=u,) (Ug=u,+u,)
inc: , Liquid water Dissolved air Dry air Water vapour
Species: ‘ Mineral \ [ (u,) } [ (x3) j [ (uy) ] { (u,) ]
Air species

Water species

The compositional approach (Panday & Corapcioglu, 1989; Olivella et al., 1994; Collin,
2003) is adopted to establish the mass balance equations. It consists of balancing species

rather than phases. This approach has the advantage that phase exchange terms cancel out,
which is particularly useful when equilibrium is assumed.
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Water Mass Balance

%(pw n Syy) + div (]_fw) +%(pv nSy) + div (]_fv) -0, =0

Liguid water, S,., water saturation degree
Water vapour, Spg = 1 — S, gas saturation degree
Source term

Gas Mass Balance

J G
E(Pd,a n Srw) + div (fd,a) + a(pa n Srg) + div (Za) -0,=0

Dissolved air, §,., water saturation degree
Dry air, Sy = 1 — S, gas saturation degree
Source term ey

67
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Fluid transfer equations

In both liquid and gas phases, water and air fluxes are a combination of advective and
non-advective fluxes. Advective fluxes are associated to the phase movements, while non-
advective fluxes are associated to the motion of species within phases. The mass fluxes of liquid

water, water vapour, dry gas and dissolved gas are given respectively by

T o, =Pw Y,

— A9 I
i(Hzo)g _szo'gg +!(H20)g

— A9 i
i(Air)g - pAir'gg + !(Air)g
— A9 i
i(Alr)d - pAlr'HAlr'9| + !(Alr)d

eu adl
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Fluid transfer equations: advective fluxes

Advective fluxes of both liquid and gas phases are described by the generalized Darcy’s law for
partially saturated porous media.

K3% k
:mt *TMTrw
Q=—=" [grad(pw) + g pw grad (Z)]
w
where
« K352 [m?] is the intrinsic permeability
* k., [-] is the water relative permeability function
* U, [Pa.s] is the water dynamic viscosity

* p,, [Pa]isthe pore water pressure

* p,, [kg/m3]is the liquid water density
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Transfer properties

The intrinsic permeability [m?] depends on the density.

. N (L= o)
Kozeni-Carman law: Ky = Kyo———; —~
(1—¢) ®o

The intrinsic permeability depends on the pore size (and the interconnectivity of the pores)

The pore size of expansive clays may change very significantly due to hydration (even during
constant volume conditions)

eu
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Transfer properties

The intrinsic permeability [m?] to gas and liquid are not the same !

Sr,w (')
0 0.2 0.4 0.6 0.8
1E-19
+ Pham, 2006
4 Semete et al., 2008
1E-20 -, Boulin, 2008
o Hoxha & Auvray, 2005
= Homand et al., 2004
_1E-21 - ot
g
J : de
1E-22 - 2 2 AT
4 . :o ¢
L Fee *
¢, °
1E-23 - o
A O o
1E-24 -

(m?)

(=)}

K

Sr,w (')
0 0.2 0.4 0.6 0.8 1
1.E-16 ‘
1.E-17
*
P
1.E-18 VF N AR .o s,
* A A
1.E-19 ﬁth“ MO , o e
1.E-20 - +* o+ 0D
Ooe DDD:.
1.E-21 - oA o
1.E-22 1+ Andra, 2009 - LML o
1E-23 A Yang, 2008 .
o Boulin, 2008
1.E-24 - Zhang & Rothfuchs, 2004 o
1.E-25 -
]
1.E-26 - :
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Fluid transfer equations: advective fluxes

Advective fluxes of both liquid and gas phases are described by the generalized Darcy’s law for
partially saturated porous media.

ngT'latt krg [

grad(pg) + g pg grad (z)]
Hg - —

49 =~

where
« K% [m?] is the intrinsic permeability
* kyg [-]is the gas relative permeability function
* Ug [Pa.s]is the gas dynamic viscosity

* Dy [Pa] is the pore gas pressure

* pg lkg/m?]is the gas density - .
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Fluid transfer equations: non-advective fluxes

The diffusive fluxes are governed by Fick’s law. According to Fick’s law, the diffusive flux is proportional to the
gradient of mass fraction of species, the proportionality coefficient being the hydrodynamic dispersion
coefficient. The diffusive fluxes of water vapour and dissolved air read

Diffusion within the gaseous phase

Iy = —N 55 TDysapy grad (pv/pg) = —lgq

* D, q [Mm%s] is the diffusion coefficient of water vapour in dry air

* 1 [-]is the tortuosity

Po T 1'75 . -5 2 o r A
Dyja = Do22()" with pg=101 kPa, Dg= 2.42 105 m¥s and T,=303°K

Pg \lo eU

73
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Fluid transfer equations: non-advective fluxes

The diffusive fluxes are governed by Fick’s law. According to Fick’s law, the diffusive flux is proportional to the
gradient of mass fraction of species, the proportionality coefficient being the hydrodynamic dispersion
coefficient. The diffusive fluxes of water vapour and dissolved air read

Diffusion within the liquid phase

L.d,a =-—NnSyT Dd—a/wpw grad (pd,a/pw)

* Dg—q/w [m%s] is the diffusion coefficient of dissolved air in water

ey
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Permeability, storage, retention

—

Mechanics

eurad,

75

Gas flows
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Balance equations

* Water mass balance
0 . 0 . .
e (pw N Spy) + div (]_fw) + ET (py m Srg) + div (pv qq+ lv) -0, =0

* Gas mass balance

9, 0
E (pd,a n Srw) + div (pd,a gl + id,a) + & (pa n Srg) + div (pa gg + ia) - Qa =0

eu.

