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1. Context

Long-term management of radioactive wastes
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Disposal facility of Cigéo project in France
(Labalette et al., 2013)
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1. Context

Repository phases

Context
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Ventilation

Sealing
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Radioactive
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Type C wastes (Andra, 2005)




Context

Excavation Damaged Zone (EDZ)

Construction

Mechanical fracturing

Excavation

l

Stress redistribution
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Damage / Fracturing
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Coupled processes
HM property modifications
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Maintenance

Water transfer

Gallery ventilation
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Air-rock interaction
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Drainage / desaturation
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Modification of the
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(several orders of magnitude)

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

Callovo-Oxfordian claystone (COXx)

Sedimentary clay rock (France).

Borehole core samples
(Andra, 2005)

(Armand et al., 2014)

~ Main shaft __Auxiliary shaft
=
- Underground research laboratory Test of
Oy drifts
Ch Experimental support
drift ___methods

Feasibility of a safe repository

France (Meuse / Haute-Marne, Bure)

Hw b T~

cell tests /

Test of construction
B 2004-2012 methods
2012-2015
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1. Context

- Fracturing

Anisotropies: - stress : o > 0, ~ O,

- material : cross-anisotropy.

A Main shaft __Auxiliary shaft

Experimental
drift

Experimental
drifts
N

HLW
cell tests

I 2004-2012
2012-2015

Issues: Prediction of the fracturing.
Effect of anisotropies ?

Galery // to o},

Permeability evolution & relation to fractures ?

Context

(Armand et al., 2014)
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1. Context

- Hydraulic transfer

Large-scale ventilation experiment (SDZ).

Characterise the effect of gallery ventilation on the hydraulic transfer.

N Main shaft
b Liof Airlock with Impervious
w G Experir,?tental ) :?gg hermetic doors covering
drift. ghods P T L I/J
Exp%ri_rf?sental
n
. GED SDZ
4.6 m Experimental Ventilation
gallery experiment
-
7 7 7 ///+ 0Zm
caltests 2m 7.2m 5m
B 2004-2012
2012-2015 S0m -
Issues: Drainage / desaturation reproduction.
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1. Context

Objectives -
o Iy, //
gl ,//:;I//

s ) unloading fractures
parallel to bedding

Better understand, predict, and model the behaviour of the

EDZ in partially saturated clay rock, at repository scale.

______________

i SRR

unloading fractures
oblique to bedding

4 )

Fracture description / o \
Constitutive models
EDZ development. )
Mechanics:
\_ ) Anisotropic behaviour. / \
Influence on fracturing. Numerical modelling
Coupled: _ Finite element method.
Hydro-mechanical coupling.
\Fracture - permeability evolution./ Reproduction of fractures
and EDZ in rock.
Influence of fracturing on water

\ transfer around galleries. j
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2. Fracture modelling with shear bands

2.1. Material rupture

- Compression test on small sample - Mechanisms of rock mass failure around gallery
4 \ \;\:l' Shear failure
> C\:\\‘\ > =
NN G,
\/ o A
v A V\
o In situ strength
Z i ’ / Distributed
L / N ‘ Tensile / dlamag‘e
to} ol i < spalling
g . failure O
= /! N
© A e
% Elasticity — No damage | e
v
, - Damage threshold
Coalescence — Localised strain
- - Fracture O
A > > 63
Axial shortening, AH [mm] (after Diederichs, 2003)

- Fracture modelling

Shear bands are observed
in many geomaterials. ‘ Shear strain localisation
COx : 75% of fractures (continuous approach)

in mode Il (shear).

Fracture modelling



2. Fracture modelling with shear bands

2.2. Shear strain localisation

2.2.1. Examples

Brutal concentration of strain in narrow zones.

Sand
(Alshibli et al., 2003)

Sandstones, Muddy Mountains,
Nevada (H. Fossen, 2010)

Ductile shear in quartz and pyroxene
(Christopher et al., 2006)

Fracture modelling



2. Fracture modelling with shear bands

2.2.2. Finite element methods Equivalenttotal 5 _
deviatoric strain
uaxial
. L
- Classical FE
Mesh dependency
h
Need to introduce an internal length
scale for a correct modelling of the
post-peak behaviour.
joioio1om N oioioien
h/2

- Reqularisation

Enrichment of the kinematics :

The continuum is enriched with microstructure effects.
Macro-kinematics + micro-kinematics

Macro Q: Micro Q™:
ou. m
F=t=g ij :?. SR
X
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2. Fracture modelling with shear bands

2.2.3. Coupled local second gradient model

[ Solid grains
- Balance equations B Water
] Air

Additional terms related to microstructure effects.

