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Introduction



A story of energy

Data collected from [IAEA, 2025]

Production of                       

long-lasting & high-level 

radioactive waste, harmful to    

the biosphere

Deep geological repository

1

441 operational reactors

56 reactors under construction

9% of the global electric capacity
(2025)



Deep geological repository

© Fanghong
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[ENSI/IFSN, 2021]
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Deep geological repository

[Sillen, 2012]
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Deep geological repository
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Deep geological repository
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[Sillen, 2012]



Work objectives
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When gas builds up, do clay-rich rocks (re)fracture? ?
Numerical models of gas transport modes

Zones of interest

Excavation Damaged 

Zone (EDZ)

[Corman et al., 2022]

Sound rock
[Corman et al., 2025]
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Experimental insights for HM modelling
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(iii) Gas flow in preferential pathways (iv) Gas flow in macroscopic fractures(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

[Marshall et al., 2005]

Gas pressure



Experimental insights for HM modelling

(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

Liquid phase

Liquid water ▬◌

Dissolved gas ▬▀▌

Diffusive transport mode
[Fick, 1855]

ἱθ ἎἭ
ⱬ▀▌

ⱬ◌

5

Gas phase

Water vapour ▬○Equilibrium restriction ᶿ
ἵἵ

ἠἢ
[Kelvin, 1871]

Suction: ἸἫ= ἸἯ-ἸἿ

Advective transport mode
[Darcy, 1856]

Ἱᶿ
ἳ

Ἰ Ἧ

Dry gas ▬▌Solubility limit ᶿἒἯ[Henry, 1803]
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Classical two-phase flow HM models



Experimental insights for HM modelling

(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

Classical two-phase flow HM models

Excavation process in clay rocks   

creates an EDZ, characterised by:

+ Fracture geometry and patterns 

+ Transport properties evolution
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[Armand et al., 2014]

COx
Modelling needs:

+ Fracture representation techniques

+ Advanced HM couplings (Ὧȟὖ Ὢ‐)
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(iii) Gas flow in preferential pathways (iv) Gas flow in macroscopic fractures(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

Classical two-phase flow HM models

+ Fracture representation techniques
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Excavation Damaged Zone (EDZ)
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(iv) Gas flow in macroscopic fractures

Experimental insights for HM modelling

(iii) Gas flow in preferential pathways(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

Classical two-phase flow HM models

+ Fracture representation techniques

+ Advanced HM couplings 

Excavation Damaged Zone (EDZ)
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Experimental insights for HM modelling

(iii) Gas flow in preferential pathways

Callovo-Oxfordian claystone

[Cuss et al. 2014]

Boom clay

[Gonzalez-Blanco et al. 2022]
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Discrete gas-filled pathways                    

in sound rocks, driven by:

+ Natural heterogeneities & spatial 

variability of HM properties

+ Transport properties evolution

Modelling needs:

+ Microstructure-informed techniques

+ Advanced HM couplings (Ὧȟὖ Ὢ‐)



Experimental insights for HM modelling

(iii) Gas flow in preferential pathways (iv) Gas flow in macroscopic fractures(i) Advection and diffusion of dissolved gas (ii) Visco-capillary two-phase flow

Classical two-phase flow HM models

+ Fracture representation techniques

+ Advanced HM couplings 

Localised two-phase flow HM models

Sound rockExcavation Damaged Zone (EDZ)
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+ Microstructure-informed techniques

+ Advanced HM couplings 
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Fracturing process

Fault planes (Iran) © F. Salehnia Izmit earthquake (Turkey, 1999) © A. BarkaLa Clapière landslide (France) © OMIV
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From geomaterials failureé



Fracturing process

Fault planes (Iran) 

© F. Salehnia

La Clapière landslide (France) © OMIV

Izmit earthquake (Turkey, 1999) © A. Barka

Distributed damage

No damage

Tensile/Spalling 

failure

Damage threshold

ȾἠἍ

ȾἠἍ

In situ strength

Shear failure

[Diederichs, 2003]

9

From geomaterials failure to the drilling of underground galleriesé



Fracturing process

Fault planes (Iran) 

© F. Salehnia

La Clapière landslide (France) © OMIV

Izmit earthquake (Turkey, 1999) © A. Barka

[Diederichs, 2003]

After [Bernier et al., 2008]

After [Bastiaens et al., 2003]
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From geomaterials failure to the drilling of underground galleries in clay host formations



Shear strain localisation modelling

ρπςπ

Classical FE methods

Deviatoric strain

increment

e1

e1 e2

Deviatoric strain

increment

e2

Ʒ Mesh size dependency

Regularisation technique

Deviatoric strain

increment

e1

Deviatoric strain

increment

e2

e1 e2

Ʒ Shear band width control
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Numerical vs conceptual extension of the EDZ

BC

COx

[Pardoen, 2015]

