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1. Context

Long-term management of radioactive wastes

/ Deep geological \
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Disposal facility of Cigéo project in France
(Labalette et al., 2013)
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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 50m
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1. Context

Repository phases

E Excavation
Ventilation
Repository
Sealing

E Corrosion,

heat generation

Radioactive
waste cells

Swelling clay plug
Concrete plug

Type C wastes (Andra, 2005)



1. Context

Heat transfer Water and gas flow

Mechanics

Context



1. Context

Repository phases

E Excavation
Ventilation

Context 6



1. Context

Excavation Damaged Zone (EDZ)

Construction

Mechanical fracturing

Excavation

l

Stress redistribution

l

Damage / Fracturing

l

Coupled processes
HM property modifications
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Safety function alteration

Context 7

Fracturing & permeability increase
(several orders of magnitude)

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

Maintenance

Water transfer

Galleries ventilation

l

Air-rock interaction

l

Drainage / desaturation

l

Modification of the
water transfer




1. Context

- Fracturing

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

(Armand et al., 2014)
- material : HM cross-anisotropy.

—== Shear fractures
Galery//tocy, L Mixed fractures

— 275m
T 127m

A Main shaft __Auxiliary shaft

— <05m

Experimental
drift

e e e v e

e I—»—;— 124m
370 m

Experimental
drifts
N

-~

HLW
cell tests

I 2004-2012
2012-2015

47m l14m <05m 14m 45m

Issues: Prediction of the fracturing.
Effect of anisotropies ?

Permeability evolution & relation to fractures ?

Context
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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 \ ‘i‘\::' Shear failure
L \\:\\\\ . = - .
o G, {/
I 4. @
o A
> \4 In situ strength
2, i \ Distributed
L “'w ‘ Tensile / dlamag‘e
= ol o < spalling
g F M failure O
= y v N
I 4 A i
g -
< ,,»—{
- Damage threshold
. I:conf > < (H
v O
A
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. Constitutive models for COx

- Mechanical law - 1st gradient model

Isotropic elasto-plastic internal friction model

Non-associated plasticity, Van Eeckelen yield surface :

Fil,—m| 1 +5¢
tan ¢,

¢ hardening / c softening

~P
(Cf _Co)geq

0

. [

Softening Hardening
zone zone

C=C,+ v —» Strain localisation
B, + Eeq
- Hydraulic law
. . Kuii Keow [ 0P,
Fluid mass flow (advection, Darcy) : fui =—Pu p o + P9
w j

Water retention and permeability curves (Mualem - Van Genuchten’s model)

Fracture modelling



2. Fracture modelling with shear bands

2.3. Gallery excavation modelling ©v

- Numerical model

HM modelling in 2D 2 :
plane strain state ® Drained boundary
: == [mpervious boundary
Gallery radius = 2.3 m <« Constant total stress
— & Constrained displacement
— A Constrained normal derivative
A of the radial displacement
4
- Gallery in COx // g, - Excavation

N
o

Effect of stress anisotropy |

Anisotropic stress state
Pwo = 4.5 [MPa]
O,0 =0y =1.30,=15.6 [MPa]
Oyo =0, =12 [MPa]
0,0 =0, =12 [MPq]

=
ul

(2]

Pressure [MPa]
=
o

o

012 3 4546 7 8 910
Time [days]

Fracture modelling



2. Fracture modelling with shear bands

- Localisation zone

Incompressible solid grains, b=1

Total deviatoric strain Plasticity

1008 days

End of
excavation

-> 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.

Fracture modelli



2. Fracture modelling with shear bands

- Gallery air ventilation :

No ventilation
RH=100%——— " Pw = Patm [IMPa]

Water phases equilibrium at gallery wall (Kelvin's law) E 15 2'0 o

-p. M S —oy

RH =P —exp # : oo

Puo Pu - | . __————> Ventilation
30 - A P, = -30.7 [MPa]
Compressibility of the solid grains: b=0.6 o Time [days]
No ventilation Ventilation
100 days 1000 days 100 days 1000 days T l

Oy = O-i; +b Siw Py 5ij

Total - suction 1
deviatoric >0'1
strain
- Elastic unloading
0—3%84 - Inhibition of localisation
- Restrain ¢
Plasticity

Plastic

= »e
Elastic

Fracture modell



2. Fracture modelling with shear bands

- Convergence:

Important during the excavation
Anisotropic convergence

Influence of the ventilation

Experimental results (GED - Andra’s URL)
No strain localisation

140 - 1
— =
g
é120 £1
> 100 S 1
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) -
> - =
§ 60 1 S
= 40 E
g 20 : §
> 5
0 [ I I | E

0 200 400 600
Time [days]

800

40

(I
o O
I I

—Numerical,
RH=100%, no ventilation

- -Numerical,
RH=80%, ventilation

---Experimental, GED

—Numerical, no strain localisation
RH=80%, ventilation

0

200 400 600
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800

Fracture modelling



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, .