76




. |

UNSATURATED FLOW PROCESSES

I}

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

Benchmark exercise*

Im

+ 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 O_

Flow Conditions — Numerical Models in Geomechanics, pp. 297-

302, 1997.

eu
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—— Parmézbilitd & "eau
------Parmésnilitg & fair

40 BO a0 100
Saturation [%]




Saturation []
=
g

UNSATURATED FLOW PROCESSES
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—— Parmézbilitd & "eau
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Saturation [%]
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Modelling with fixed gas pressure

SN = P Fars =
gil L ame | 5o 1 7 /’j/ vl
S E———eh e A I 0 ¥ A0
N

a0 85 100 105 110 115 0 2
Pression d'eau (kPa) Succion (kPa)
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-==5 min.

=
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=
s
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Modelling with variable gas pressure (+dissolved gas)
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Benchmark exercise to study the gas migration around a drift

Bouchon en argile gonflante
Bouchon en béton
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L
< >
§§ §§
H
Remblai
r Vide : épaisseur e
7 | tRZ |
o IS = A 1.0 ..
N N
Bouchon Bouchon Colis
de béton d’argile
La Lb Lc Ld Le
< > > > < > >

eu.
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Geometry
L*
< >
1 A
|
|
§§ *
|
1 H
|
Remblai I
r Vide:épaisseurve : jRZ
_.Y

TN s

ouchon Bouchon Colis
de béton d’argile
La Lb Lc Ld/2
>€—> < > >

H=82m
L=51m
Rl=La=4m
Lb=3.3m
Llc=3m

Ld =30.7 m
Le=10m
R2=0.35m
E=0.0125m

eu
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Initial conditions

Clay rock: Swelling clay:
i 0, = 12.3 MPa 0, =0.1 MPa
I P, =5 MPa S,w=0.80
I P,=0.1 MPa P,=0.1 MPa
! T =303°K T =303°K
= S
|
I
Remblai ' Concrete plug: Backfill:
o : 0, = 0.1 MPa 0, = 0.1 MPa
r Vide : épaisseur e |
K m— Y P, =0.1 MPa Sr,w =0.80
?Z' it " A
TS TN - - P,=0.1 MPa P,=0.1 MPa
Bouchon Bouchon  Colis T = 303°K T = 303°K
de béton d'argile

86
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Modelling steps and boundary conditions

e Step 1 : Excavation and waiting
phase (= 2 years)

e Step 2 : Water resaturation of the
void space and activation of the
plugs (= 3 years)

Remblai

|
|
1
S S
I
|
|
|

El

Vide : épaisseur e |

A i e Step 3 : Hydrogene production
A and backfilling (= 100 000 years)

Bouchon Bouchon  Colis
de beton d'argile

eurad,
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Boundary conditions - Step 1 : Excavation + Waiting phase

0,=0,
P.=P.. ) ) ]
s P=P, Simultaneous excavation of the main
, drift and the alveole (> 3 days) :
!
I
L % Deconfinement = o, decreased at the wall
B | downto P,
! Drained condition =» P, decreased to P,,,
| :
; P, fixed
YA |
S P WO (R
X Y
0,=0.1 Mpa
Pw=0.TMPa
Pg=0.1MPa

eurad,
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Boundary conditions - Step 1 : Excavation + Waiting phase

0.=0,
P.=P,,
s PPy Waiting phase (= 2 years) :
Pl i
| o, = 0.1 MPa
I
» Drained condition
S =L
I Pg fixed
I
|
I
]"‘ |
S I — Yoo oo o lome
X Y
0,=0.1 Mpa
Fw=0.1MFa
Pg=0.1MPa

eu
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Boundary conditions - Step 2 : Activation of the plugs and the cannisters
+ water Resaturation of the void space

Or=0y
PW:PWE
P=P, Resaturation of the void space (= 3 years):
—: Pg fixed
!
S % Main shaft
! Constant relative humidity
|
: or=0,=0.1 MPa
Hr=50% _______.-f-:t:‘“'x\ I
0,=0,=0, A Vide : épaisseur e | Alveole
———— L. A- - _ = = -k"-r_xl - == Cannister: impervious to fluids =» Resaturation
Bouchon Bouchon Colis of the void space
de béton d'argile 4
Vw=0 Fixed radial displacement
Un=0

eurad,
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Boundary conditions - Step 3 : Hydrogene Injection + Backfilling

