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WELCOME

What about ALERGeomaterials?

Thel t EAFYOS 2F [F02NF02NARSE& AY 9 dzNP LIS GFohdri@sR dzO - G A
has beercreated in 198%y Roberto Nova, Manuel Pastor, lan Smith, Peter Vermédek

Zienkiewiczand FélixDarveas a pioneering (at that time!) effort to develogaropean School of

Thinking in the field of the Mechanics @eomaterialsp ¢ KS 3 S yGedwdt@ialg I ¥ @A SHSR
gathering togethematerials, whose mechanicdlehaviourdepends on the pressure levealvhich can

be dilatant under shearing and which are multiphase because of their porous structutke So,

dgeomaterialg f I 6 St oOoNAyYy3Ia (23S0 KS NItNas Begnfobviods admithe > N2 O |
very beginning that there is a crucial need for a joint Graduate School in order to build firmly this

European scientific group in the Mechanic£adomaterialsin close link with the doctoral students
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WELCOME

Who are ALERGeomaterialsmembers? 38 Universities or organizations

eu.




WELCOME

What are the activities of ALERFeomaterialanembers?

ALERT Workshop
ALERT Doctoral school

Every year in end SeptemberAussoigFrance)




WELCOME

What are the activities of ALERFeomaterialanembers?

ALERT Workshop

ALERT Doctoral school
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The I'he
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METHOD METHOD
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WELCOME

What about EURAD (Grardgreement ID847593) ?

The European Joiftrogrammeon Radioactive Waste ManagemeBI{RAD/201:2024)is a project that
will help the EU member states implement Directive 2011/ Eiratom(Waste Directivey working

with their nationalprogrammes It will also coordinate action on joint targets among all related
organisationsnvolved at European level, whether in research or technical support. Building on the EC
JOPRAD project, the EURAD project will help member states obtain thehikmowequired toimplement
safe and longerm management of radioactive wasteeURAD will also provide management knowledge
to operate disposal facilities, and help transfer that knowledge between countriesrgatisations
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Who are EURAD participants?

" Morocco

. “1 ) £ A 2 A
Leaflet | Map data © OpenStreetMap contributors, Credit: EC-GISCO, © EuroGeographics for the administrative boundarie's"
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WELCOME

What are the activities of EURAD?
EURAD GASWP
Mechanistic understanding of gas transport in clay materials (GAS)

Themain objectives of this WP are:

To improve the mechanistic understanding of gas transport processes in natural and engineered clay

materials, their couplings with the mechanitehaviourand 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.

ey
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WELCOME

What are the activities of EURAD?
EURAD HITEC WP

Theoverall objective is to evaluate whether an increase of temperature is feasible and safe by applying
existing and within the work package produced novel knowledge aboube¢haviourof clay materials at
elevated temperatures:

to improve understanding of the THbehaviourof 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 THMbehaviourand 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

ey
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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?

1
i—
—

| W

Banquet atSelysvanderValkRestaurant 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)
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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

Nuclearelectricity production :

+ Low CQemission

- Noxiousionizing radiations

- Radioactivevaste production

16
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INTRODUCTION
TR
>
| 77777
HLW Canister Bentonite barrier
K
/
N A
//// >< Geosphere
i N a
Repﬂw Host rock euz
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Geological Barrier Biosphere
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INTRODUCTION

Deep geological disposal

Intermediate
Repository in deep

longlive
( g(é‘ 9 ‘ geological media with good
confining properties

highactivity
- /

(Low permeability
K<102m/s)

wastes

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

eu
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INTRODUCTION

Repository phases

E Excavation

Ventilation

Repository —
Sealing Radioactive o N o

waste cells
E Corrosion,

Swelling clay plug
heat generation

Concrete plug

Type C wastes (Andra, 2005) 20




INTRODUCTION e Mechanics
/ o
P Water and gas
; flows
\ } Heat transfer
‘ig}gi ~ . Mo reaction

In the following, we will not addresghe bio-chemoprocessealthoughthere are of importance. ¥
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INTRODUCTION

Thematerial involvedin the processesare Saturated Unsaturatedporousmedia

EDZ — Buffer swelling
Water flow from
the host rock
/
/\ I, :
, | Technological gap
, \\ filling
|/
Buffer hydration e \
N it

e "/ ————EDZ recompression

Host rock desaturation? Host rock

eu
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INTRODUCTION

Thematerial involvedin the processesre Saturated Unsaturatedporousmedia

Representative
elementary volume

Q\__/\/(

822 M5

] JO\_/ JO\__/
% + @% +3%>%

QD

Porous Medium Solid Skeleton Pore fluid 1 Pore fluid 2
Solid phase Liquid phase Gas phase
Phases: (u) (uy=u,) (ug=u,+u,)

i , Liquid water Dissolved air Dry air Water vapour
Species Mineral [ (1, ][ () ] [ (1) j[ (u,) ]

Air species

Water species e U “

23
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INTRODUCTION

Thematerial involvedin the processesre Saturated Unsaturatedporousmedia

Solid phase Liquid phase Gas phase
(u) (u=u,) (Ug=u,+u,)
Volume fraction: -1 S.f 13) .7
. Q, QU +Q
Porosit h= " = 9
¥ 770 0
. £
Saturation: Sy = —

Q)
QfU Porousvolume

(2, Liquidphase volume ey

Q, Gasphase 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

25
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

In the soundhost rock, the mediunnemainssaturated(mostof the
time) and thethree mainprocesseare heattransfer, liquid transport { surface layers |
and mechanicabehaviour

We will focus first on thecoupledthermo-hydraulicprocesses

host rock (e.g. clay) corrosion

gas diffusion

A Physicaphenomena
A Constitutiveequations
A Balancesquations

damaged
zone

Supercontainer reference design, adapted from Grunwald (2021).



THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Advectionflow of the liquid phase:5 I NJa& Q &

U
=—[co@n o cOiW

where
A0 [m?isthe intrinsicpermeability

A [Pa.§isthe waterdynamicviscosity

A1 [Pa]isthe pore water pressure

A" [kg/m3]isthe liquid water density

eu.
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Water properties

o [pPa.s]
=T - S

2 [kafim?]

w ow om w o ow W oW oW o
B B & B 8 &8 B B B 3
o

T
160 o 0 40 0

40 ] 100
Température [*C]

80 B0 100
Températurs [*C]

Thewater dynamicviscosity [Pa.$ and theliquid water density” [kg/m3] (related
to the thermal dilation coefficient) are fainction of the temperature

U, [104 1/°C] = 4E-06 T3 - 0,001 T2 + 0,1404T - 0,3795 [Kell,1975]

A Q ~ [Rumble, 2019] eu
29




Water properties

N 10-]7 E
£ ; a
!; -18 'ﬂ
= 107 F
& A ®
= m|
-E 10-]9 . 3 .O
O (o4
. N u &.& o
2107k a0
o E
= AL =
.8 =21 ‘
w107 F O
et
=
" [ O
@ 10% 1 1 1 N 1 1
0.0 0.5 1.0 15 2.0

Dry density, p,: Mg/m?

Theintrinsic permeability[m?] dependson thedensity

KozeniCarmanaw:

- )Iﬁ'

I N - £
- - @ (1 — o
Ilw — Ilw{:l ] M N
1— o) )

2.5

THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Direct methods

O

d

A

MX-80 / sand
(Wang et al. 2013)
Kunigel V1

(Marcial et al. 2002)

Fourges
(Marcial et al. 2002)

Indirect methods

A

MX-80 / sand
(Wang et al. 2013)
Kunigel V1

(Marcial et al. 2002)

Fourges
(Marcial et al. 2002)

eu
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Storageof the liquid phase per unit volume:
Y T &

The influence of théemperatureon the densityexplainsthe thermalpressurization
mechanismn undrainedconditions:

QAN 1Q, ¥Q'Y  [Minh 2020]

Isotropic case

_ T
U= e v
K Ky K
<
3(25(():;—&)
A= _
L
K K Ky

eu.
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes ofheat transfer
A Conduction

Heattransferby direct contact oparticles

A Advection
Heattransferby massnovement

Theterm convectionis usedwhenthe massamovementis driven by buoyancy
(densitydifferenceg causedby the thermalfield

A Radiation

Heattransferby electromagnetiovaves e Ur

32
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes ofheat transfer

A Conduction C 2 dzNRAwS NXQ &

i_cond =" QnLad(T)

G, isthe thermalconductivityof the medium. ldependson the thermal
conductivityof its constituents(solidand liquid phase).

Serialconstituents(S + L): 1/3  pf3 p & +1B ¢
Constituentdn parallel(S+): 3 3 p & +3 ¢

: . 3 3 +3 r
Geometricmean S+l eu
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Modes ofheat transfer
A Internalenergyper unit volume
"R Y Y

where r ,isthe densityof the mediumg, , isthe heatcapacityof the medium
(underconstant pressure).

In orderto evidencethe influence ofeachconstituent, an additive formulatiors
alsoused

"R Y ) T @ &Y V)

eu.
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Permeability storage

—

Mechanics

eurad,

35

Heat transfer




THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Balanceequations

A Water mass balance

TT—g’ £) Aé(@z) 0 "Q

| =5~

A Internal energybalance
Y oL, -
T AH®) U om
Y oET O (4 4) (p & O @ 4)

@ 3 40" @ 4)

eu.
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Praclayheatertest 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 Btol, Belgium (EURIDICE website, 2018) Layout of the monitoring boreholes around the PRACLAY gallery
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)
Benchmarkexcercisg EURAEHITEC WP Task2.3)

85 -
. 80 4
I § 75 - |
s |
-o’-‘l 65 - |
E Y l l l l l l l l l l D v 60 - |
------ %D 55 -
S~ 50 -
® it ——| ‘f-ﬂ, 9"_'_"._ 45 |
E 40
:"— 3 35 - i
‘ S 3
= =% 25
: E 20
- = 15 : :
2014-11-03 2015-11-03 2016-11-02 2017-11-02 2018-11-02
. Date (yyyy-mm-dd)
< 3.0
27 -
p. = f(t) excavation [ E 24
' T fixed at the extrados " 2 21 1
A during the heating E 18 -
¢ £ 15 -
R - - Q
B & & JAY z
A ¢
o
o 06 -
Q r 1
e eu
a
0.0

2012-02 2013-06 2014-11 2016-03 2017-07 2018-11
38
Time (yyyy-mm)




THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Monitoring boreholes around the PRACLAY gallery Evolution of temperature

80 r
Interface B
70 F |~ CGB35E-6
——CG38E-2

—— CG42E-2
—— CG49E-6

2]
o
T

(o)
o
T

Conclusions:

p A Anisotropyof the
e thermal conductivity

Main physical, thermo-hydraulic parameters for the Boom Clay o

N
o
T

w
o
T

Boom Clay

Temperature - Horizontal [°C]