Fracture modelling



3. Influence of mechanical anisotropy

@ - Linear elasticity :
/ Cross-anisotropic (5 param.) + Biot’s coefficients
E/ Eovivi Gy by,by
NU - Plasticity :

Cohesion anisotropy with fabric tensor

ij i i

2 2 2
_ _ |G O, + Oy
Co =2y I 1. I = =

Cross-anisotropy

7
6 Co =C(1+ A, (1-317) +b,Aj, (1-312)* +...)
5 e,
S
2 I .t
S 3 A o
2 - I G’Zl
1 O
. L G% pat
T T 1 G’ j,
0 30 60 90 JZG, 5
] 31
a[°] O3 L »e,

Anisotropy



3. Influence of mechanical anisotropy

3.3. Gallery excavation modelling for anisotropic initial stress state

- Stress state
Major stress in the axial direction Oyxo = O = 12.40 MPa €
Gallery // to oy, 0,0 =0, = 12.70 MPa o ‘_0
A L h
0,0=0y=13x0,=16.12 MPa NN
’CH
- Shear banding - Convergence
Total deviatoric strain
70 .
—————— Experimental
60 - | —— Numerical
~~"" Horizontal
= 50+t - im-esIIIEE L
Q40 T e T
N D -
5 30) _ -
= :
© 20 Vertical
10
U0 200 400 600 800 1000 1200
0
0 0.05 Time [days]
[ T [ [ [T
- Shape modification due to oy - Long-term deformation | - Creep deformation |

Anisotropy



Influence of mechanical anisotropy

- Creep deformation _ L4y o= 12 [MPa]
5 § 1.2} q=30.6 [MPa]
Permanent strain vl R
In the long term 0.8 |
Under constant stress 0.6 |
below the yield strength o5 » < 0.4
0.2
0 T T T T 1
" o020 40 60 80 100
= 0.
= 04}
Y 06!
’ Time [days]
- Viscosity - Convergence
70
Time-dependent plastic strain :
(Jia et aI.,g008; how o Al 2008) 60 | T Experimental
. —n— No viscosity
e Horizontal
= S0+t -z
k)
& = g,‘j + gup + a,jp %
V| V] V] V] I ! :é
FP =311, -a"g(f) R, |A® CP+22-|=0 S
¢ - Viscosity
effect

600 800 1000 1200

Time [days]

0 200 400

Anisotropy



3. Influence of mechanical anisotropy

3.4. Conclusions and outlooks

- Conclusions
v Reproduction of EDZ in both directions.

4 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



4. Permeability evolution and water transfer

4.1. Large-scale experiment of gallery ventilation (SDZ) doe 2 o3 et
100 T . . 30
T o0 T i : —
Characterise the effect of gallery ventilation : i L 25
on the hydraulic transfer around it. ) 80 1 i : ! f
e 1 i i —t
| _ SN O F0BR
- drainage / desaturation = 60 - RH ! ! o
= 1 1 =
- exchange at gallery wall g 50 - ' \ L 15 2
.- 60°% £
2 40 1 =
Airlock with Impervious p=i 30 I ! : - 10 5
hermetic doors covering ) ! ! ! =
t sy SN | |
. : ' 30% ! rS
GED SDZ A | | _
4.6 m Experimental Ventilation o 0 - — — T 0 -
gallery experiment 0 500 1000 1500 2000 2500
L 745302 m Time [days]
2m 7.2 m Sm
6
2m Borehole 5
Borehole 5 5 4 SDZ1244
1 20 m

= QlZm
a9

23 1

=

o

9m
Borehole 1 21
14 6m
:I 2 ith . 0 T T T T 3 m
one with covering
Borehole 2 Borehole 3 0 Zone without covering 0 500 1000 1500 2000
® Pore pressure sensor Time [day%]

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...

