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Deep geological disposal constitutes one of the most promising solutions for the safe
isolation of high-level and intermediate-level radioactive wastes

Swiss concept for HLW

French CIGEO concept for ILW (Nagra)

(Andra)
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PGZ2 in situ test, Meuse Haute-Marne URL (France)

Bentonite

Puits auxiliaire (PX)
Puits d'accés (PA)

-445 m Packers
Galerie d'expérimentations ¢\
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Measurement
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Sous station
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(de la Vaissiére 2013)

PGZ1013:
= Length: 20 m
=  Diameter: 101.3 mm
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~~~~~~~~~~~ e v MX-80 bentonite/sand buffer:
= Length: 400 mm

GOy )
Galeries = Diameter: 94 mm
length (Andra 2016)
B9 Galeries excavated in 2007 485m
I Works 1 (November 2007 - June 2008) 560 m
i 8 - e 2009 80 m
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PGZ2 in situ test, Meuse Haute-Marne URL (France)

Bentonite

Bentonite
buffer
Packers
Measurement
chamber

(de la Vaissiéere 2013)
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PGZ2 in situ test, Meuse Haute-Marne URL (France)

e Very strong coupled hydromechanical phenomena in Bentonite:
— Development of swelling strain / pressure.
— Evolution of the water retention properties, the permeability...
— Structure changes.

 Even more complex behaviour under in situ conditions:
— Existence of technological voids (free swelling = constant volume conditions).
— Difference in behaviour depending on the position of the considered point .

Infroduction Microstructure Saturated Unsaturated Conclusions
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Modelling approaches generally substitute the real discontinuous porous medium by
idealized homogeneous continua
|Gasphase [

Liquid phase

~N

Unknowns:

= Solid phase: u

» Liquid phase: u,,

B = Gas phase: u,
\_ /

Gas phase

Liquid phase

- (Lloret et al.
2003)
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2 chemical species : water —air / 2 phases : liquid - gas

Liquid phase Gas phase
Liquid issolved Dry Water
water air air vapour

Air species

Water species

Mass balance equation for each chemical species
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2 chemical species : water —air / 2 phases : liquid - gas

Liquid phase Gas phase

Diffusion Air —
water vapour

«—

Air in water

S S

Advection of liquid phase i =Py,

@
@ l Diffusion of dissolved
@

Advection of gas phase

g :
fi —szo-99+!(H20)g
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2 chemical species : water —air / 2 phases : liquid - gas

Liguid phase:  Liquid water + dissolved Air
wsat r (Sr W)

» Advection of the liquid phase g, =- (Vp, + 0,9V2)
- My,
» Diffusion of dissolved Air in water iain, = —pW.Sr,W.qo.r.D,K'ﬁO.Z[mj
Henry’s law P/vair = HAir(T)'pgir
Gas phase: Water vapour + Dry air
sec''r (Sr )
» Advection of the gas phase q,= % = (Vp, +p,9V2)

Hy

. . ) . vapeur ,0 ir
> Diffusion of dry Air — vapour water  Lain, =—p,(1-S,,)pr.D}F Y( & ]— ~l0),

Py
10
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Modelling approaches generally substitute the real discontinuous porous medium by

idealized homogeneous continua

|Gas hase
Gas phase 5 ‘I_:iq‘:d p":ase (U nknowns: \
Liquid phase ’ = Solid phaSeZ u
| <> = Liquid phase: u,,
Soldphase | = Gas phase: u,
| \_ J
(Lloret et al.
2003)
Balance equations: \
* Water mass e — : ~N
5 5 Constitutive equations:
3t (oS- P)+ V- f + 3 [p,(1—=5)p] +V-fy =Q¥ = Water retention model: S,
Liquid water Water vapour E— - : . FW W
AT mass Multiphase flow model: f7', fg ...
* Solid mass = Mechanical model.o
. M t ) - t /
omentum V-o,+b=0
Infroduction HM Formulation Infiltration Interface PGZ2
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Compaction of bentonite creates a double-porosity structure
Aggregate

Intra-aggregate pore

Inter-aggregate pore

0.6
™ Experimental data
=] — py = 1.5 Mg/m?
,—:_:. 05 - . p =18 Mg
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Entrance pore size, x: um (|_|0ret et al. 2003)
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Compaction of bentonite creates a double-porosity structure