N
o
T

10 : : : : : : :
Material parameters Boom Clay 0 1000 2000 3000 4000 5000 6000 7000 o )
Solid phase density [kg/m?3] Ps 2639 Time [days] A N eg I |g I b|e| nﬂ uence
- _ 80 —
Porosity [-] n 0.39 - Of the Water
Vertical intrinsic permeability [m?] k, 213 70 |——PG50D-10 advect|0n
. . * = s, 2 -19 — —PG50D-9
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° © ——PG50D-3
5401 |——pG50D-2
Solid phase specific heat [J/(kg.K)] G 769 g — PG50D-1
Young’s modulus parallel to bedding [MPa] Ey 400 g30r
(]
Young's modulus normal to bedding [MPa) E, 200 . 20l - 5
Poisson’s ratio parallel to bedding [-] Vi 0.25 e U
e’ 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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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Benchmarkexcercise Nearfield case (EURABITEGVP ¢ Task2.3)

I
. Cc
Clay/ claystone

100m

100m

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
Isotropic thermal conductivity [W/m/K] A 1.47 1.67 1.85
Linear thermal expansion coefficient [°C-"] s 1E5 1.25E% 1.7E%
Solid phase specific heat [J/kg/K] Cp 769 978 995

eu
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)
Benchmarkexcercise Nearfield case (EURABITEGVP ¢ Task2.3)

«—

Constant total stress ny:12-7 MPa 0,,=12.7 MPa ny=12-7 MPa
(GX,OJ ay,O) ‘ ‘ ‘ ‘ ¢‘_
Constrained 8[> 19=22°C Po=4.7MPa 8[> T,=22°C Py=4.7MPa g> Py,=4.7MPa
displacement 100 m 100 m 100 m

i Q “
perpendicular to the A N §Q A - <] A N
boundary a>_’ 8 ﬂ\ N 8 ﬂx N 8

N N —

Drained boundary T0=22°C PP, 3 > g> T9=22°C P, 3 2 8> Heat flow 3
with constant pore % 3 t 7 o liquid flow il
water pressure P, 00_,5% of o O ) p
—— 5% of g, _»\ 5% of g,

&
ava ava ala
Constrained normal ) . )
derivative of the Excavation Waiting Heating
radial displacement 0~24 h 24 h~180 days 180 days~10 years

10 years : heating

Period Mechanical conditiong Hydraulic conditiongd Thermal conditions
Stresgeduction to5% Porepressure
To- Ty + 24 hours : o TR P No flow at the
. of the initial insitu reduced toP,,, (0.1
excavation borehole wall
stress MPa)
T,+ 24 hours Ty + 6
0 y As above PP =, As above
months : waiting
T, + 6 months T, + Thermal flow outsidg
0 0 As above No flow

the lining(200 W/m)

_XXo

ed\Nv'CL

eu
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Temperature evolution of water density (Kell, 1975)

1005
1000
Fromexperimentalvalues of thedensity(Kell 1975), = ggg
h .. _ =
the dilation coefficients computedas: > 985
> 980
, T 7 g 975
| px Ty 8 970
965
U, [L04 1/°C] = 4E-06 T2 - 0,001 T2 + 0,1404T - 0,3795 [Kell,1975] 322
0 20 40 60 80 100 120
A Q — [Rumble, 2019] Température [C]

eu
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Pore Pressure [MPal]

141

121

10 1

COxn isotropicelasticity

147 14
12 12

101 101

Pore Pressure [MPal]
Pore Pressure [MPa]

=== Horizontal(x=1.25)
==@=—=Horizontal(x=1.90)
=== Horizontal(x=2.50)
Horizontal(x=6.25)
—A— Horizontal(x=50.0)
Horizontal(x=100)
-Vertical(y=1.25)
-Vertical(y=1.90)
- Vertical(y=2.50)
Vertical(y=6.25)
-Vertical(y=50.0)
Vertical(y=100)
''''' O 45°inclined(r=1.25)
----- @ 45°inclined(r=1.90)
----- % 45°%nclined(r=2.50)

- O—
- 9
—_ -

180 104

103
Time [days]

104

10°
Time [days]

10%

10°
Time [days]

(a) constantvalue (b) Modified A (c) modified AandU,

Figure:Pore pressurat heating

& 5
% 100 m
H
o
\/ o
g 3
.
+*
0000 o ¥

Figure: Schematidistribution of the output node

Thermalexpansioncoefficient of water has
larger influence on the evolution of pore

pressure, displacement, etc.

VISCOSity

than its
eu i
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

0909
w 00T

Boomclayin isotropicelasticity o
00000 YO
357 351 35¢ . o
—o— Horizontal(et 25) Figure: Schematidistribution of the output nod

37 3t 30 —@— Horizontal(x=1.90)
— — === Horizontal(x=2.50)
& 25¢ © o5l Horizontal(x=6.25)
= S S A A A === Horizontal(x=50.0)
© o E 5 -l 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]

180 103 104 (1)80 1(;3 164 (1)80 1o‘oo 10600
Time [days] Ti [days] Time [days] . .
s Thermalexpansioncoefficient of water has
(a) constanvalue (b) Modified A (c) modified AandU, larger influence on the evolution of pore
- 5 ¢ heati pressure, displacement, etc. than its
lgure:For r r in . .
gure:Pore pressurat heating viscosity

r 1
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THERMOHYDRAULIC PROCESSES (SATURATED CONDITIONS)

Conclusion :

Permeability storage

—

Mechanics

eu
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Heat transfer
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UNSATURATEIFFLOW PROCESSES

Thematerial involvedin the processesare Saturated Unsaturatedporousmedia

EDZ — Buffer swelling
Water flow from
the hostrock =~ =/ S 3-F
\

/\ I,

, I ’ Technological gap

, \\ filling

AW

Buffer hydration R\

. "/ ————EDZ recompression

Host rock desaturation? Host rock

eu
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UNSATURATEIFFLOW 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-LOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION
The total potential of watel is defined as the amount of wo(ker unit mass opure Water)required to
transport reversibly and isothermally an infinitesimal quantityvatter froma reservoir of pure water at a
specified elevation and atmospheric pressurdhe pointunder consideration (Aitchison, 1965).