[Salehnia, 2015]

Total deviatoric strain

Total deviatoric strain

Second gradient H2M model
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ἜἺ ἜἺȟ
ἳἱἲȟ

ἳἱἲ
ἳἱἲ ἳἱἲȟ ἸἭἺἧἓἧἓ

ἼἰἺ
ἭἹ

Intrinsic permeability Retention behaviour
[Olivella, 2008][Pardoen et al., 2014]

ʀ ȡVon Misesô equivalent deviatoric plastic strain

ɼ ȡevolution parameter

9)ȡyield index

0ȡvan Genuchtenôsparameter 

identified as the entry pressure

Deviatoric strain

increment

Second gradient H2M model
Advanced HM couplings



╨ Gas migration phase╧ Operation phase

[Andra, 2019]

Application
Problem statement

© Andra

Classic stuffing

„

Ɑἰ

Ɑἒ

Elastic stuffing

Arch segments

Ἥ

Ј

x

y

╦ Excavation phase

Three-step simulations

Support
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COx

300m

Excavation zone (R = 5.2m)

3 layers of support

y

x

COx

Excavation zone (R = 5.2m)

3 layers of support

Constrained displacements

COx

Excavation zone (R = 5.2m)

3 layers of support

Drained 

boundaries

Impervious 

boundaries

Constrained displacements

Ɑx,0 = 12.4 MPa

pw,0= 4.7 MPa
pg,0 = 0.1 MPa 

Ɑy,0 = 12.7 MPa

pw,0= 4.7 MPa
pg,0 = 0.1 MPa 



Application
Convergence of the rock mass

Installation of the 

support
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Application
Development of plasticity in the near field 

10.4m 5m5m

total deviatoric strain

80% deconfinement 90% deconfinement 100% deconfinement

Installation of 

the support

80%

90%

100%
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Development of plasticity in the near field 
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Hydro-mechanical multi-scale model

Macro-scale Micro-scale Data-supported microstructure

FESEM

100 m

SEM

100 m

᷆

[Robinet et al., 2012]

15

BC

COx

[Gonzalez-Blanco, 2017]



Macro-scale Micro-scale Data-supported microstructure

FESEM

100 m

Physical idealisation
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Hydro-mechanical multi-scale model

BC

[Gonzalez-Blanco, 2017]
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Macro-scale Micro-scale (REV) Data-supported microstructure

FESEM
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Hydro-mechanical multi-scale model

hb
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[Gonzalez-Blanco, 2017]



Mechanics

Hydraulics

HM couplings

Macro-scale Micro-scale (REV) Data-supported microstructure

FESEM

100 m

w

w

Separation distance w

Clayey matrix block

Bedding plane

Bridging plane

Equivalent bundle 

of tubes

Physical idealisation

15

Hydro-mechanical multi-scale model

Db

hb

w

BC

REV

REV

1. Localisation

2. Resolution of the 

hydraulic system

3. Homogenisation

4. Macro-scale FE 

computations [Gonzalez-Blanco, 2017]



Gas injection test modelling
Problem statement

Upstream 

reservoir

Boom Clay 

Sample

Downstream 

reservoir 0.017m

0.020m

0.034m

0.025m
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ὁ Ȣ ἙἜἩ

Gas injection test modelling
Problem statement

[Gonzalez-Blanco, 2017]



Injection Dissipation

Gonzalez-Blanco (2017)

Numerical fitting

Injection Dissipation

Gonzalez-Blanco (2017)

Numerical fitting
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Gas injection test modelling
Average axial strain



Injection Dissipation

Gonzalez-Blanco (2017)

Numerical fitting

Gonzalez-Blanco (2017)

Numerical fitting

Injection Dissipation
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Gas injection test modelling
Injection and recovery pressure
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[MPa] [MPa]

Gas injection test modelling
Maps of gas pressure



Air dissipationBreakthrough

Around 55000s
Start injection
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[MPa]
Pg

Gas injection test modelling
Maps of gas pressure
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Up-scaled configuration modelling
Problem statement

[Gonzalez-Blanco, 2017]
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Conceptualisation

20

Up-scaled configuration modelling
Problem statement

[Gonzalez-Blanco, 2017]
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ZFD

ZFD

Undisturbed Boom Clay

Disturbed bridging planes

Disturbed bridging planes

Up-scaled configuration modelling
Maps of gas pressure
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Maps of gas pressure
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ZFD
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Breakthrough
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Maps of gas pressure
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Undisturbed Boom Clay

Disturbed bridging planes
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When gas builds up, 
do clay-rich rocks 
(re)fracture?

Phenomenological 

description

Numerical 

implementation

Second gradient H2M model

Repository-scale 

conceptualisation

Multi-scale HM model

Low gas 

pressure

High gas 

pressure
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Disturbed 

planes