Or=0q Hydrogene Injection without backfill
IP“"P”: (3- 100 years):
s i
| Main drift
! Constant relative humidity
H"‘m_\ ___L_H
T Hr“ Pg = 0.1 MPa at the wall
! og=0,=0.1 MPa
[
Hr=50% __— !
Pg=0.1MPFa Vide : épaisseur e | Alveole
0.,=0,=0, T = - . . . .
) B i-yé-L\—-—'-—-'\q-—-“T'— ----- Cannister impervious to fluid
Bouch Bouch Colis
dSiZtEE d'DaLrJ;n;n TN Hydrogene flux imposed at the wall
Vw=0
Vg=V(t) Fixed radial displacement
Un=0

eurad,
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Boundary conditions - Step 3 : Hydrogene Injection + Backfilling

0.=0,
P.=P e . L. . .
o Hydrogene injection with the backfill
. (100-> 100 000 years):
I
I Main drift
= S :
[
' Alveole
. |
Remblai i Cannister impervious to fluid
Vide : EPEISSEUF & I Hydrogene flux imposed at the wall
- 472 L\__I ‘*' l - Fixed radial displacement
Bouchon Bouchon Cﬂlls "‘»__
de béton d'argile b
Vw=(0
Vg=V(t) . :

Un=0 eUL ]
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1.00E-10

Hydrogene flux
=
(}? 8.00E-11 -
A
=
g 6.00E-11 -
o
L
© 4.00E-11 -
-
R
13
L. 2.00E-11 -
=
0.00E+00 ‘ % ‘ ‘ * |
0 20000 40000 60000 80000 100000 120000

Temps (année)

eu
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Remblai |
0.998 - r : .
C2 - Y _*.
C5 = — L 3 _
0.996 - | 2 l |
C3 C4 Cl
) La Lb Lc Ld/2
0994 4 o T ’
%)
0.992 - —-—50 ans
250 ans
—— 1000 ans
0.99 - —— 4500 ans
— 5000 ans
=20 000 ans
0.988 - — 50 000 ans
-=-100 000 ans
0.986 I I I I I I I I I 1
0 2 4 6 8 10 12 14 16 18 20 g !

r (m) eU
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Remblai

—— 3 jours
—— 2 ans C2—
——50 ans C5 -

250 ans C|3 .
—— 1000 ans C4 c

—— 4500 ans La Lb Lc Ld/2

— 5000 ans
—=— 20 000 ans
— 50 000 ans
-=-100 000 ans

m
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1.00E-10 - Total imposed flux = Gaseous Flux + dissolved Flux
e Unsaturated Zone = Gaseous Flux >>> Dissolved Flux
e Saturated Zone = Dissolved Flux > Gaseous Flux
8.00E-11 -
——f H2-g total - 50 ans
< 6.00E-11 - ——f H2-g total - 250 ans
(‘G ——f H2-d total - 50 ans
= —+ f H2-d total - 250 ans
o)
< 4.00E-11 -
2.00E-11 -
*
000E+00 S T T ——— T
0 1 2 3 4 5 r k
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UNSATURATED FLOW PROCESSES

1.60E-11 -
/v Flux (H2),
1.40E-11 - Flux H2 total
\ Flux (H2);, - Which transport mode?

_ 1.20E-11 -
.
2
A 1.00E-11 -
S ——50 ans
o
< 8.00E-12 - 250 ans
! —— 1000 ans
)
= —— 4500 ans
- 6.00E-12 -
N -=- 20 000 ans
- =100 000 ans

4 .00E-12 -

2.00E-12 -

OOOE+OO | o =

0 2 4 6 8 10 12 14 16 18 20
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UNSATURATED FLOW PROCESSES

1 60E-11 /V Flux (H2)g
Flux H2 total
T~ Flux advection (H2),
1.40E-11 - Flux (H2)q <
Flux diffusion (H2),
7-*(; 1.20E-11
N ¢ Dissolved flux Maximum at the
E, 1.00E-11 - transitions saturated — unsaturated zone
4
~ e Diffusive Flux >> Advective Flux
S 8.00E-12 | e 22061”5
2 ans
E 6.00E-12 —— 1000 ans
g R —— 4500 ans
cIQ -=- 20 000 ans
— 400E-12 7 =100 000 ans
2.00E-12 -
0.00E+00 -

0 2 4 6 8 10 12 14 16 18 20
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UNSATURATED FLOW PROCESSES

3.00E-14 - _~7 Flux (H2),
Flux H2 total - dvection (H2)
Flux (H2), <. ux advection p
2.50E-14 - Flux diffusion (H2),
e Proportionnal to the water advective
2.00E-14 - flow
- ——50 ans
o . .
N 150E-14 * Impervious condition to water at the 250 ans
e wall —— 4500 ans
2 1 00E.14 — 5000 ans
> 100 000 ans
©
@
T 5.00E-15 - \\K
QN
I ///\
0.00E+00 - =< z ‘ ‘ ‘
( 14 16 18 20
-500E‘15 7 /
-1.00E-14 -

r (m) eu
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UNSATURATED FLOW PROCESSES

Retention curve

If S;.x <1 =2 H, injection is easier

= Pg |

max

eu.
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UNSATURATED FLOW PROCESSES

—-—50 ans
—— 4500 ans
— 50 000 ans

3‘5 46 4‘5 5‘0 .
eu
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UNSATURATED FLOW PROCESSES

7 _
S, =0.999
6 _
5 _
g
s
o (0]
a 3
q
q
24 —-—50 ans
—— 4500 ans
1 - —50 000 ans
O I I ° b ’\‘ I e \A e I ° I e A\ é I é ji\’
0 5 10 15 20 25 30 35 40 45 50

102
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0.2
S, =0.99

0.15 -

50

<

Q .