Thetotal potential is oftenexpressedasthe sumof four contributions, sucthat:

where y is the gravitational potentialy,the external pressure potentiaj;,,the matric potentialand y,the
osmotic potential. The sum of the matric and osmotic potentigi®ferredto as the internal potential.

ey
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UNSATURATEIFFLOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION

In soil mechanics, the concept of suction is often used as an alternative toténeal potential The

gravitational and external pressure potentials are indeed not relef@ntonstitutivemodelling of the soil (Gens,
2010). The suction is an energy per watume (insteadf per unit mass) and is expressed in terms of pressure.

The total suctiors, isdefinedas:
i i 1] i ” |— ke - 7 |’

wheresis the matric suction ang_.,is the osmotic suction. The matric suctisrassociatedo the
interactions between liquid and solid, while the osmotic suctiorlated todifferences in water chemistry
The total suction is directly related to relative humidity.

ey

50




. |

UNSATURATEIFFLOW PROCESSES
WATER POTENTIAL AND CONCEPT OF SUCTION

The matric suctios containstwo distinct contributions, namely the capillary suctiandthe adsorption suction
(Baker & Frydman, 2009; Frydman, 2012; Blatz et al., 208 ikos 2004).

Thecapillary suction is associated to capillary phenomena, whdeadsorptionsuction results from
electrochemical interactions between the water attek clayminerals

ey
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UNSATURATEIFFLOW PROCESSES
CAPILLARY SUCTION

The surface tensiors able tomaintaindifferent Theheightof capillaryrisedependson the surface
pressure ofiquid andgasin the interface. tensionbetweenthe two phases
o G
\ 9/0“
—
G o
c 06 L L
S

ey
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UNSATURATED-LOW PROCESSES
[Tt L[['w, {!/7¢LhbY [FLXIOSQa I g

5 \G >/4<5 Forceequilibrium If q < 9@, the air pressure
& S 2 — Is partly sustainedby the
e prchg, =2pr.sq cosq meniscus The water

presureis lower than the
h= 255 C0sq air pressure.
le- G

g :contact angle
S - Surface tensiobetweenphases G and L
o : capillarytube radius

2.5, COsq
S=Py- Pw=9,h=
r.C
If g < 90, theliguid entersthe cavitiesin i
q q e UL

the solidsurface and thdiquid is saidto

wet the surface o
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q =0
Sg. = 0.073 N/m (2€C)
Py = 100 kPaabsolutepressure)

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

eu.
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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°

(Ferrari, 2020)
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The capillary suctiors defined as the gas pressureexcessf the water pressure
Ln N
Thisdefinition corresponds to the capillary suction, and not to the matric suction
(see Baker &rydman 2009, for a discussion). However, essentially for historical reagons

IS used to express quantitatively the degree of attachment of the liquid phasetoatsolid
phase, regardless the attraction mechanism.

Therefore the suction as defineldy this Equation reflectsiteractions between water and
solid and should bdifferentiated fromcapillary phenomena (Gens, 2010).

Veryt | NAS y S3l (A JCre jlstah éxdsdiomiNge potedtiblSTBey do not
correspond to the usual bulk thermodynanmiessures.

osuction must be considered merely as a convenient index of the affinity of soil for fre€ water-

(Blight, 1965) Iad
S o
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Retention properties

The water retention curve is defined as the relationship between the amouwatdr storedin a porous
medium and suction. The amount of water stored may be expresseamsof water content, water ratio
or degree of saturation. Yet, the degree of saturafiamichprovidesnormalisationof the volume fractions

of the liquid and gas phasas,directlyinvolved in the mass balance eauations
18

Touchet silt loam

A9
Q

MATRIC SUCTION, (u ,-u,,) (kPa)

104

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 I 1 1 I I I L 1
0 20 40 60 80 100 e l..lL r
DEGREE OF SATURATION (%) o
Retention curve [Brooks and Corey, 1964]
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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 afterNuth & Lalouj 2008a) ) .
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Retention properties: hysteresis

1000
g
100 — |
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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
2 .
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b
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e | | :
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Equilibrium restrictions

Solid phase Liquid phase Gas phase
Phases: (u;) (u=u,) (Ug=u,+u,)
i , Liquid water Dissolved air Dry air Water vapour
Species | Minert [ (u,) } [ (x3) ] [ (u) ] { (1) ]

Air species

Water species

Equilibrium restrictions relate dependent variables with the kinematics variables; are
obtained assuming thermodynamic equilibrium between the different phaséseof
species This hypothesis is justified by the fast kinetics of the dissolution processes
comparedto the transportphenomena
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—.

{Natervapou

RH = 100%

Pure water

pTr

1

=1944 exgl- 0.06374(T - 273+0.163410° (T - 279)

I f,0,0

fﬂ 0,0
g — 1
P00 = 2O RT

|\/IHZO

20 40

a0 50
Teampérature [*C]
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Watervapour
T —_— + dry air .
9 Temperature = 20°C RH < 100/0
i Pure water
2
S
&
=
= E.
: i
e 4(D, - )Mo 3
3t A c « al Py - ,
1 . Y St ey Qa=riooex@gE =8
A i ¢ r,RT 9
ok 0% E i L
10 | 10° 0° pe I
total suction (kPa) RH = gHzO — gHzO
Proo  7H,00
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| SYNEQa fl ¢ SELINBEaASE (GKS SldzAf AONARdIATindSG6SSy R
the gas phase. Under constant temperature, the amount of dissolved@op®rtional tothe
air partial pressure

pa: Kal Xal

where Kais a constant. This law may be written in terms of densities, so that
r da— H:\r a

whereHA & OFtt SR G(KS I SyNBQa O2yaidlyd FyR Aa Sldzt

ey

S o




UNSATURATED-LOW PROCESSES
Balance equations

Solid phase Liquid phase Gas phase
Phases: (u;) (u=u,) (Ug=u,+u,)
i , Liquid water Dissolved air Dry air Water vapour
Species | Minert [ (u,) } [ (x3) ] [ (u) ] { (1) ]

