
When Gas Builds Up, 
Do Clay-Rich Rocks (Re)Fracture?

Insights From Hydro-Mechanical Modelling for Nuclear Waste Repositories

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement n° 847593.

Comité Français de Mécanique des Roches_Jeunes
Technical Workshop

Gilles CORMAN & Frédéric COLLIN

May 28, 2026 • Mines Paris (France)



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)
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Work objectives

4

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 𝒑𝒘

Dissolved gas 𝒑𝒅𝒈

Diffusive transport mode
[Fick, 1855]

𝐢 ∝ ത𝛕 𝐃𝐞𝛁
𝝆𝒅𝒈

𝝆𝒘

5

Gas phase

Water vapour 𝒑𝒗Equilibrium restriction ∝
𝐦𝐦

𝐑𝐓
[Kelvin, 1871]

Suction: 𝐩𝐜 = 𝐩𝐠 - 𝐩𝐰

Advective transport mode
[Darcy, 1856]

𝐪 ∝
𝐤

𝛍
𝛁𝐩 − 𝛒𝐠

Dry gas 𝒑𝒈Solubility limit ∝ 𝐇𝐠 [Henry, 1803]
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Relative permeability curves

𝐤𝐫 = 𝒇 𝐒𝐫,𝐰

𝐒𝐫,𝐰 = 𝒇 𝐩𝐜, 𝐏𝐞

𝐪 ∝
𝐤𝐢𝐧𝐭𝐤𝐫
𝛍

𝛁𝐩 − 𝛒𝐠
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Solubility limit ∝ 𝐇𝐠 [Henry, 1803]
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Entry pressure Pe
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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

6

[Armand et al., 2014]

COx
Modelling needs:

+ Fracture representation techniques

+ Advanced HM couplings (𝑘𝑤 , 𝑃𝑟 = 𝑓(𝜀))
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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

+ Advanced HM couplings 

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 (𝑘𝑤 , 𝑃𝑟 = 𝑓(𝜀))



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 failure…



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

𝛔𝟏/𝐑𝐂

𝛔𝟑/𝐑𝐂

In situ strength

Shear failure

[Diederichs, 2003]
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From geomaterials failure to the drilling of underground galleries…



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

10 × 20

Classical FE methods

Deviatoric strain

increment

e1

e1≠ e2

Deviatoric strain

increment

e2

► Mesh size dependency

Regularisation technique

Deviatoric strain

increment

e1

Deviatoric strain

increment

e2

e1=e2

► Shear band width control

10

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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𝐏𝐫 = 𝐏𝐫,𝟎

𝟑 𝐤𝐢𝐣,𝟎
𝟑 𝐤𝐢𝐣

𝐤𝐢𝐣 = 𝐤𝐢𝐣,𝟎 𝟏 + 𝛃𝐩𝐞𝐫 𝐘𝐈 − 𝐘𝐈𝐭𝐡𝐫 ො𝛆𝐞𝐪
𝟑

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

ොεeq: Von Mises’ equivalent deviatoric plastic strain

βper: evolution parameter

YI: yield index

Pr: van Genuchten’s parameter 

identified as the entry pressure

Deviatoric strain

increment

Second gradient H2M model
Advanced HM couplings



❸ Gas migration phase❷ Operation phase

[Andra, 2019]

Application
Problem statement

© Andra

Classic stuffing

𝜎v

𝝈𝐡

𝝈𝐇

Elastic stuffing

Arch segments

𝐞𝟐

𝛂 = 𝟎°

x

y

❶ 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

𝝈x,0 = 12.4 MPa

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

𝝈y,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 
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Installation of 

the support
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90%

100%
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Hydro-mechanical multi-scale model

Macro-scale Micro-scale Data-supported microstructure

FESEM

100 𝛍m

SEM

100 𝛍m

∥

[Robinet et al., 2012]

15

BC

COx

[Gonzalez-Blanco, 2017]