Extension . .
Dilatancy under shearin
- Relation to deformation -_d y g
— —>
Volumetric effects = increase of porous space
O(Kozeny-Carman)
51 2
_ (1_¢0) ¢§ g = li
w — "w,0 ) 3 -
- Fracture permeability
Cubic law for parallel-plate approach
(Witherspoon 1980; Snow 1969, Olivella and Alonso 2008)
Q b
7N k, =
b -~ 5 Y 12B
L}; k”:ﬁ B b:b0+B<€”—€g>
w
12 K
k k n n 3
w =Ko (1+ A<g — & >)
D - -
Localised deformation
% % Fracture initiation
- Empirical law
1.
. . . thr\ A~ 3 _ el
Related to strain localisation effect Kuii = Kuiio (1+ Brer <YI -YI >5eq ) Yl = g

Permeability variation threshold

Water transfer



4. Permeability evolution and water transfer

4.4. Modelling of excavation and SDZ experiment

Plasticity Total deviatoric strain Ko ij / Ko []
4.4.1. HM coupling in EDZ

- Gallery excavation

SDZ - GED gallery // o,
Anisotropic o; , and material

- Localisation zone dominated
by stress anisotropy

E+
- Intrinsic permeability evolution 1LE+06 — Vertical 1E+06 — Horizontal
1.E+05 1.E+05
k . R 1.E+04 - 1
w,ij — (1+,B <Y| _YI thr> gqu) : : 1.E+04
Kujij 0 = 1.E+03 - = 1.E+03 1
iy oL
YI'™ =0.95 ~ 1.E+02 | ~ LE+021 *
g ey
~ LE+01- . < 01 e s
Cross-sections 1.E+00 - 2 * 1.E+00 x. * i =
u ° A o 4 X..
lE‘Ol T T T T T T 1E-01 T T T T T T
o 1 2 3 4 5 6 17 o 1 2 3 4 5 6 7
Radial distance from gallery wall [m] Radial distance from gallery wall [m]

Plastic strain and a part of the elasticone —>  EDZ extension + Kk, increase

Water transfer



4. Permeability evolution and water transfer

20m

- Drainage / p,, reproduction

Borehole 1

[ Zone with covering

Borehole 2 Borehole 3 [ Zone without covering

@ Pore pressure sensor

Oblique 45° Horizontal
6 6
Borehole 2 Borehole 5 ---- Experimental
SDZ1241 SDZ1244 :
S S — Numerical
ooy - 20 m
4 a
= 12 m
% 3 - a, =103 m/s
— 9m
Q‘z L e T 6 m
1 1 B 4.5 m 6 m
RREE 1 S __-f~.__,_J:'..._,__,Lm 3m .
0 T T T T and less 0 T ; ; ; 3m
0 500 1000 1500 2000 0 500 1000 1500 2000
Time [days] Time [days]

Water transfer



4. Permeability evolution and water transfer

- Desaturation EDZ / w reproduction

Horizontal boreholes At gallery wall
9
= Experimental —Numerical
8 . 8 1 + Experimental
Numerical:
— 7 —2 years 7
% 6 —4.25 years 6
C | |
O ° 3
257 =,
S 44 z 4
5 ,
§ 3 3
2
1 I -
0 \ T T T T T T 0 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]
- Desaturation: overestimation in long term - Good reproduction at gallery wall

- Vapour transfer (o, = 103 m/s)

Water transfer
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5.  Conclusions and perspectives

Conclusion



5. Conclusions and perspectives

Conclusions

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

/ Numerical modelling \

4 )

Constitutive models
Fracture description _ . _ _ Shape, extent.
Mechanics: anisotropy, viscosity.
EDZ with strain localisation. . Influence of fracturing, permeability
Coupled: fracture influence on variation, anisotropy.

\ permeability. j

\ 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 large scale with shear bands.
Strain localisation effects are taken into account in coupled processes (water flow).

Conclusion






APPENDICES



Gallery excavation in 3D
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|. Gallery excavation in 3D

- Localisation zone:

: : : , A 2 . .
Equivalent deformation €., during boring. &, = ggijgij

3 days 3.25 days 3.5 days
olo, = 0.40 olo,=0.35 oloy,=0.30

3.75 days 4 days 4.25 days
o/o, = 0.25 olo, =0.20 o/o, = 0.15




|. Gallery excavation in 3D

- Localisation zone:

A 2 . .