Air species

Water species

Thecompositionalapproach(Panday& Corapcioglu1989;QOlivellaet al., 1994, Collin,
2003) is adopted to establish the mass balance equations. It consists of balspeogs

ratherthan phases. This approach has the advantage that phase exchangectaroes$ out
which is particularly useful when equilibrium is assumed.

ey
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Water Mass Balance

g ev) ada) Lpev) Ade) o

Liquidwater,”Y water saturationdegree
WatervapourY  p Y gassaturationdegree
Sourceterm

Gas Mass Balance

TT—(g"ﬁe"v) A () TT_(Q" v) AH®) & m

Dissolvedhir, Y water saturationdegree
Dryai,Y  p Y gassaturationdegree )
Sourceterm eu
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Fluid transfer equations

In both liquid and gas phases, water and air fluxes are a combinatiivettiveand
non-advectivefluxes.Advectivefluxes are associated to the phase movements, winile-
advectivefluxesare associated to the motion of species within phases. The fhees ofliquid
water, watervapour dry gas and dissolved gas are given respectively by

— ,g .
i(Air)g - rAir'gg +|—(Air)g
— .

i(Air)d =1 aie-Hoaic G+ 1 ain,

ey
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Fluid transfer equationsadvectivefluxes

Advectivefluxes of both liquid and gas phases are described by the generéliteD efora € | ¢
partially saturated porous media.

: 3Q
= [coem @ o

| =~

where
A 0 [m?]isthe intrinsicpermeability
A Q []isthe water relativepermeabilityfunction
A [Pa.§isthe water dynamicviscosity
A n [Pa]isthe porewater pressure

A [kg/m?3]isthe liquid water density
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Transferproperties

Theintrinsic permeability[m?] dependson thedensity
oV (1=

IR

)M

KozeniCarmanaw: Ky = Kyo
(1-o
Theintrinsicpermeabilitydependson the pore size (and thiaterconnectivityof the pores)

The pore size of expansie@ysmaychangeverysignificantlydue tohydration(evenduring
constant volume conditions)

eu.
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Transferproperties

Theintrinsic permeability[m?] to gasandliquid are not thesame!
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Fluid transfer equationsadvectivefluxes

Advectivefluxes of both liquid and gas phases are described by the generéliteD efora € | ¢
partially saturated porous media.

8Q
= [comh o ¢okH

| =~

where
A g [m?] isthe intrinsic permeability
A "Q []isthe gasrelative permeabilityfunction
A [Pa.§isthe gasdynamicviscosity
A n [Pa]isthe poregaspressure

A [kg/m3] isthe gasdensity -
eu
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Fluid transfer equations: noradvectivefluxes

¢t KS RATFdzAA DS FfdzESE | NB 3I20SNY SR fuRisp@poffign@éothe | & «
gradient of mass fraction of species, the proportionatibefficient beinghe hydrodynamic dispersion
coefficient. The diffusive fluxes of wateapouranddissolvedair read

Diffusionwithin the gaseougphase

Q£ 1047 @,@"A}"’ ) 0

A 'O+ [m3s]is the diffusion coefficient of waterapourin dry air

A 1 [ is thetortuosity

~

h
0; 0—(-)" with p=101 kPa, B 2.42 16 s and F=303K eu.
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Fluid transfer equations: noradvectivefluxes
¢t KS RATFdzAA DS FfdzESE | NB 3I20SNY SR fuRisp@poffign@éothe | & «
gradient of mass fraction of species, the proportionatibefficient beinghe hydrodynamic dispersion
coefficient. The diffusive fluxes of wateapouranddissolvedair read

Diffusionwithin the liquid phase

O &Y 1O ;7 COAMT )

A Qa 1. [m¥s] is the diffusion coefficient alissolvedair in water

ey
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Permeability storage retention

—

Mechanics

eurad,
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Balanceequations

A Water mass balance

& e AE(SQ) T—é £ ) AE(Q»m H@) 0 ™
A Gasmass balance

Flwey) AHOmie ) (i) AHGH H) 6 m

@ eu
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I}

Liakopoulog1965) experiment on a
column of del Monte sand

Benchmark exercise*

Im

A JOMMI C., VAUNAT J., GENS A., GAWIN D. & SCHREFLER B. i
Multiphase flow in porous media : a numerical benchmark 1
Proceedings NAFEMS World Congress Stuttgart, 1997.

A VAUNAT J., GENS A. & JOMMI C. i A Strategy for Numerical
Analysis of the Transition between Saturated and Unsaturated O_

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

302, 1997.
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Modellingwith fixed gaspressure

1
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Modellingwith variablegaspressure (élissolvedgag
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Benchmarkexerciseto studythe gasmigration arounda drift

Bouchon en argile gonflante
Bouchon en béton




s |

UNSATURATEIFFLOW PROCESSES

L
< >
§§ §§
H
Remblai
r Vide : épaisseur e
7 | tRZ |
o IS = A 1.0 ..
N N
Bouchon Bouchon Colis
de béton déargil e
La Lb Lc Ld Le
< > > > < > >
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Geometry
L*
< >
i A
|
|
§§ *
|
I H
|
Remblai I
r Vide:épaisseurve : jRZ
.