Macro-scale Micro-scale Data-supported microstructure

FESEM

100 𝛍m

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
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Mechanics

Hydraulics

HM couplings

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

FESEM

100 𝛍m

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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𝛔𝐲 = 𝟔. 𝟏𝐌𝐏𝐚

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
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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
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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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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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Model 1



Representation of fracturing
Shear strain localisation conceptualisation
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Representation of fracturing
Shear strain localisation conceptualisation
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Representation of fracturing
Shear strain localisation modelling

10 × 20

Classical FE methods

Deviatoric strain

increment

e1

e1≠ e2

Deviatoric strain

increment

e2

► Mesh size dependency

Regularisation technique

Deviatoric strain

increment

e1

Deviatoric strain

increment

e2

e1=e2

► Shear band width control

Enrichment of the kinematics with microstructure effects

2nd gradient type [Chambon et al., 1998]

Displacement 𝑢𝑖

Deformation 𝐹𝑖𝑗 =
𝜕𝑢𝑖
𝜕𝑥𝑗

𝑢𝑖
𝑚

𝜈𝑖𝑗 =
𝜕𝑢𝑖

𝑚

𝜕𝑥𝑗

Macro-kinematics          +          Micro-kinematics

Ω𝑚Volume Ω

+ Micro-kinematics

17



Second gradient H2M model

19

The rock environment is modelled as
:

► A multiphasic porous medium

► With strain localisation in the EDZ

► Including transfer properties evolution with strain

𝛛𝐟𝐰,𝐢
𝛛𝐱𝐢

+
𝛛(𝛒𝐰 𝛟𝐒𝐫𝐰)

𝛛𝐭
+
𝛛𝐟𝐯,𝐢
𝛛𝐱𝐢

+
𝛛 𝛒𝐯𝛟 𝟏− 𝐒𝐫𝐰

𝛛𝐭
= 𝐐𝐰

Balance equations

𝛛𝛔𝐢𝐣

𝛛𝐱𝐣
−
𝛛𝟐𝚺𝐢𝐣𝐤

𝛛𝐱𝐣𝛛𝐱𝐤
+ 𝛒𝐦𝐢𝐱 𝐠 = 𝟎

Liquid water Water vapour

Microstructure effects

𝛀

Solid Water Gas

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

𝛀𝐦

Finite element

Kinematic restriction ≡ No relative deformation of the microstructure

Field of Lagrange multipliers 𝛌𝐢𝐣

Node 𝐮𝐢, 𝐩𝐰, 𝐩𝐠

Node 𝛎𝐢𝐣

Node 𝛌𝐢𝐣

Integration point

ሶ𝐌: Stored fluid quantity 𝐟𝐢 : Mass flow of fluid 𝐐 : Fluid source term

𝛛𝐟𝐠,𝐢

𝛛𝐱𝐢
+
𝛛 𝛒𝐠𝛟 𝟏− 𝐒𝐫𝐰

𝛛𝐭
+
𝛛𝐟𝐝𝐠,𝐢

𝛛𝐱𝐢
+
𝛛 𝛒𝐝𝐠𝛟𝐒𝐫𝐰

𝛛𝐭
= 𝐐𝐠

Dry gas Dissolved gas



▪ Regularisation method based on the enrichment of the continuum kinematics with the microstructure effects

Macro-volume Ω +     Micro-volumes Ω𝑚

Displacement 𝑢𝑖
𝑚𝑢𝑖

Deformation 𝐹𝑖𝑗 =
𝜕𝑢𝑖
𝜕𝑥𝑗

𝜈𝑖𝑗 =
𝜕𝑢𝑖

𝑚

𝜕𝑥𝑗
Ω Ω, ui

▪ Principle of virtual work: the internal virtual work (Germain,1973)           =            the external virtual work (simplified) 

▪ The kinematical constraint 𝜈𝑖𝑗 = 𝐹𝑖𝑗 implying     𝜈𝑖𝑗 =
𝜕𝑢𝑖

𝜕𝑥𝑗
is added (Chambon et al.,1998; Matsushima et al.,2002)