Aggregate
Intra-aggregate pore

Inter-aggregate pore

N
o < 1.2 Experimental data
Q e - (re-elaborated from Delage et al., 2006
5 qield s 2 1.0 | and Wang et al, 2014)
“__' © \
o —
5 T 08}
>
2 g
S ® 06
P Net mean stress, p o %
C-*‘OQ‘ Elastic domain 2 04 ® 2
N += —
3 2 o2l em = emo + Boew + Prew
o
= 0

0 02 04 06 08 10 12
q*+M? (p + Ps(s))(P - Po(s)) =0 Water ratio, e,
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Development of a new water retention model

[ ew = Sr.e =eyum + ey

Inter-aggregate porosity

« Capillary » water

Adsorbed water \
/ « Van-Genuchten » model

Intra-aggregate porosity
Inter-layer porosity

Dubinin model l
s\ ™
\L eWM(S» e, em) = (6 - em) [1 + (a) l
ewm(S; em) = €m exp[_(cadss)nads] With a = e—Ae
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Permeability and relative permeability curve

1.0
Water relative permeability function: k, = [Sr}n“
"‘E 0.8 nk:i g
- . - -—-=- nK= {r
:E ’-‘
[}
E 06
N M T
K =K em (1 — emo) a
w = Awo e M N 2 o4l
M €Mo =
2
E 0.2 |
[}
=
0 eI i S . 1 .
0 0.2 0.4 0.6 0.8 1.0

Degree of saturation, S,
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Infiltration test

250 mm

Infroduction

+50 RH4

+50 RH3

450 RH2

450 RH1

(Wang et al. 2013)

Air outlet

HM Formulation

High-rigidity frame
Porous disc

Confining cell

Bentonite plug

Porous disc
Water inlet

Infiltration

250 mm

>3

|5];_

= 0.1 MPa
u, = -85 MPa
u,=10.1 MPa

=

I

u,= 0.1 MPa

Interface

SEACON
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Parameters:

pq = 1.67 Mg/m3
e=0.64

ewo = 0.31

Ksato = 1.23 1020 m?
N=2

M=2

nk=3.4
A=0.2 MPa

n=3
m=0.15
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Infiltration test (wangetal. 2013)

250 250
200 200 +
£ E
E 150 E 150
o o5
= £
2100 .g*mu -
T T
50 50
;E;/ Initial state —> <— Initial state
0 L 1 L 1 L 1 L 1 L 1 L 1 0 L 1 1 1 1 | 1 1
0 10 20 30 40 50 60 70 0.3 0.4 0.5 0.6 0.7

Suction, s: MPa Degree of saturation, S,
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Infiltration test (wangetal. 2013)

250

Infroduction

Infiltration

HM Formulation

250

Interface
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Infiltration test (wangetal. 2013)

250 . . 250 . :
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Infiltration test (wangetal. 2013)

100

Experimental data
o RH1
A RH2

90 I - O RH3

¢ RH4

Model predictions

80 — RH1

70

Relative humidity, RH: %

: L L 1 1 1 L 1 1
0 50 100 150 200 250
Time, t: day
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( Contact )

Buffer swelling

Water flow from
the host rock

Technological gap
filling

Buffer hydration
EDZ recompression

Host rock desaturation? Host rock

HM Formulation

Infiltration

pn >0 gy >0
'
gy 1€
EZI__E1
No contact Contact
.

Interface
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Interface element

( Contact ) [PN >0 gv=20  pngn= 0]

~

p
Thin layer

Medium 1

Ahin layer Medium 3
/" _Medium 2

( Approaches

-/

Zero-thickness
Medium 1

dary
elements
- |/ Medium 2
~ L—

No contact Contact
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Interface element
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( Contact ) [pN >0 gy >0 PN EN = 0]

( J Lagrange multiplier method
Approaches 7;

[ Regularisation J penalty method \\ No penetration

e

Zoom AY

Penetration
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Interface element

( Shearing | (7>0 §r>0 7gr=0|

E e

Sticking

\ 7
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Interface element
( Shearing ) (720 gr>0 74r=0]
( Criterion ) ||| A '\790
Sliding state ";Lg
No contact
Sticking
state
-
Pn
f =] — upn
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Interface element

( Interface ) [Longitudinal and transversal flows]
' '
......... iy
g Fluid flow -
............. I Fluld flow
T wppoe——— |
Fluid flow ]

o e

Diconstinuity = porous medium
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[Longitudinal and transversal ﬂows]

"/

( Discretisation
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Interface element

element
d’interface
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Interface element