= 01 °

(@)

o
—-—50 ans

0.05 - —+— 4500 ans
—50 000 ans
0 I I I 1
0 5 10 15 20 25 30 35 40 45

r (m)

eu
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UNSATURATED FLOW PROCESSES

Permeability, storage, retention

—

Mechanics

eurad,

104

Gas flows
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THMG PROCESSES

Mechanical behaviour

The mechanical behaviour of a gematerial is by essence highly complex:

Non linear

Reversible/Permanent deformation

Time dependent behaviour

Cyclic behaviour

In geomeachnics, the stress increment is generaly computed from the strain increment as:

do = D(o,€ & Kk)de

Where ois the stress tensor, ¢the strain tensor, x the internal variables

eu
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Mechanical behaviour

Contrary to classic continuous media, the mechanical behaviour of porous media is not only
controlled by the total stress, but it is also influenced by the fluids occupying the porous space.
Therefore, alternative stress variable(s) should be defined. In the case of saturated porous media, the

concept of effective stress was early introduced by Terzaghi (1936).

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

’ —

And the previous relationship is written as:
do' = D(0',€ & K)de

Where ¢’ is the effective stress tensor, ¢ the strain tensor, x the internal variables ) ]
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Mechanical behaviour in unsaturated medium

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

e The extension of the effective stress definition for saturated porous media towards unsaturated
states;

* The definition of two independent stress variables (while only one, the effective stress, is used for
saturated media).

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

eu
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Mechanical behaviour in unsaturated medium
Extension of the effective stress definition

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

o =0y — U0, + (U, —U, )0,

where y is a material parameter, called Bishop’s parameter, which depends on the degree of saturation.
It takes the value of 1 for fully saturated states and O for totally dry states. Experimental results on
unsaturated soils evidence the relation between and the degree of saturation (Jennings & Burland,
1962; Fredlund & Rahardjo, 1993). Note that, since Bishop’s stress depends on the material properties, it
is not strictly speaking an effective stress (Sheng et al., 2008b).

eu
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Mechanical behaviour in unsaturated medium

Extension of the effective stress definition

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

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

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

r .
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Mechanical behaviour in unsaturated medium

Independent variable approach

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

Oij = 04 — Ua5ij

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

r .
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Mechanical behaviour in unsaturated medium

Independent variable approach

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

= Critical state line
- | curface " Plane of the Modified
5 % e Cam-Clay Model
E ] (saturated conditions)
ki ,-f-_’__/- T
A T
Q A - é
p Net mean stress, p
o

Extention to

Blastic domain unsaturated conditions

_——_—6-
=
L4

““I
\

|
(Py(s).s)
D e UL A

Three dimensional yield surface of Barcelona Basic Model (Alonso et al., 1990). 112
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Mechanical behaviour in unsaturated medium and non-isothermal conditions

Following the same approach of independent variables:

do = D(0,¢ & k,s,T)de + hds + fdT

Where h constitutive vector net stress-suction and fis the constitutive vector net
stress temperature.
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Mechanical behaviour in unsaturated medium and non-isothermal conditions

Mechanical problem

Soils and rocks have a non linear behaviour and may undergo very large deformations.
Lagamine code has been developed in the context of large strain, large displacement
problems.

In this case, the initial configuration is different from the actual one. One may write
the balance equations in the initial configuration or in the current one.

This latter choice is made in Lagamine code: we use the actualised deformed
configuration as reference one ( ).

The flow problem is also written in this actualised deformed configuration and the
modification of water storage due to solid displacement is therefore implicitly taken
into account.

eu
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Mechanical behaviour in unsaturated medium and non-isothermal conditions

Initial
X X
25 2 Deformed
....... e
L e , ,,,,,,,
‘ X X)
_ v /)
. * Grid node
Apdated Lagrangian mesh Material point

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:

eu
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Solid Mass Balance

As far as the reference configuration follows the solid phase, the solid
mass balance equation is automaticaly met.

It provides the porosity evolution equation:

Sr,w‘dpw + Sr,g dpg + ( pg o pg)dsr
K

S

do=(b—g).(dg, + = —3a,dT)

Linear momentum Balance
div(o;;)+ p9; =0

Where o;; is the total stress tensor and p is the bulk density of the soil e U




s |

THMG PROCESSES

Water Mass Balance

%(pw nSp,) +div(f,) +%(pv nSg) +div(f,) = Q=0

Liquid water, S,.,, water saturation degree
Water vapour, Sp4 = 1 — S, gas saturation degree
Source term

Gas Mass Balance

d d
E(pd,a nSrw) + div (]_fd,a) + a(pa n Srg) + div (]_fa) —0,=0

Dissolved air, S,., water saturation degree - :
Dry air, 4 = 1 — 5}, gas saturation degree e l_|
Source term 117
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Retention properties: influence of the temperature

= Tests on compacted Boom clay

—o— 22°C
- - -80°C

o
Vapour equilibrium

013.7kN/m?3
0 16.7kN/m?