▪ Finite element formulation: introduction of Lagrange multiplier fields 𝜆𝑖𝑗

The Clay Conference – June 2022

The second gradient method



▪ The double stress requires a constitutive law

▪ Isotropic linear relationship (Mindlin,1965)

▪ Only one constitutive parameter 𝐷 representing the 

microstructure (internal length scale)

The second gradient Finite Element

The second gradient mechanical law ijk [ ]
ij

k

D
x


 =





Spatial discretisation
▪ Linear auxiliary problem

Local stiffness matrix 𝐸𝜏1 and local out-of-balance forces 𝑓𝑂𝐵
𝜏1

න
Ω𝜏1

𝑈 𝑥1,𝑥2

⋆,𝜏1
T
𝐸𝜏1 𝑑𝑈 𝑥1,𝑥2

𝜏1 𝑑Ω𝜏1 = −Δ1
𝜏1 − Δ2

𝜏1 − Δ3
𝜏1 (10)

Linearized equations in matricial form

Global solution

▪ Correction of the unknowns fields

▪ Linear auxiliary system 

𝐾𝜏1 𝛿𝑈𝑁𝑜𝑑𝑒
𝜏1 = − 𝐹𝑂𝐵

𝜏1 (11)

Global stiffness matrix 𝐾𝜏1 and out-of-balance forces 𝐹𝑂𝐵
𝜏1

Assembling the elements

Updating current unknowns values Get closer to well-balanced configuration



MAVL Application
Mechanical parameters



MAVL Application
Flow parameters



MAVL Application

Evolution of convergence

80% deconfinement 90% deconfinement 100% deconfinement

Development of damage in the near field

No support

Reference case 

with transfer 

properties 

evolution



MAVL Application

Evolution of convergence

80% deconfinement 90% deconfinement 100% deconfinement

Development of damage in the near field

Reference case 

with transfer 

properties 

evolution

Higher value of 𝑫



Appendices

Model 2



Representation of microstructure effects

km m cm mm 𝛍m nm

Clay host rock 

1

2

1

10𝛍𝐦

𝟏𝟎𝟎 𝛍𝐦

𝐅𝐄𝐒𝐄𝐌

3𝛍𝐦

2

After air injection

Repository scale Laboratory scale Process scale

29

[Gonzalez-Blanco et al., 2022][Gonzalez-Blanco, 2017]



Representation of microstructure effects

km m cm mm 𝛍m nm

Repository scale Laboratory scale Process scale

Small-scale models

► Direct modelling of the whole microstructure

► Useful for modelling at the process scale

High computational 

costs for upscaling

Water
Gas

Large-scale models

Very limited exploitation of 

the microstructure potential

► No direct representation of local phenomena

► Enriched with micro-mechanical effects,

e.g. embedded fracture model

COx sample Sr [-]

0.998

0.645

Initial 

fracture in 

sample

𝛀

s

b

w

Intermediate-level multi-scale models

► Combination of the benefits from both scales

► Explicit description of the constituents on their 

specific length scale through a REV definition

𝛀

30From [Jing et al., 2016] & [Bertrand et al., 2019][Gerard et al., 2014]

[van den Eijnden et al., 2016]



Multi-scale modelling approach

Macro-scale Micro-scale

P1

P0

1. Localisation

❶ Localisation

4 Steps

31

Periodic boundary conditions

Separation of scales



Multi-scale modelling approach

Macro-scale Micro-scale

P1

P0

1. Localisation

❶ Localisation

❷ Resolution of the problem at the micro-scale

4 Steps

2. Micro-scale computation

31

Steady state conditions

Mass balance on each node:



Multi-scale modelling approach

Macro-scale Micro-scale

P1

P0

1. Localisation

❶ Localisation

❷ Resolution of the problem at the micro-scale

❸ Homogenisation

4 Steps

3. Homogenisation

2. Micro-scale computation

31

Average micro-scale work = macro-scale work

[Hill, 1965][Mandel, 1972]