TN s

ouchon Bouchon Colis
de béton déargil e
La Lb Lc Ld/2
>€—> < > >

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

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




s |

UNSATURATEIFFLOW PROCESSES

Initial conditions

Clay rock Swellingclay:
i o= 12.3MPa "= 0.1MPa
l P, = 5MPa Sw=0.80
I P,= 0.1MPa P,= 0.1MPa
= % T = 302K T =302
I
!
Remblal ! Concreteplug; Backfill
. o : '»=0.1MPa '»=0.1MPa
Vide : épaisseur e | _ _
K T\’i I P, = 0.1MPa Sr,w=0.80
- 72 — ay ——— Pg:O.l,MPa Pg:O.llMPa
Bouchon Bouchon  Colis T = 302K T =302

de béton d'argile

eu

86




s |

UNSATURATEIFFLOW PROCESSES

Modelling stepsand boundaryconditions

El

Vide : épaisseur e |
|

Bouchon Bouchon  Colis
de beton d'argile

.,Z.L\-.T Cu— -

wStepl : Excavation angvaiting
phase(I'h2 year9

wStep?2 : Waterresaturationof the
void spaceand activation of the

plugso Myeary

wStep3 : Hydrogeneproduction
andbackfillingd Ty ™ n yeargi n n

eu.

87




UNSATURATEIFFLOW PROCESSES

Boundaryconditions- Step1l : Excavation+ Waiting phase

O,=0,
P.=P..
. = ; — P-__-,_'u

&
o

S
z

I

Fw=0.1TMPFa
Pg=0.1MPa

I
._._._._._ﬂﬁi_._._.

Simultaneousexcavation of the main
drift and the alveole6 Mdays:

DeconfinemenC " ;decreasedat the wall
down toP,;,

DrainedconditionC P, decreasedo P,
P fixed

eu
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Boundaryconditions- Stepl : Excavation+ Waiting phase

0R=0,
P.=P.. N ’
s PPy, Waiting phaseo Myyeaars :
£ i
| ' »=0.1MPa
I
. Drainedcondition
SN S
I Pgfixed
I
[
I
Ya |
— . S e
X x.
0,=0.1 Mpa
Fw=0.1MPFa
Pg=0.1MPa

eu
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Boundaryconditions- Step?2 : Activation of the plugs and theannisters
+water Resaturationof the void space

Or=0y
Pw:Pw: . . 4
P=P, Resaturationof the void spaceo Myears:
—: Pgfixed
| |
L . Main shaft
! Constant relativénumidity
[ ..
i r=",=0.1MPa
Hr=50% ._______.--:'-'-"'"m \ I
0,=0,=0, A Vide : épaisseur e | Alveole
——— L £ —_ N - = -E‘ - Cannisterimperviousto fluidsC Resaturation
Bouchon Bouchon  Colis of the void space
de béton d'argile 4
Vw=0 Fixedradialdisplacement
Un=0

eurad,
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Boundaryconditions- Step3 : Hydrogenelnjection +Backfilling

0=0, Hydrogenelnjection without backfill
PP 60 b yearsn
| L 1
| Main drift
| Constant relativédumidity
g -1
T e Pg= 0.1MPaat the wall
: 'g=",=0.1MPa
Hr=50% __— |
Pg=0.1MPa Vide : épaisseur e | Alveole
0.,=0,=0, = — . . : .
—m . L 2B T - Cannisteimperviousto fluid
Bouch Bouch Colis :
debeton  dargie o\ Hydrogenefluximposedat the wall
Vw=0 i . .
Vg=V(t) Fixedradialdisplacement
Un=0

eurad,
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Boundaryconditions- Step3 : Hydrogenelnjection +Backfilling

0,=0,
P.=P.q

/f
i

|

!
==

|

!

!

Bouchon Bouchon Cﬂlls x

de beton d'argile ‘-
Vw=0
Vg=V(t)
Un=0

Rembilai I
1 Vide : EpEISSEUF e |
_. Pl _l ._l_. .

Hydrogeneinjection with the backfill
omMmnnlh weay: N nn

Main drift

Alveole
Cannisteimperviousto fluid
Hydrogendflux imposedat the wall

Fixedradialdisplacement

eu
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1.00E-10 Hydrogeneflux

8.00E-11 -

6.00E-11 -

4.00E-11 -

2.00E-11 -

Injection d'H2 (kg.m-2.s-1)

0.00E+00 ‘ $ | | + |
0 20000 40000 60000 80000 100000 120000

Temps (année)
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1 - | H
Remblai |
0.998 + " . Rz
C2 - J;_!F -*-
C5 - - - -
0.996 - 1 £ | I
C3 C4 Cl
) La Lb Lc Ld/2
0994 4
%)
0.992 - —-— 50 ans
250 ans
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If S,.., <1C H, injection is easier

C PgZ

max

eu.

100




UNSATURATEIFFLOW PROCESSES

—-—50 ans
—— 4500 ans
— 50 000 ans
35 40 45 50

eu.

101




s |

UNSATURATEIFFLOW PROCESSES

S, = 0.999

g
s |
o (0]
a 3
q
q
24 —-—50 ans
—— 4500 ans
1 - —50 000 ans
O o o o Vo) o Vo ‘ 'Y o C é é ﬁ?
0 5 10 15 20 25 30 35 40 45 50

r (m) :
eu

102




UNSATURATEIFFLOW PROCESSES

0.2

0.15 -

Pg (MPa)
o
H

0.05 -

S,..=0.99

M\*‘Tﬁ;‘

[0/

—-—50 ans
—— 4500 ans
— 50 000 ans

15 20

25 30 35

r(m)

40

45

50

eu.