—
aaaaal

Total suction (MPa) for \y > 3 MPa
Matric suction (MPa) for s < 0.45 MPa
Q

Air overpressure

Mo N N N
5 10 15 20 25 30 35

Water content, w (%) e U
(Romero, Gens & Lloret, 2001)
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Retention properties: influence of the temperature

In the Van Genuchten expression, P is a function of the air entry
pressure depending on the max. pore radius and the surface tension:

206

T r

And the surface tension depends on the temperature as:

252.93
oc—; = 0.0359 exp

The Pr parameter can thus be adapted as:

P(T) _ 05 (T) r
P.(T0) ~ 05_,(T0) eu
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Relative water permeability: influence of the temperature

1.00
13.7 KN/m?3
o 22°C e80°C o
O
0.80 — N
i 16.7 KN/m?3 u
| oo22c wsoc wal

Relative water permeability, k,, / K,g

0.00 0.20 0.40 0.60 0.80 1.00

Effective saturation ratio, S, r 3

(Romero, Gens & Lloret, 2001) e U !
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Internal energy Balance
St _ :
- T div(Vy) + E}o0"L — Qr = 0
St
= N Py Srwcpw (T — TO) +np, Srgcpv (T _ TO) + 1 pg Srgcpa (T o TO)
+ N Pdq Srwcpda (T _ TO) + (1 - n) Ps Cps (T _ TO)

VT =-—TVT+ Cow Pw gl (T T TO) + va (pv Qg + Lv) (T _ TO) + Cpa (pa Qg + ia) (T T TO]

.35 . W
Water vapour mass balance equation : a—: + div (fv) —Ef;0" =0

@ eus -
121 r
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Internal energy Balance

S, s,
a—tT+ div(Vr) + (a—tv+ d1v(£,)>L —Qr =0

S;" = N Py ST'WC w (T _ TO) + 1 Py Srgcpv (T _ TO) + 1 Pq Srgcpa (T _ TO) +
N Paa SrwCpda (T — To) + (1 — 1) pg Cps (T — To)+L 1 Spg py

Vr
=—=T'VT+ ¢y pw q (T—Ty) + Cpv (pv g + Lv) (T — To)
+ cpa (Po Gy + i) (T=To) + (p0 g + 1) L
eu
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Gas flows 123
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THMG PROCESSES
TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

* Preliminary Technical Information Schematic horizontal slice at generic repository depth
* Generic repository configuration with material parameters for Legeniaﬁ ;”;yk
three cases: mm Gallery seal mmmm Deposition tunnel
» Storage Zone A (ILW, NAGRA) Jon

« Storage Zone B (HLW, ONDRAF)
« Storage Zone C (HLW, ANDRA)

* Initial boundary conditions in terms of 7, P,and o,

« Time varying conditions

Stage Scenario Time scale
l. Initial stage (No repository) T<O0
2 Instantaneous excavation T=0
3. Ventilation T =0 to 50 Years oM 3
>
4 Waste emplacement T=50 Storage zone A (ILW, Nagra)

200 m

Not at scale

Source terms for temperature and gas injection 124
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TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

Host rock

Zone B

& ZOne C Host rock
Outer EDZ

Inner EDZ _1‘6‘6\ Outter EDZ

Waste package
(Radius : 0,45 m)

;5@ Steel|liner thickness : 2 cm
e
<

Not at scale -
Not to scale ‘0 %s

(Canister + overpack + buffer + envelope = supercontainer)

, . . . . AA’ vertical cut perpendicular to the axis of the tunnel
AA vertical cross-section perpendicular to the axis of

the tunnel

125
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TASK 4.2: MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCALE OF A REPOSITORY

Zone B (HLW, Ondraf): Boom Clay 525 m

Zone C (HLW, Andra)

» Waste package

« Air void

= Concrete buffer

+ Cementitious backfill

« Concrete liner

* Inner EDZ

e Quter EDZ

» Host rock

« Top aquifer

» Bottom aquifer
‘

[N N

325 m

Zone B

313 MPa
5.25 MPa

.16.88 MPa

Zone C

6.90 MPa

25 MPa
10.15 MPa

10°C

23°C

27°C

I

35°C

FIXED
p., & T at top

—

Biot’s Coefficient

Inner EDZ 0.8
Outer EDZ 0.8

Undist. Rock 0.8

Top aq. 0.8

Bottom aq. 0.8

Others 1
FIXED

p., & T at bottom-

7 1 1

L

126
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Phase Time [Years] Scenario Features

Initial T<O0 No Repository * In-situ stress regime (0,;0,)
(Instantaneous excavation) *  Hydrostatic pressure (p,)
*  Natural geothermal field (7)