Fluxes

Fluid contents



Macro-scale stiffness matrix

Infinitesimal variations of the 

macro-scale variables

Responses of the macro-

scale variables

Multi-scale modelling approach

Macro-scale Micro-scale

P1

P0

1. Localisation

❶ Localisation

❷ Resolution of the problem at the micro-scale

❸ Homogenisation

❹ Resolution of the problem at the macro-scale

4 Steps

3. Homogenisation

4. Macro-scale computation 2. Micro-scale computation

31



Multi-scale modelling approach
❶ Localisation (macro- to micro-scale transition)

Periodic boundary conditions

Water pressure:

Gas pressure:

𝒍𝑹𝑬𝑽 ≪
𝒑𝑴 [𝑷𝒂]

𝛁𝐩𝐌
𝑷𝒂
𝒎

Separation of scales:

❷Resolution of the micro-scale hydraulic network 

𝚪𝐋

𝚪𝐅

𝐱𝐋 𝐱𝐅

1 2

34

1

2

3
4

5

𝛚𝐃

𝛟𝛂
𝐀

𝛚𝐀

𝛚𝐁

𝛚𝐂

𝛟𝛂
𝐂

𝛟𝛂
𝐁

𝛟𝛂
𝐃

Conditions to be respected

Anti-symmetric boundary fluxes:

Macroscopic pressure gradient:

Given mechanical configuration

Steady state conditions

Mass balance on each node
j

i+1

i-1

i

𝛟𝛂
𝐢 ≡ Flow model for the channel i

If important macro-

solicitation, 

potentially not 

satisfied because 

the difference the 

left and right 

boundaries is also 

very important

No storage

In =out



Multi-scale modelling approach
❸Homogenisation (micro- to macro-scale transition)

Fluxes:

Hill-Mandel macro-homogeneity condition

Average micro-scale work = macro-scale work

[Hill, 1965][Mandel, 1972]

Fluid contents:

Fluid mass storage terms:

❹Macro-scale computations

The macro-scale problem is solved using finite elements

under matrix form:

summarised as:

Steady state

Perturbation: Numerically compute the derivative terms in the rigidity matrix



Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

𝐩

𝛔

33

Hydro-mechanical multi-scale model



Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

Hydraulic model Planes Tubes

► Permeability

Navier-Stokes equations         between two parallel plates                         in a cylinder

𝐤𝐟𝐫𝐚𝐜 =
𝐡𝐛
𝟐

𝟏𝟐

𝐡𝐛
𝐰

𝐤𝐭𝐮𝐛𝐞 = 𝛑
𝐃𝐛
𝟒

𝟏𝟐𝟖𝐰𝟐

33

Hydro-mechanical multi-scale model

Non-slip boundary conditions

Laminar flow

Steady state conditions

No body force



Integrating Navier-Stokes in each stratum considering that the fluids are flowing simultaneously

Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

Hydraulic model Planes Tubes

► Permeability 𝐤𝐟𝐫𝐚𝐜 =
𝐡𝐛
𝟐

𝟏𝟐

𝐡𝐛
𝐰

𝐤𝐭𝐮𝐛𝐞 = 𝛑
𝐃𝐛
𝟒

𝟏𝟐𝟖𝐰𝟐

► Multi-phase flow

𝐃𝐰

𝟐

𝐃𝐰

𝟐
Water

𝐃𝐠

𝐤𝐫𝐰 =
𝐒𝐫
∗𝟐

𝟐
(𝟑 − 𝐒𝐫

∗)

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟑

𝐤𝐫𝐰 = 𝐒𝐫
∗𝟐

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟐

[Yuster et al., 1951]
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Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