Porous media, biphasic : solid + fluid (Collin et al., 2006)

Unsaturated condition, compressibility of the solid grains, anisotropy, k,, variation (Pardoen et al., 2015)
K
Sr,w b :1—? O-ij = O-i} +b Sr,w pw é‘ij

S

- Second gradient mechanical law Plasticity

The double stress Zy, requires a constitutive law.

Linear elastic law function of the (micro) second
gradient of displacement field.

5, =[D] 2%
ijk — L= X, Internal length scale

L

D represents the physical
microstructure
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2. Fracture modelling with shear bands

2.3. Constitutive models for COx

- Mechanical law - 1st gradient model

Isotropic elasto-plastic internal friction model
Non-associated plasticity, Van Eeckelen yield surface :

F=ll,-m|l.+—>C |-0
tan ¢

. [

Softening ) Hardening i

¢ hardening / c softening Zzone zone

(Cf _Co)éez

C=¢Cy+ > —» Strain localisation
B, + Eeq
- Hydraulic law
. i kw,ij I(r,w aIDW
Fluid mass flow (advection, Darcy) : foi =—Pu p X +0,9;
w j

Water retention and permeability curves (Mualem - Van Genuchten’s model)
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2. Fracture modelling with shear bands

2.4. Gallery excavation modelling

- Numerical model

HM modelling in 2D o, = 12 MPa
plane strain state

Gallery in COx // o,

. Oy.0 pwo
Excavation: 7 7 T 7
o, , p,, at gallery wall > 0 N A [ PESACES - P J% %4_
A I I I ® Drained boundary
717 ‘F JIJ S - e /l .
S =** [mpervious boundary
< Constant total stress
—_ & Constrained displacement
[ -]
(=] y 5l
=l P A Constrained normal derivative
7z g of the radial displacement
' X o, = 15.6 MPa
50 [m]

Effect of stress anisotropy
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2. Fracture modelling with shear bands

- Localisation zone

Total deviatoric strain Plasticity

s
!I/ 39m
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[_:' K
i f 3
160%0@xizgysation ; i
E i— 0.5m
F, A
End of e i%  *F Sl
SR (I I e 20m
; 258 [ B
excavation \ 51m
N S
+—
d=46m

- For an isotropic mechanical behaviour, the appearance and shape of the strain localisation are
mainly due to mechanical effects linked to the anisotropic stress state.




2. Fracture modelling with shear bands

- Convergence:

Important during the excavation
Anisotropic convergence

Experimental results (GED - Andra’s URL)
No strain localisation
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2. Fracture modelling with shear bands

2.5. Conclusions and outlooks

- Conclusions
v Reproduction of EDZ with shear bands.

v Shape and extent of EDZ governed by anisotropic stress state.

- Next steps ...

X Mechanical rock behaviour.

-> Material anisotropy, gallery // oy, .

X HM coupling in EDZ.

-> Influence of fracturing on hydraulic properties.

X Gallery air ventilation and water transfer (drainage / desaturation).

Fracture modelling
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3. Influence of mechanical anisotropy

Anisotropy



3. Influence of mechanical anisotropy

Stratigraphy related to microstructure of

3.1. Anisotropic mechanical behaviour Opalinus clay, Switzerland (Wenk et al. 2008).

Sedimentary rocks with bedding planes

clay-rich |
Eed

siderite-
concretish

s

—

S

A.;v,quartz‘gra'i H

" L";#‘ e

- Cross-anisotropy

Behaviour depends on:

- the microstructure

A\ 4
o

-
.

- the loading direction

-
o
o
-

Anisotropy



3. Influence of mechanical anisotropy

@ - Linear elasticity :
/ Cross-anisotropic (5 param.) + Biot’s coefficients
EnEovi v Gy b,y
NU - Plasticity :

Cohesion anisotropy with fabric tensor

ij i i '
1] J O.0.