Phase-I T=0-50 Ventilation (Zone B) *  Ventilation/Dewatering effect
Dewatering (Zone C) o Zone B = 80% RH (s, = 30.60 MPa)
o ZoneC (p, = 0.1 MPa)

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

10 R IR I I I

ZoneC| | 1.0
---- ZoneB| ]

Z

Zone C —— Zone B

5

0 &
-'!\Day1

S L1 _

o
=]
1

1
—
=)

o
o
|

)
o
— .
i
i
i
i
i
i
i
U
o
o

Stress factor
o
=~

o
N
T

|

DN N N N
—)

Day 2 1 | Day1

_(_// r a

—
1

1
Pore water pressure, p,, [MPa]

- Z _35 [ FETTIT IR EEETTTT MR | ...- svvond vvvd vl 3 vd 11 e U
Py = 0.10 MPa(r = 0.5 m) b. = -30.60 MPa (r = 1.8 m) 0.010.1 1 1050 0.010.1 1 1050 .

] i 127
R.,.=05m R, =25m Time, [Years] Time, [Years] r

-
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* For Zone B (HLW, ONDRAF)

THMG PROCESSES

Gas-H, source term [mol/y] = 0.25 (per m of cell) for
100,000 years

Gas flux-H, = 0.141E-11 [kg/s.m?] @ at liner intrados
(r=1.80 m)

Max. heat flux = 123.00 [W/m?] along the canister
circumference (r=0.25m)

* For Zone C (HLW, ANDRA)

Gas-H, source term [mol/y] = 1.90 (per m of cell) for
40,000 years

Gas flux-H, = 4.295E-11 [kg/s.m?] along the canister
circumference (r=0.45m)

Max. heat flux = 88.42 [W/m?] along the canister
umference (r=0.45m)

Tl
i
/]

Il

1]
M”%”

[]]
i

L]
=
[ ]

[]
HHH
)

AN N

Scaling factor for heat flux [-]

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Heating :

{ (50-3000 Yrs) |

10

100 1000 10000
Time [Years]

eu.
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THMG PROCESSES

EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER) Zone B

Table: Different cases for evaluating the effect of overlaying and underlaying aquifers.

//
Specified SWRC Spec. Rel. Per. Funs. Remark ;;,;EEEE:E::Z
With Top/Bottom T
Case 4 v v Top / HHH
aquifers (THMG) T
Without Top/Bottom ANy
Case 5 v v _ p/ N
aquifer (THMG) =S
: o
In Caseb: L ————

Nodes in Top and bottom aquifers are fixed for p,, p,,and T

129
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EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER)

THMG PROCESSES
80
L Case4 (r— 1 49m) ]
70l (a) Case 5 (r=1.49m) |
%)
.60
S \
e
350
3.
§ 40 | =
~ In Backfill
30+ .
P
20 1 1 1
10? 103 10* 10° 108
'ﬁme[ﬁmnﬂ
80 T e T -
—Case4(r 345m) J
(d) Case 5 (r = 3.45m)
70 + 4
-9- I
~ 60
o
S
ESO
3.
E 40 - e
~ Outer EDZ &
30+ E
N
20 1 1 1
4 102 10° 10* 10° 10°

Time [Years]

80 N ——
Case 4 (r=2.10m)| |
b =
70 | ( ) Case 5 (r=2.10m) |
%)
.60 A\
0 r
e
350
g
E40+ ]
A In C.L.
30+ ]
P
20 1 1 L
102 10° 104 105 108
'ﬁme[ﬁmnﬂ
80 Ty -
—Case4(r 417m) ]
e
70_( ) Case 5 (r=4.17m)| |
"('3- L
.60
o
S
350
2.
540 ]
~ (6{0)'¢
30 : |
I ——
20 ' ! '
102 10° 104 10° 10°

Time [Years]

80 ——— E————
(C) = Case 4 (r =2.75m)| |
70 1 Case 5 (r=2.75m)| |
o
.60
o
=
350
2.
540— - §
~ Inner EDZ 1
30 - -
o
20 1 1 1
10?2 103 104 108 108
'ﬁme[ﬂmnﬂ
80— T -
(f) _Case 4 (r = 50m)
70 - Case 5 (r = 50m)
'G- L
.60
o
S
ESO
8.
540 i
~ Far-field &
30 .
S
20 1 1 1
102 10° 104 10° 105.

Time [Years]
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EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER)

]
(3]