Hydraulic model Planes Tubes

► Permeability 𝐤𝐟𝐫𝐚𝐜 =
𝐡𝐛
𝟐

𝟏𝟐

𝐡𝐛
𝐰

𝐤𝐭𝐮𝐛𝐞 = 𝛑
𝐃𝐛
𝟒

𝟏𝟐𝟖𝐰𝟐

► Multi-phase flow 𝐤𝐫𝐰 =
𝐒𝐫
∗𝟐

𝟐
(𝟑 − 𝐒𝐫

∗)

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟑

𝐤𝐫𝐰 = 𝐒𝐫
∗𝟐

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟐

[Yuster et al., 1951]

► Retention curve 𝐒𝐫𝐰 = 𝐒𝐫,𝐫𝐞𝐬 + (𝐒𝐦𝐚𝐱 − 𝐒𝐫,𝐫𝐞𝐬) 𝟏 +
𝐩𝐜
𝐏𝐫

𝓝
𝟏
𝓝
−𝟏

𝐏𝐫,𝟎 =
𝟐𝛔𝐜𝐨𝐬𝛉

𝐃𝐛/𝟐
𝐏𝐫,𝟎 =

𝟐𝛔𝐜𝐨𝐬𝛉

𝐡𝐛

[van Genuchten., 1980]
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Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

Hydraulic model Planes Tubes

► Permeability 𝐤𝐟𝐫𝐚𝐜 =
𝐡𝐛
𝟐

𝟏𝟐

𝐡𝐛
𝐰

𝐤𝐭𝐮𝐛𝐞 = 𝛑
𝐃𝐛
𝟒

𝟏𝟐𝟖𝐰𝟐

► Multi-phase flow 𝐤𝐫𝐰 =
𝐒𝐫
∗𝟐

𝟐
(𝟑 − 𝐒𝐫

∗)

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟑

𝐤𝐫𝐰 = 𝐒𝐫
∗𝟐

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟐

[Yuster et al., 1951]

► Retention curve
[van Genuchten., 1980]

Hydro-mechanical couplings

► Mechanical aperture ሶ𝐡𝐛(𝐱) =
ሶ𝛔′(𝐱𝐱)

𝐊𝐧(𝐱)

ሶ𝐃𝐛(𝐱) =
ሶ𝛔′(𝐱𝐱)

𝐊(𝐱)

𝐊𝐧 =
𝐊𝐧
𝟎

𝟏 −
𝐡𝟎 − 𝐡
𝐡𝟎

𝟐
𝐊 =

𝟐𝐆

𝐃𝟎

Modified after [Cerfontaine et al., 2015] 33

Hydro-mechanical multi-scale model

𝐒𝐫𝐰 = 𝐒𝐫,𝐫𝐞𝐬 + (𝐒𝐦𝐚𝐱 − 𝐒𝐫,𝐫𝐞𝐬) 𝟏 +
𝐩𝐜
𝐏𝐫

𝓝
𝟏
𝓝
−𝟏

𝐏𝐫,𝟎 =
𝟐𝛔𝐜𝐨𝐬𝛉

𝐃𝐛/𝟐
𝐏𝐫,𝟎 =

𝟐𝛔𝐜𝐨𝐬𝛉

𝐡𝐛

[Goodman., 1976]



Macro-scale Micro-scale (REV)

Mechanical model

► Isotropic elastic law

► Elasto-plastic law

𝛔, 𝛆 = 𝒇 𝐄, 𝛎, 𝐜, 𝛗

Hydro-mechanical couplings

► Effective stress definition

𝛔′ = 𝛔 − 𝐩

[Bishop, 1959]

𝐩 = 𝐒𝐫 ∙ 𝐩𝐰 + (𝟏 − 𝐒𝐫) ∙ 𝐩𝐠

Hydraulic model Planes Tubes

► Permeability 𝐤𝐟𝐫𝐚𝐜 =
𝐡𝐛
𝟐

𝟏𝟐

𝐡𝐛
𝐰

𝐤𝐭𝐮𝐛𝐞 = 𝛑
𝐃𝐛
𝟒

𝟏𝟐𝟖𝐰𝟐

► Multi-phase flow 𝐤𝐫𝐰 =
𝐒𝐫
∗𝟐

𝟐
(𝟑 − 𝐒𝐫

∗)