2 2 2
., +0.,+ 0O
— _ il i2 i3
Co=a; 1 I = .
ij—1ij

Cross-anisotropy

7
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Anisotropy



3. Influence of mechanical anisotropy

3.2. Gallery excavation modelling for isotropic initial stress state

Total deviatoric strain Plasticity

Effect of material anisotropy

Isotropic stress state
o =12 MPa Cohesion

anisotropy
set 1

- Anisotropy effect on strain localisation

Localisation at the end of excavation
Increase of anisotropy

[H] Cohesion
anisotropy
7 A set 2
6 - T
LA )
[rn ! 5 T
£ 4 -
2 3.
o —Isotropy
2 A —Anisotropy, set 1
1 — Anisotropy, set 2
0 —— Anisotropy, set 3
0 0.25 0.5 0.75 1 Eohasion
1,[- anisotropy
2[ ] set 3
. . . . . . . 3 SR g
-> For isotropic stress state, strain localisation is triggered ¥ .\:‘fe}‘g‘\“t;:\\}\\:“.““
AR T

(i
it

if a sufficient material anisotropy is considered.

isotropy



3.

Influence of mechanical anisotropy

3.2. Gallery excavation modelling for isotropic initial stress state P

Anisotropic stress state - /o AL =
Major stress in the axial direction Oh \ S ' o
Gallery // to oy -
’O'H
- Shear banding - Convergence
Total deviatoric strain 70
------ Experimental
60 ] No viscosi
. —»— NoO viscosity
Horizontal
e S0 P o
£ Sz
G A0 | T e
L | .‘
5 301 .
3 = :
© 207 Vertical
10 i
0 L 1 1 1 L
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0 0.05 Time [days]
[ T [T [
- Shape modification due to oy - Long-term deformation | - Creep deformation |

Anisotropy



3. Influence of mechanical anisotropy

3.3. Conclusions and outlooks

- Conclusions
v Reproduction of EDZ in both directions.

v Shape and extent of EDZ governed by:
- anisotropic stress state.

- anisotropic mechanical behaviour.

v Long-term convergence with viscosity.

- Next steps ...

X HM coupling in EDZ.

-> Influence of fracturing on hydraulic properties.

X Gallery air ventilation and water transfer.

Anisotropy
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4.  Permeability evolution and water transfer

Water transfer



4. Permeability evolution and water transfer

4.1. Large-scale experiment of gallery ventilation (SDZ)

~ Main shaft Auxiliary shaft
Characterise the effect of gallery ventilation

on the hydraulic transfer around it.

Expenmental

- drainage / desaturation
- exchange at gallery wall

HLW
cell tests

Test of construction s00m
I 2004-2012 thod
2012-2015 50m =
1. 2. 3. 4.
+—r— e pe——»
100 T T T 30
| T i i
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| Y I/ S 20 i i i | —
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‘% , 5]
L S //:10.2m 2 40 : 0 &
= { I - o
>m 72m 5m é 30441 : ; =

204 i i

! ro30% ! -5
10 4 | i i
0L : ! 0
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Water transfer



4. Permeability evolution and water transfer

4.2. Permeability variation in fractured zone

HM coupling in the EDZ.

4.2.1. Saturated permeability in boreholes

Srmmm

----- Shear fractures
..... Tensile fractures

Rl T L

1.LE-13 +— L.LE-13 +—%
Vertical boreholes Horizontal boreholes

1.LE-141 & N 1.E-14 -

1.E-15 - 1.E-15
& -16 - ] = 16 -
E 1.E-16 E 1.LE-16
4 LE-17+ ~ LE-174

1.LE-18 - s . 1.E-18 -

e . o * A
1.E-19 - " . N 1.E-19 4 o~ . X xo
Y m X x A o
B2 N w LE20— - " tme®
o 1 2 3 4 5 6 7 o 1 2 3 5 6 7
Radial distance from gallery wall [m] Radial distance from gallery wall [m]

Fracture and rock matrix permeabilities

-> Capture k,, evolution
-> Relation to fractures

Water transfer



4. Permeability evolution and water transfer

4.2.2. Evolution of intrinsic water permeability

Various approaches: deformation, damage, cracks...