Equivalent deformation €., during boring. &, = ggijgij
3 days 3.25 days 3.5 days
olo, = 0.40 olo,=0.35 oloy,=0.30

3.75 days 4 days 4.25 days
olo, = 0.25 oloy,=0.20 o/o, = 0.15




Gallery excavation in 3D

- Localisation zone

Equivalent deformation g, - for 4.25 days of excavation (0/g, = 0.15) :

z<0 : excavation zone
z=0 : gallery front

z>0 : rock mass

T
1
A
‘:‘ X

|

z=-2.25m z=-1.25m z=-0.25m z=+0.25m z=+1.25m

0 0.025
CESTET [ [] FE




Compressibility influence on shear banding

Plasticity

In
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Total deviat

b=0.6
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1008 days

PR

End of
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0.184

Plasticity
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Air ventilation influence on shear banding

- Gallery air ventilation : o;=0;+bS , p, J;

Ventilation
100 days 1000 days

suction 1 F*=0
301 Plastic

=~ »>e
—>Elastic unloading /
—>Inhibition of

Elastic
localisation

Total
deviatoric
strain

v

lo

- Restrain ¢

0 0.184
T T

—RH=100%,
vertical

—RH=100%,
45° inclined

—RH=100%,
horizontal

- -RH=80%,
vertical

--RH=80%,
45° inclined

- -RH=80%,
horizontal

= End of

excavation

Plasticity

p' [MPa]




Finite element formulation — 2d gradient model

- Spatial discretisation

Matricial form of balance equations: Unknown
fields
* 7l T 7l 7l 7l 7l 7l 7l
[[uis, ] [E™][dug ., Jdo™ =-AT A7 - A;
Q’[l
[dU(TXll’XZ)} vector of the unknown increments of nodal variables

- Element stiffness matrix

71
Elrrilx4 04X2 Aa’ﬂhxg O4X8 O—lX—l _I4><4
Unsaturated condition, S, Gﬁm [ nglxg Osxs Oy Oosy
i ihili - 71
Soild phase compressibility, b e Kifw .| 03x2 |K{tw,, .| O3xs  Ozxa  Ozxa
Permeability anisotropy and evolution, k,; 8 E3l . Osxa Osxs  Dilg Osea Osxs
ETL o Oixa Ogxs O1xs  Ogxa Iyxa

1
El.. Oix2  Ogxs Osxs  —Iaxa Ogxa




Second gradient mechanical law — Influence of the elastic modulus

. . 5 1o 0 0 o 1 1 o] [2eu]
- Second gradient mechanical law JH 2 2 ) f)’ffl
Y110 0 5 5 0 =5 0 0 4|5
Linear elastic law function = 1 1 1 1] | oo
Y121 0 3 5 0 —5 0 0 35| |%;
Independent of p,, ~ 1 1 5%
Y129 D 0 0 0 1 0 -5 —5 0 le
~ S - 1 1 D0
Zijk =[D] 8_0., ?211 0 =3 =3 0 L U o0 3?’3211
— OX, Internal length scale Ya1o 0 0 -1 0 § L oo||gx
I_> . = 1 1 1 1 90
D represents the physical Y921 7 U 0 -3 0 2 7 0 657212
microstructure _2222_ _0 % % 0 0 0 0 1_ _%L:::QQQ_
101 . . . A 2 A A
Plasticity Total deviatoric strain = &, = 3 i
D=80N D=20N D=5N

- D should be evaluated based on experimental measurements
- Better numerical precision if a few elements compose the shear band width
- Large scale ...



Influence of mechanical anisotropy

Cross-anisotropic elasticity

E// EJ_ E//
TR ST
Linear elasticity (5 param.) E, E E,
. Viur Vin 1
e _ Mne e 2~
dey = Dy, doy B/ ELvis Vi Gyt De E, E E,
E ijkl = 1
Vi, _ VYV e [
—_—=— 1" 2G,,
E, E, 2+v,,,) 1
2C;//II
1
2GL// |
Biot’s coefficients
Ce b//
i =0 — 3;2« by b, ?‘2
s b
1/
b =1 I+vi +viuVi Vv
1~
3E, E, YK,
2
b =1— 1-vy, +2v,, +2v, v,
| =
3E, E, YK,
----- * / > C,
Micro-homogeneity and micro-isotropy assumptions (Cheng, 1997) L=
for which K is homogeneous and isotropic at grains scale. e
3