103




s |

UNSATURATEIFFLOW PROCESSES

Permeability storage retention

—

Mechanics

eurad,

104

Gas flows




s |

TABLE OF CONTENT

5. THMG PROCESSES

eu.

105




. |

THMGPROCESSES
Mechanicalbehaviour

Themechanicabehaviourof agematerialis by essencéighlycomplex
A Nonlinear

A ReversibléPermanentdeformation

A Timedependentbehaviour

A Cyclidbehaviour

In geomeachnicsthe stressncrementis generalycomputedfrom the strainincrementas:

mQ Q)™

Where s isthe stresgensor, ethe straintensor, A the internal variables

ey
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Mechanicalbehaviour

Contraryto classicontinuousmedia the mechanicabehaviourof porous media is not only

controlled by the total stresdutit is also influenced by the fluids occupying the porous space.
Therefore alternative stresvariable(s) should be defined. In the case of saturated porous media, the
concept ofeffective stress was early introduced Bgrzagh{1936).

Terzagh{1936) introduced the concept of effective stress to describe the mecharetavior of
fully saturated porous media. The effective stress transforms ameélphase porousnedium into a
mechanically equivalent singfghase continuum. It is defineak:

Sij=S;- U0,

And thepreviousrelationshipis written as:
BOc - (Cdb Fiig)m

Where stisthe effective stressensor ethe straintensor, kA the internal variables
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Mechanicalbehaviourin unsaturatedmedium

The choice of constitutive variables is an inevitable issue in modelling unsaturate@seitthe

years, the choice of appropriate stress variables to modeb#teviourof unsaturated soilfias

indeed been an intensively debated issue. Two main approatesggenerallydistinguished

w ¢KS SEGSyaAizy 2F (GKS STTFSOGA D SwaadudataratedRS T A Y A
states;

w ¢CKS RSTAYAGAZ2Y 2F (o2 AYRSLISefdtve/stressisiudedbférda @1 NA
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 fouiahini
et al. (2004) andNuth & Laloui(2008b).

ey
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Mechanicalbehaviourin unsaturatedmedium
Extensiorof the effective stress definition

In the effective stress approach,S NJ ldéifitibrpdithe effectivestressis extended to the partial
saturation domain. One of the most famodsfinition wasproposed by Bishop (1959). It is giv@an

S| =S5y uadij + (U, - uw)dij

wherecAd | YFOGSNRARFE LI N YSGSNE OF f f S Begrectosafugation & LI NJ
It takes the value of 1 for fully saturated states and O for totally dry st&igperimentatesults on

unsaturated soils evidence the relation between anddegree ofsaturation (Jennings &urland

1962;Fredlund& Rahardjo 1993). Note thati A Y OS  strésd déehd® é&n the material properties, it

IS not strictly speaking agffectivestress(Sheng et al., 2008b).
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Mechanicalbehaviourin unsaturatedmedium

Extension of the effective stress definition

When working with constitutive models for unsaturated soils, the main advantatiee @ffective
stress approach is that the models previously developed for saturatedaseilgraightforwardly
extended to the unsaturated domain. In addition, there oatinuous andmooth transition from
saturated to unsaturated states. However, thetermination ofthe different model parameters from
laboratory tests is often complex.

Theeffectivestress 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, bpdration, thefluid pressure
increases, producing a decrease in the effective stress. Accordimgliypaterialswells, while
compaction is observed experimentally.

In order to overcome this issue, constitutive models written in terms @ér@eralized effectivetress
generally introduce suction as a variable and defih@adingCollapse curvesimilarly to the
Barcelona Basiglodel.

ey
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Mechanicalbehaviourin unsaturatedmedium

Independent variable approach

According tdrredlund& Rahardjo(1993), the number of independent variableglisectly linkedto the
number of phases. For a saturated porous material, only one vainsbdguired the effective stress. For
partially saturated soils, Coleman (1962), Bis&dplight(1963),Fredlund& Morgenstern (1977) and Alonso
et al. (1990), among othershowedthat two independent variables enable to overcome the limitations of
the single effectivestress. In particulakredlund& Morgenstern (1977) demonstrated that apgir of net
stress, effective stresandsuction.

5,=5;-ud

Thecouple of variableset stress and suction mimarily justified by the fact that the variables are
directly accessiblduring experimental tests. Once that the material is saturated affiective stresss

often used instead of the net stress.

ey
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Mechanicalbehaviourin unsaturatedmedium

Independent variable approach

The first and most famous complete constitutive model for unsaturated sdhg iBarcelond@asic Model
(BBM) developed by Alonso et al. (1990). The model siset®on andnet stress as independent variables.
As an extension of the Modified Caitaymodel Roscoe &urland 1968), the Barcelona Basic Model is
formulated in the frameworlof elastoplasticitytheory and critical state models. An important
contribution of theBBM ighe definition of the Loadingollapse (LC) curve

Critical state line

urtace Plane of the Modified

Viel = Cam-Clay Model
Yy \rlsaturated conditions)

J_Ir ' .

L4

[
Net mean stress, p '.IF'D
|
, , | Extention to
Elastic domain unsaturated conditions

““I
\

LI r
(Py(s).s)
” eu

Threedimensional yield surface of Barcelona Basic Model (Alonso, 4580). 112
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Mechanicalbehaviourin unsaturatedmedium and nonisothermal conditions

Following thesameapproachof independentvariables:

BQ (A iR Wy o

Whereh constitutivevectornet stresssuctionand b isthe constitutivevectornet
stresstemperature
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Mechanicalbehaviourin unsaturatedmedium and nonisothermal conditions

Mechanicalproblem

Soilsand rocks have a ndmearbehaviourand mayundergoverylargedeformations
Lagaminecode has beenevelopedin the contextof largestrain, largedisplacement
problems

In this case, the initial configuratiois different from the actualone. Onemaywrite
the balancesquationsin the initial configuration or in theurrentone.