20+ ] a E 20| ] 20 c ]
= 15[ In Backfill @ 5 15l In C.L. (0) = 15 Inner EDZ ©
Q - 1 o I ] o L i
% 10| 1 = 10f ] s 10} ]
5r E o L ] o L =
S 5 5 - S 5
o OF ] @ 0of ’ @ 0 .
e 5t g © 5l ] ® 5l i
Q 3 Q L . I
g 10r 7 §-1o_- 1 §-101 -
$-15¢ ] S-15¢ 7 S-15¢ 1
© 20 | —CESE4EF=1-43”‘; 1 ©-20 ——Case 4 (r=2.10m) ] o -20 | ——Case 4 (r=2.75m) ]
F — Case 5 (r=1.49m P L —C 5(r=2.10 ] s L I =2
g 25} ! . S 25f ase 5 (r m) ] $ 2sf Case 5 (r=2.75m) |
-30 - * . -30 . -30 :
-35 p L '---'--'2 L '----'-'3 L '----'-'4 bt "'5 e 6 _35 . ..‘....I M | PP | PP | M _35- . ..‘....| PR | PR | PR | MR
10 10 10 10 10 10 101 102 103 104 105 108 10! 102 102 10* 105 108
Time [Years] Time [Years] Time [Years]
25 T T T T T T T ML T N | 25 T T MR | T MR | T N | T T 25 T T T T MR | T A | T MR | T T
20 + - 20 + - 20 + . .
7 151 Outer EDZ @ 1 5l COx. ® 1 =il Far-field (f)
aQ I o I ] o I ]
S 107 ] 00 1R~ :
g 5¢ 3 g 5t 3 @ 5F 7
St s ] St 1
@ Or 1 g Or 1 s O )
o 5[ ] © 5[ ] @ 5l ]
:" 1: ' :" 1: ] :" 12' ]
g 1 g F ] g ]
S 151 . §-15-\ ] S5 -
o -20 - ——— Case 4 (r = 3.45m)| ] o 20 | i —— Case 4 (r=4.17m)| ] o -20 | i ———Case 4 (r=50m) ]
;‘c: 25[ ——Case 5 (r=3.45m)| | E 251 i ——Case 5 (r=4.17m)| | ,;6_ 25 i Case 5 (r = 50m) _ -
<11 ) — - 30+ | - -30 - | 1.
10’ 102 10° 104 10° 108 10° 102 10° 104 10° 108 10' 10?

10° 10* 10° 108
Time [Years] Time [Years] Time [Years]
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EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER)

(3] (2] ~l
T T T

Gas (H,) pressure [MPa]
IS

In Backfill i

Case 4 (r =1 49m)
Case 5 (r = 1.49m)

(@) -'

3F
2_
1_
0 s wart sl PR | PR n
10’ 102 10° 10* 10° 10°
Time [Years]
8 LRI L Lt Tyl - Y LER IR ERARLI H LERIREE LA ]
Case 4 (r = 3.45m)
7 | ——Case 5 (r = 3.45m) (d) A
T
Sl
sl Outer EDZ
n 5¢fF
=
@
o 4
Q-3
X
T
% 2
(U]
1

10° 104
Time [Years]

102

8 T T LR RRAL)
Case4(r 210m)

7 Case 5 (r=2.10m) (b) 4
‘T
QL gl i
el In C.L.
25 .
=
a
o4 :
3 3
)
T
% 2
(U]

1

10’ 102 10° 104 10° 10°
Ttme[Years]
u T 1 vy
Case4(r 417m)
71 Case 5(r=4.17m) (e) i
T
Q gl 4
=3 6{0)'¢
5t .
=
9
o 4r
iy 3
"a -
T
8 2r
O
1 -
0 Tl sl PR | il PP
10 102 103 10* 10°
Time [Years]

8 LI ELEI LI i Iy H vrrereny T H LRI B AR
Case 4 (r=2.75m)

7 Case 5 (r=2.75m) (C)
‘T
Lol
=l Inner EDZ
< 5+
3
a
¢ 4r
QS
"a -
T
®2r
(U]

1|

0 T PR | PP | bl PR

10! 102 10° 104 10°

Time [Years]
8 T T TTTTTTT R BRI ' IR B i kL)
Case 4 (r = 50m)
7L Case 5 (r = 50m) (f) N

(2]
T

(3]
T

w
T

Gas (H,) pressure [MPa]
N L

-
T

|

103 10* 10° 1

Time [Years]
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THMG PROCESSES
EFFECT OF TEMPERATURE ON GAS/POREWATER PRESSURE EVOLUTION (THMG VERSUS HMG)

Table: Different cases for evaluating the effect of overlaying and underlaying aquifers.

Cases Specified SWRC Spec. Rel. per. funs. Remark Coupling case

Case 5 v v Without Top/Bottom aquifer THMG

Case 6 v v Without Top/Bottom aquifer HMG- T is fixed at all
the nodes

ey
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THMG PROCESSES
EFFECT OF TEMPERATURE ON GAS/POREWATER PRESSURE EVOLUTION (THMG VERSUS HMG)
25- : T T T T ] 25 T T T T 25 L : T T T
20| ! 20| i [ : '
. a) | b 20 i

R in Backiil @71 su e R RS inner EDZ © ]
= 10f 1 S 10} 1 5 10l ]
£ 5t - 1§ 5 - 1 ¢ st — ]
o 0f 1 o 0f : 2 ol ]
o ' 1 8 - 1 " [ ]
5 5T A 1 &5 1 € i ]
510} 1 5ot 1 goof :
§'15_’ Case 5 (r=1.49m) ] §-15'_ C 5(r=2.10m) ] §-15— ]
@ -20 - | — T . @ -20 - = Laseor=zs1um) _ 20L ——Case 5 (r=2.75m)| ]
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THMG PROCESSES
EFFECT OF GAS GENERATION (THMG VERSUS THM-COUPLING)

Table: Different cases for examining the effect of gas pressure on the porewater evolution.