- Fracture permeability

Cubic law for parallel-plate approach
(Witherspoon 1980; Snow 1969, Olivella and Alonso 2008)

L
b 12B
" b=b,+B(c"—¢5)

Ky =Ko (1+ A <g” —& >)3

Localised deformation
Fracture initiation

- Empirical law
Related to strain localisation effect .
th A 3 _ I
Kuvis = Koo (1+ Boor (Y1 -YI") &, ) Yi=s
Permeability variation threshold 7

Water transfer



4. Permeability evolution and water transfer

4.3. Hydraulic boundary condition for exchanges at gallery wall

- Classical approach

Instantaneous equilibrium (Kelvin’s law) RH = P exp {LMV}
pv,O prT

- Experimental

Drainage / desaturation > Progressive hydraulic transfer & equilibrium

- Non-classical mixed boundary condition

Liquid water + water vapour
q,=S+E

- Seepage flow :
S =K™ (py—Pan)® if Py, = p3" and py > py,
S=0 otherwise

Evaporation

- Evaporation flow : Seepage

(Nasrallah and Perre, 1988)

E=a, (o, —p")

Water transfer



4. Permeability evolution and water transfer

4.4. Modelling of excavation and ventilation experiment (SDZ2)

Total deviatoric strain Kwij / Kjjo []

4.4.1. Excavation & HM coupling in EDZ

- Localisation zone

Ventilation in gallery // o,
Anisotropic o; , and material

- Localisation zone dominated
by stress anisotropy

Radial distance from gallery wall [m]

- Intrinsi ili ' 1.E+06 1.LE+
Intrinsic permeability evolution Vertical 06 Horizontal
1.E+05 - 1. E+05 A
_ LE+04] 1.E+04 -
= LE+03 "= 1.E+03
Cross-sections oL o
~ 1.E+02 ~ 1.E+02 -
~ o~
EDZ extension and k,, increase. LE+01 1 . LE+01 {~e &
1.E+00 - 4 LE+00{ %3 s
[ ] ek ® "y
lE'Ol T T T T T IE-OI T T T T T T
0O 1 2 3 5 6 7 o 1 2 3 4 5 6 7

Radial distance from gallery wall [m]

Water transfer




4. Permeability evolution and water transfer

20m

4.4.2. Ventilation experiment (SDZ)

- Drainage / p,, reproduction by
4 & )‘9’& ;’:‘%
RN
G’b Z 050’ 0.5m
Borehole 1 , m P
'3'77 >3m
15”’ 45
O 6me [ Zone with covering
Borie 3 e preseme s
Oblique 45° Horizontal
6 6
Borehole 2 Borehole 5 ---- Experimental
SDZ1241 SDZ1244 .
54 5 A — Numerical
120m

4 a
=) 12 m
=
'—}3 | 9m
= o L R N S SO 6 m

1+ T TEm—a4.5m 6m

BT T T __-1.__,_}' -,---_L.,, 3m .
0 T T T - T and less 0 T ; ; ; 3m
0 500 1000 1500 2000 0 500 1000 1500 2000
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4. Permeability evolution and water transfer

- Desaturation EDZ / w reproduction

Horizontal boreholes At gallery wall
9
----- Experimental —Numerical
. 8 1 + Experimental
Numerical:
— I\ N —Start of 7
e M) ventilation 6
*g i1 (50 days) s
= =220 days =,
3 = 4
5
= 3
2]
=
1
O T T T T
o 1 2 3 4 5 6 7 0 500 1000 1500 2000
Radial distance from gallery wall [m] Time [days]

Water transfer
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5. Conclusions
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5. Conclusions

Conclusions

Better understand, predict, and model
the behaviour of the EDZ in partially
saturated clay rock, at repository scale.

/ Numerical modelling \

4 )

4 ™\ Constitutive models EDZ for both gallery directions.
Fracture description Mechanics: Shape and extent related to
Strain localisation. anisotropy, viscosity. anisotropies.
EDZ with shear bands. Coupled: Influence of shear bands HM
ear bands / permeability. aspects.
\_ Y, \ Shear bands / bili y D

k Water transfer. /

Contribution :  Provide new elements for the prediction and understanding of the HM behaviour of the EDZ.

Innovations : Fracturing process is predicted on a repository scale with shear bands.
Strain localisation effects are taken into account in coupled processes (water flow).

Conclusion



5. Conclusions
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