Influence of mechanical anisotropy
I oA

Anisotropic plasticity with fabric tensor

Cohesion anisotropy with fabric tensor.
C, IS the projection of the tensor on a generalised unit loading vector : L G |

tl / !
. . . c k ’
2 2 2 3 D
ol +02+0 y ; '
CO —all Ii \/ i1 |2' i3 ||I||| =1 ’ 6,31 O3

U | O'IG
ij Fij O3

Deviatoric part:
a; = aiij - 3
_ & _4 -0

Aij —F , A==

= G =C(1+ALlL) €,

Generalisation with higher order tensor:

2)
_ 2 3 4)
cozc(1+Aj|i|j+bl(Aj|i|j) +b, (A1) +) i
. — 6 A
Orthotropy: é_ :
A, 0 O :§ 4
A=l0 A, O = Aﬁjlilj:Allllz"‘Azzlzz"'As:sls? R
0 0 A, ) -
1 -
Cross-anisotropy: 0 . . -
A 0 o 0 30 60 90 >
11 .
A=l 0 A O = Aijlilj:A////(l_Slzz) a[]

O O A//// _ 2
co:c(1+A,,,,(1—3I22)+b1A,2,,,(1—3I22) +b,A - +)

AL==2A, ”Ii”:l



Viscosity

Viscosity

Time-dependent plastic strain, delayed plastic deformation
Progressive evolution of the material microstructure or to mechanical properties degradation (damage)

. _ -e . p -Vp
& =& t& +&;

Viscoplastic loading surface and potential surface:

G¥ =3 II&—(an —ﬁvp) 9(f) R, [cvp LE j:o

Fe\" aG®
éﬁp =y(— .
R 0o

C

Delayed viscoplastic hardening function:

e®

v _ VP vp eq
a’ =a, +(1—0¢0 ) - "
B™ + &

¢ Current stress state
— Plastic loading surface
Viscoplastic loading

surface with hardening
(a”20)

o">0
; ,0"=0
1 _b

Is




Permeability evolution and water transfer

- Reproduction at the end of excavation

kn'.i_i / kw_ij,n [']

Kusii = Kuijo (1+ﬁ<7>3)

(a) Volumetric strain
y=¢,=¢&13

(b) Equivalent deviatoric
total strain y=é

(c) Equivalent deviatoric
plastic strain

kw,ij / k\\'.i_i.(! [‘]

(d) Plastic strain and a
part of the elastic one

K = Koo (1+ B(Y1-v1) Ae(f)

— Vertical —Oblique — Horizontal

1.E+08
1.E+07 A
1.E+06 -
1.E+05 -
1.E+04 -
1.E+03 -
1.E+02
1.LE+01 -

1.E+00 ————————
0O 1 2 3 4 5 6 7

Radial distance from gallery wall [m]

(a)

,B — 1014

1.E+08
1.LE+07 -
1.E+06 -
1.E+05 -
1.LE+04
1.E+03 N
1.E+02
1.E+01 A u

I.E+00"II||
0O I 2 3 4 5 6

B =10

-

Radial distance from gallery wall [m]

(c)

k\\'.i_i ’/ kw.ij.U [-]

kw.i ij / kw.i .0 [']

1.LE+08

1.E+07 | p=10"
1.E+06 -
1.E+05
1.E+04 -
1.LE+03 A
1.E+02 -
1.LE+01 -
1.E+00 ————
0o 1 2 3 4 5 6 7
Radial distance from gallery wall [m]
(b)
1.LE+08 Bo10°
1.LE+07 A
LE+06 - YI'™ =0.95
1.E+05 -
1.LE+04 1 -> EDZ extension
1 E+03 - - k, increase
1.E+02 -
1.E+01 -
1.E+00 —
0 1 2 3 4 5 6 7
Radial distance from gallery wall [m]
(d)




Permeability evolution and water transfer

- Drainage / Py, reproduction

Borehole 1

Borehole 2

a, =103 m/s
- Good matching
- HM effect - k,,,> Kk,

500 1000 1500 2000
Time [days]