Specified SWRC Spec. Rel. per. funs. Coupling case
Case 5 v v Without top/bottom aquifer THMG
THM
Case 7 v v Without top/bottom aquifer
ithout top/ aul (G is fixed at all the nodes)

ey

136




| §

. |

()
o

THMG PROCESSES
FFFF(‘T n|= GAS ('FNFRATION (THMG VERSUS THM COUPLING)

-~
o
T

[+2]
o
—

Temperature [°C]
B o
o o

w
o
—

(a)

CaseS(r—149m) |
--- Case7(r=1.49m) |

In Backfill |l

[=2]
o
——

Temperature [°C]
(4]
o

~
o
T T

N
o

()
o

103 104
Time [Years]

10° 108

-~
o
T

[+2]
o
—

Temperature [°C]
B o
o o

w
o
—

(d)

T T T T

Case 5 (r = 3.45m)| |

=== Case7 (r=23.45m)

N
o

Outer EDZ I

103 104
Time [Years]

10?2

10° 108

(b)

Cases(r 21Dm) ]
-== Case7 (r=2.10m)

108

40 - .
' In C.L.
30 -
20 1 1
10° 104 10°
Time [Years]
I ——Case 5 (r=4.17m)| |
(e) === Case7 (r=4.17m)

-~
o
T T

[+1]
o
7

Temperature [°C]
B o
o o

w
o

N
o

COx.

103 104
Time [Years]

10°

108

108

I — Case 5 (r =2.75m)| |
70 L (C) -=-=- Case7(r=2.75m)
'("5- |
.60} J
e |
3
© 50 - .
g
40+ .
| ]
30l Inner EDZ |
20 1 1 1
102 10° 10* 10°
Time [Years]
80 - e ——
Case 5 (r = 50m)
70 (f) === Case 7 (r = 50m)
%)
.60+ 4
o
=
S 50 - .
8.
E40 |
>

N
o

o |

:

10?

10°

104
Time [Years]

10° 10r




THMG PROCESSES
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THMG PROCESSES

EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER)

Table: Different cases for evaluating the effect of overlaying and underlaying aquifers.

Specified SWRC  Spec. Rel. Per. Funs. Remark
With Top/Bottom
Case 4 v v I | p/l
aquifers (THMG)
Case 5 v v WithOl.Jt Top/Bottom
aquifer (THMG)
In Caseb5:

Nodes in Top and bottom aquifers are fixed for p,, p,,and T
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EFFECT OF THE GEOMETRY (TOP/BOTTOM AQUIFER)
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THMG PROCESSES
EFFECT OF TEMPERATURE ON GAS/POREWATER PRESSURE EVOLUTION (THMG VERSUS HMG)

Table: Different cases for evaluating the effect of overlaying and underlaying aquifers.

Cases Specified SWRC Spec. Rel. per. funs. Remark Coupling case

Case 5 v v Without Top/Bottom aquifer THMG

Case 6 v v Without Top/Bottom aquifer HMG- T is fixed at all
the nodes

ey
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THMG PROCESSES
EFFECT OF TEMPERATURE ON GAS/POREWATER PRESSURE EVOLUTION (THMG VERSUS HMG)
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THMG PROCESSES
EFFECT OF GAS GENERATION (THMG VERSUS THM-COUPLING)

Table: Different cases for examining the effect of gas pressure on the porewater evolution.

Specified SWRC Spec. Rel. per. funs. Coupling case
Case 5 v v Without top/bottom aquifer THMG
THM
Case 7 v v Without top/bottom aquifer
ithout top/ aul (G is fixed at all the nodes)
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EFFECT OF GAS GENERATION (THMG VERSUS THM-COUPLING)
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THMG PROCESSES

Effect of Geometry (Presence of Top/Bottom Aquifers):

Primarily affect the thermal response (peak value, and post-peak distribution), as a result, a much
shorter thermal period (3000 years) is observed without the top/bottom aquifers as compared to the

opposite case (20,000 years).
A change in the thermal response induces cascading effect on the PWP and Gas pressure evolution.

Effect of Temperature on Gas/PWP Evolution (THMG versus HMG-coupling):

Rise in the temperature induces excess PWP, thus affects the gas pressure (H,) evolution.
As a result, higher PWP and Gas pressure are observed in THMG case as compared to HMG

coupling scenario.

Effect of Gas Pressure on PWP Evolution:
 The gas pressure does not affect the temperature or PWP evolution.
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CONCLUSIONS

* The different physical phenomena occurring in the geomaterials are by essence coupled.

* The effective existence of this coupling will depend on the nature, properties, environmental loads
acting on the geomaterials

* Experimental (in the lab and in situ) are of paramount importance in order to assess the coupling
between the processes. A process and a coupling both observed at lab scale and in situ is probably to
be considered

* The next step to predict the long term behavior of the geomaterial is the development of
constitutive models based on the lab observations.

 From a numerical perspective, the couplings are challenges that the numerical codes have to tackle.
A step by step procedure in the modelling of THMG processes is often a reasonable approach.