Hydro-mechanical
couplings

. A
( Effective pressure ) Terzaghi's principle

PN = Py + Pw

m p)y, effective pressure (mechanical
behaviour)

® pw, fluid pressure inside the
interface
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Interface element

Hydro-mechanical
couplings

[ Effective pressure] Cubic law
I
( Permeability ] ,
(Do)
gn <0
=1 D lez )?
o TEN) otherwise.
12
m k/, longitudinal permeability
= Do, residual hydraulic opening )
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Interface element

Hydro-mechanical
couplings

(" \

( Effective pressure J

I
( Permeability ]

| : . . L
Mf = w + pw + pw — | L
( Storage ] f Pw 8N T Pw BN T Pw BN L

Stored water within discontinuity

m L, length of the discontinuity
m py, density of water
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« Numerical modelling performed using the FE code LAGAMINE (University of Liege).
« 2-stage modelling:
— Excavation and drainage (imposed pw = patm).
— Buffer hydration.

Multiphase flow law
BBM (Alonso et al. 1990)

Bentonite buffer

o = 0 (at the top buffer)
pw = - 65 MPa

Infroduction

HM Formulation

Technological void

Zero-thickness interface element
Multiphase flow law
Penalty method

Callovo-Oxfordian claystone

Multiphase flow law
Linear elastic perfectly plastic (van Ekelen
yield surface)

Infiltration Interface

o=
pw = 3.65 MPa

Charlier et al. (2013) Engineering Geology

12.3 MPa
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 Zero-thickness interface finite element.

 HM coupled formulation for partially saturated interfaces:
— Absence of contact / contact (penalty method).

— Transversal fluxes computed according to the pressure drop between both
interface sides and the inside.

=T (u\lj/ - u\l/v)pw

fvﬁz =T (u\I/v - u\fv)pw

Infroduction HM Formulation Infiltration Interface PGZ2
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PGZ2 in situ test, Meuse Haute-Marne URL (France)
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* Swelling pressure development:
— Full bentonite / COX contact reach after 16 days = Development of swelling pressures.

‘\‘\.

e o 2 il
e

N
Vv

1 day
Final swelling pressure = 8.92 MPa
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PGZ2 in situ test, Meuse Haute-Marne URL (France)

1.0 1.0
_ | Contact with ~~ -
(7)) the host rocl/v
.S 0.9 % o 09 |
© 5
= 0.8 % 0.8
© U. 8
0 5 \ e
Y ® \ Initial
° n C i \ state
8 - ontact with —> \
;c_n 0.7 Reference case g 0.7 the host rock \\L
g f (density-dependent o I
= Contact with water retention curve) > ——— Buffer external border
-g 0.6 [ the host rock ———- Constant initial water retention 0 06 Buffer center
o curve (¢ = 0.25) | ———- Initial water retention Contact with
curve (¢ = 0.25) the host rock
0 20 40 60 80 100 0.1 1 10 100
Time, t: days Suction, s: MPa
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1 week
Degree of
Porosity saturation
0.407 0.752
0.392 0.745
0.377 0.737
0.362 0.729
0.347 0.722 2 weeks
0.332
o707 A Degrse of
: : Porosity saturation
0.302 0.699
0.286 0.691 0.407 0.757
0.271 0.684 0.392 0.748
0.256 0.676 0.377 0.740
0.241 0.669 0.362 0731
0.661 0.347 | 0.722
0.332 0.714
0.317 0.705
0.302 0.697
0.286 0.688 4 weeks
0.271 0.679 Degree of
0.256 0.671 Porosity saturation
0.241 0.662
0.654 0.407 0.752
0.392 0.745
0.377 0.737
0.362 0.729
0.347 0.722
0.332 0.714
0.317 0.707
0.302 0.699
0.286 0.691
0.271 0.684
0.256 0.676
0.241 0.669
0.661
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Different scales !!!

Double-structure water

retention curve Constant water retention curve

Degree of Degree of

Porosity saturation Porosity saturation
> 0.436 > 0.699 > 0.436 > 0.881
0.419 0.693 0.419 0.855
0.402 0.687 0.402 0.830
0.386 0.681 0.386 0.805
0.369 0.675 0.369 0.780
0.352 0.669 0.352 0.755
0.335 0.663 0.335 0.730
0.318 0.657 0.318 0.704
0.302 0.652 0.302 0.679
0.285 0.646 0.285 0.654
0.268 0.640 0.268 0.629
0.251 0.634 0.251 0.604
< 0.234 < 0.628 < 0.234 < 0579
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