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟑

𝐤𝐫𝐰 = 𝐒𝐫
∗𝟐

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟐

[Yuster et al., 1951]

► Retention curve
[van Genuchten., 1980]

Hydro-mechanical couplings

► Mechanical aperture

𝐊𝐧 =
𝐊𝐧
𝟎

𝟏 −
𝐡𝟎 − 𝐡
𝐡𝟎

𝟐
𝐊 =

𝟐𝐆

𝐃𝟎

[Goodman., 1976]
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Hydro-mechanical multi-scale model

Node 𝐮𝐢, 𝐩𝐰, 𝐩𝐠

Integration point

Model implemented in the FE code LAGAMINE

𝐒𝐫𝐰 = 𝐒𝐫,𝐫𝐞𝐬 + (𝐒𝐦𝐚𝐱 − 𝐒𝐫,𝐫𝐞𝐬) 𝟏 +
𝐩𝐜
𝐏𝐫

𝓝
𝟏
𝓝
−𝟏

𝐏𝐫,𝟎 =
𝟐𝛔𝐜𝐨𝐬𝛉

𝐃𝐛/𝟐
𝐏𝐫,𝟎 =

𝟐𝛔𝐜𝐨𝐬𝛉

𝐡𝐛

→Entry pressure (implicit)

→Permeability (implicit) 

𝐏𝐫 = 𝐏𝐫,𝟎
𝐡𝐛𝟎
𝐡𝐛

𝐦

𝐏𝐫 = 𝐏𝐫,𝟎
𝐃𝐛𝟎

𝐃𝐛

𝐦

ሶ𝐡𝐛(𝐱) =
ሶ𝛔′(𝐱𝐱)

𝐊𝐧(𝐱)

ሶ𝐃𝐛(𝐱) =
ሶ𝛔′(𝐱𝐱)

𝐊(𝐱)



Characterisation of the sample

Applications
Gas injection experiment (lab scale, BC)

1. Size of the REV Bedding plane separation 

𝐰 = 𝟑𝟎𝟎 𝛍𝐦
FESEM μ-CT

150 – 270 𝜇𝑚 410 – 560 𝜇𝑚

[Gonzalez-Blanco, 2017]

Bridging plane

Bedding plane

Bundle of tubes

2. Macro-porosity

𝐰𝐤𝐱 = 𝟐 ∙ 𝟏𝟎−𝟏𝟗𝐦𝟐

𝐤𝐲 = 𝟏 ∙ 𝟏𝟎−𝟏𝟗𝐦𝟐

Fitting of the pore size distribution

Effect of small-size pores 

(Tortuosity = Calibration factor)

3. Global permeability Effect of large-size pores Fracture aperture

𝐤𝐱,𝐟𝐫𝐚𝐜,𝟎 = 𝟏𝟎−𝟏𝟗𝐦𝟐

Macro-pores

𝐤𝐲 =
𝛑

𝟖

𝐃𝐛

𝟐

𝟒
𝟏

𝐰𝟐𝐤𝐱 =
𝛑

𝟖

𝐃𝐛

𝟐

𝟒
𝟏

𝐰𝟐
+
𝐡𝐛
𝟐

𝟏𝟐

𝐡

𝐰

𝐤𝐱,𝐟𝐫𝐚𝐜

→ 𝐡𝐛,𝟎 =
𝟑
𝟏𝟐 𝐰 𝐤

x

y

Gonzalez-Blanco (2017)

Numerical

35
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𝐒𝐫𝐰 = 𝐒𝐫,𝐫𝐞𝐬 + (𝐒𝐦𝐚𝐱 − 𝐒𝐫,𝐫𝐞𝐬) 𝟏 +
𝐩𝐜
𝐏𝐫