This latterchoiceis made inLagaminecode:we use theactualiseddeformed
configuration ageferenceone ( ).

The flowproblemis alsowritten in this actualiseddeformedconfiguration and the
modification of waterstoragedue tosoliddisplacementstherefore implicitly taken
into account

ey
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Mechanicalbehaviourin unsaturatedmedium and nonisothermalconditions
Initial
X2 X2 Deformed
N l % il/

* Grid node
Material point

Apdated Lagrangian mesh

Amongthe different types ofktress formulatior{and the deformations associated

with them), we will usehe Cauchy stress tensor and the Cauchy strain rate defined
as:

SR
I

chI\J | Ho
i
+
&
[-O:00

eu
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Solid Mass Balance

As far as theeferenceconfigurationfollowsthe solidphase, thesolid
mass balancequationis automaticalymet.

It providesthe porosityevolutionequation

S dp +S _dp. + - d
& =(b- j)(de + FBPut S : (P~ Pg)dS.

S

- 3a dT)
Linear momentum Balance
div(s;)+rg, =0

Wheresj isthe total stresgensorandr isthe bulkdensityof the soll e Ur
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Water Mass Balance

& EY) AE@D) T_(g £°Y ) AE(ED)) 0 T
Liquidwater,”Y water saturationdegree

Watervapour™y  p Y gassaturationdegree
Sourceterm

Gas Mass Balance

TT—(g"ﬁe"Y) A () TT—(g" ty) AH®) §

Dissolvecir,”Y water saturationdegree

Dryair,”Y ~ p Y gassaturationdegree eu
Sourceterm
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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 VanGenuchterexpression, HAs afunction of the air entry
pressuredependingon the max. pore radius and the surface tension:

5 CH
U

A)

And the surface tensiodependson thetemperatureas:

i} T8t O u&o@(éu—f:oj

The Pmparametercanthusbe adaptedas:
oY , Y r
0 "Yt , Ym ey
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Relative water permeabillity: influence of the temperature

1.00
13.7 kN/m?
o 22°C e80°C o

2 0.80- © PN
ifg { 167 kN/m? -
~ 1 ©22°C ms0C &
E -
5 0.60 1
B -
- 1
8 -
& 040-
g -
2 '
E -
& 0.20

D.U@_ = - L] L] L] I L] L] L] I n n L] I L] L] L]

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 energyBalance
ry .. .. , . -
T AE®) O 0O 0 m
V% ) ) )
7Y (4 4) £ YO (4 4) £ Yo (4 4)
EY YO @ 4) (p &)L @B 4)

G s 40 @ 4) O(d Q@ 4) & (" n Q@ 4)

Watervapourmass balancequation: — AE(@)) O Tt

@ eu;
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Internal energyBalance

Y oy oL .
T AE®D) (T_b AE((_D)))U 0 T

Y o&er Yo (4 4) €7 YO (4 4) £ Yo (4 4)
VYo (4 4) (p &) @ (4 4)ey
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TASK 4. 2MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCASTORX REP

A Preliminary Technical Information Schematic horizontal slice at generic repository depth

Legend: Host rock

A Generic repository configuration with material parameters for
three cases:

A Storage Zone A (ILW, NAGRA)
A Storage Zone B (HLW, ONDRAF)
A Storage Zone C (HLW, ANDRA)

Shaft mmmm Gallery

mm Gallery seal mmmm Deposition tunnel

100 m
<>

A Initial boundary conditions in terms of, P,and’

A Time varying conditions

Stage Scenario Time scale

l. Initial stage (No repository) T<O0

2. Instantaneous excavation T=0

el Ventilation T =0to 50 Years Joom 3
b >

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. 2MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCASTORX REP

Host rock

Zone B i
Outer EDZ A2
au
Inner EDZ < _}@6\
019%™
3
i Qe

IH:'Tr,-
ol E.D
ﬂ?fc‘{,nes
5
S0
m (02*
RGXC}
&
0"*)('
6’&;‘;
’?@%
Not to scale 9,
ey
0)/0
“0)*
(Canister + overpack + buffer + envelope = supercontainer) Y

't k ®2sedjoh perpgn@i€ular to the axis of
the tunnel

ZOne C Host rock

Qutter EDZ

Waste package
(Radius : 0,45 m) //-6'

/’/-('b
’@6 Steel(liner thickness : 2 cm

@’

*H}
%)
%,
Cﬁ)@\y
Not at scale S0
4]\5\
K%
25,
%
1
AA’ vertical cut perpendicular to the axis of the tunnel - .
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TASK 4. 2MECHANISTIC UNDERSTANDING OF GAS TRANSPORT AT THE SCASTORX REP

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

50 m

325 m

@)
-

1313 MPa
5.25 MPa

.16.88 MPa

6.90 MPa

25 MPa
10.15 MPa

FIXED
P& T at top

Inner EDZ
Outer EDZ
23°C  Undist Rock
Top ag.
27°C  Bottom ag.

Others

0.8
0.8
0.8
0.8
0.8
1

FIXED
p, & T at bottom-

7 1 1

35°C

L
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Time [Years] Scenario Features
Initial T<O0 No Repository A In-situ stress regime( 1, 1)
(Instantaneous excavation) A Hydrostatic pressure(,)
A Natural geothermal field 7)
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Dewatering (Zone C) 0 ZoneB G 80% RH (s, =30.60 MPa)
0 ZoneC (p, 6 0.1 MP3
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