0 500 1000

| — Numerical - - Experimental |
: 6 . S
Horizontal Borehole 1 Oblique 45 Borehole 2
SDZ1243 5 SDZ1241
4 .
=)
[«
>3-
=7 L U T N s S
2400 TN Tl
14 N T
, SERPOTER b - = Y . I_:-._,._'.‘.'T_I:-r'? I m 0 ' '-7‘--—; --;-_.-.:;_'_ Lt . A ET;._._J
0 500 1000 1500 2000 and less 0 500 1000 1500 2000
Time [days] Time [days]
6
Vertical Borehole 3 Horizontal Borehole 5
SDZ1242 5 SDZ1244
6m
..................... 45m
. , 3m
and less 0

1500 2000
Time [days]

and less

Im




Permeability evolution and water transfer

- Desaturation EDZ / w reproduction

At gallery wall
2> Low vertical drainage
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Mechanical anisotropy
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Kinetics of drying process — Mixed boundary condition

- Non-classical mixed boundary condition

Progressive thermodynamic equilibrium by vapour transfer.
Vapour transfer in a boundary layer.

.

- Non-classical mixed boundary condition
=== Evaporation
_ == Seepage with
q,=S+E ramp function
Seepage for 1deal
unilateral condition

Liquid water + water vapour

- Seepage flow :
{S‘ = K™ (py = Pum)®  if Py, = P2 and pj, > p,,

NS

—
- —— o ———— ——

S=0 otherwise

S~

4 r
> Pw

-

cav -
pw pa[m

- Evaporation flow :
(Nasrallah and Perre, 1988)

E=a, (o, —A")

Evaporation and seepage flows at gallery wall for a
constant air ventilation (Gerard et al., 2008).




Kinetics of drying process — Water vapour transfer

Drying test : saline solutions (control vapour phase & RH), or convective drying tests

Drying flux curve:

Thermo-hydraulic process and exchanges in a boundary layer.
1. Preheating
2. Constant flux : heat totally used for water evaporation, saturated boundary layer, external conditions (RH, T, v).
3. Decrease of the flow : internal resistances restrict the water outflow, desaturation of the boundary layer
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Water mass, M,
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Surface temperature, T
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E=a,(p -p")
1 dMm,
_ max| ———
E. A, dt
py=pi P (T —RHpl™ (T?)

a, =

- a, depends on external drying conditions (RH, T, v)




Convergence and HM coupling

Gallery excavation modelling for anisotropic initial stress state
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Gallery // to oy, . 10 -
deviatoric
strain 8 - _RH=100%,
1000 days 5 days
*1.E-03 . 6 - —RH=100%,
12; & 100 days
181 2 4 - —RH=100%,
‘\ 182)3(7) cf 1000 days
g .
';g ?g 0 I I 1
0 10 20 30
-2 -
Radial distance [m]
140 ~
E120 .
L)
o 100
S
sn 80 -
2
§ 60 1 Close to gallery wall:
—= 40 - Strong effect of the localisation bands
= o'=cst, p,,1, 0’} , €P'1 (on the yield surface)
§ 20 Convergence keep increasing
0 I I I ]

In the vertical: similar
0 200 400 600 800

Time [days]




Mine-by experiment

- Displacements
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Mine-by experiment

- Displacements

Viscosity based on creep tests
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Mine-by experiment

- Displacements

Viscosity based on in situ measurements - Viscosity influence

50
Numerical: - Convergence
---08m ---10.8m
--=-18m ---14.8m
3.3m 21.8m
---48m ---248m
Horizontal ---58m 70
Experimental:
0.8m — 10.8m 60r
——1.8m 14.8m Horizontal
33m ——21.8m =500 I
4.8m ——24.8m E e -
5.8m 5 40| T
= H . i s
0 : : : : : 23 [ A
0 200 400 600 800 1000 1200 5 30 LA Pt
. > 4 o=t T
Time [days] g (I v
© 20 g Vertical
20 : . ; . : 2
10 [
I | | Numerical: '
16 e 0 | | | | |
---20m ---11.0m 0 200 400 600 800 1000 1200
. ---35m ---150m Ti d
Vertical  — 15| 5.0m - - -29.7m ime [days]
£ -~ -8.0m
=} E i tal
Xperimental:
< 8 20m —11.0m
—35m — 15.0m
4 g:grmn 29.7m Viscosity allows to reproduce the increase
of convergence in the long term.
0

0 200 400 600 800 1000 1200
Time [days]



Mine-by experiment

- Pore water pressure

Mine-by test

OHZ1521
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After excavation: RH=100% , p,, = 0 MPa in the gallery
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