𝓝
𝟏
𝓝
−𝟏

Characterisation of the sample

Applications
Gas injection experiment (lab scale, BC)

Gonzalez-Blanco (2017)

Num. 15 tubes

Num. 100 tubes

Num. 1000 tubes

krwkrg

MEGAS  (1995)

Num. Tube 

Num. Fracture

MEGAS (1995)

Num. Fracture

Num. Tube 

5. Retention curve 6. Normal stiffness of the fracture4. Relative permeability curves

[Yuster et al., 1951] [van Genuchten, 1980] [Goodman, 1976]

Tubes

36

Planes Tubes

𝐤𝐫𝐰 =
𝐒𝐫
∗𝟐

𝟐
(𝟑 − 𝐒𝐫

∗)

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟑

𝐤𝐫𝐰 = 𝐒𝐫
∗𝟐

𝐤𝐫𝐠 = 𝟏− 𝐒𝐫
∗ 𝟐

ሶ𝐡𝐛(𝐱) =
ሶ𝛔(𝐱𝐱)

𝐊𝐧(𝐱)
𝐊𝐧 =

𝐊𝐧
𝟎

𝟏 −
𝐡𝟎 − 𝐡
𝐡𝟎

𝟐

Pr = 10 MPa

𝓝=



Characterisation of the ZFD

Applications
Gas injection experiment (lab scale, BC)
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ZFD
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Boom ClayBridging plane

Bedding plane

Bundle of tubes

Characterisation of the reservoirs Stiff elements with a high conductivity and a flat retention curve

1E-20

1E-19

1E-18

1E-17

1E-16

1E-15

0.00E+00 5.00E-07 1.00E-06 1.50E-06
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Range of effective 

stress

6 MPa

2 MPa

Bridging plane

Bedding plane

Bundle of tubes

ZFD

Undisturbed 

Boom Clay
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Parameters

Reservoirs
▪ Stiff elements:

▪ Highly conductive: 

▪ Flat retention curve:  

𝐸 = 10000𝑀𝑃𝑎 𝜈 = 0.3
n = 0.5 𝑘 = 10−10𝑚2

𝑃𝑒𝑛𝑡𝑟𝑦 = 0.01𝑀𝑃𝑎

Boom Clay matrix
▪ Mechanical:

▪ Hydraulic: 

• Initial aperture:                0.80 − 1.27 ∙ 10−7𝑚

• Initial permeability:           2.0 − 4.0 ∙ 10−19𝑚2

• Initial porosity:                  0.363

𝐸 = 200 − 400𝑀𝑃𝑎 𝜈 = 0.33

Boom Clay Zone of Fracture Development (ZFD)

Geometry and boundary conditions
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Multi-scale application



Multi-scale application

Fracture aperture

Experimental observations: Opened 

fractures after injection

Injection Dissipation Injection Dissipation

Gonzalez-Blanco & Romero (2022)

h0 = 8.51E-08  [m]

h0 = 1.36E-06  [m]

h0 = 5.78E-08  [m]

h0 = 1.10E-06  [m]



Multi-scale application

Fracture aperture

𝐏𝐞 = 𝐏𝐞,𝟎
𝐃𝟎

𝐃

𝟑



Original contributions

48

Second gradient H2M model

• Improve the fracture modelling

• Integrate other types of fractures

• Investigate the onset of strain localisation

• Improve the coupled processes modelling

• Thermal effects 

• Self-sealing capacity

Multi-scale HM model

• Improve the coupled processes modelling

• Macroscopic fractures

• Self-sealing capacity

• Improve the integration of heterogeneity and variability

Perspectives

Integration of the models

• 3D modelling

• Stochastic approach

• Predictability

Second gradient H2M model

• A new degree of freedom for gas

• A biphasic fluid transfer model into the second gradient framework.

• HM couplings between the transfer properties and the deformations

• Small-scale and large-scale applications to assess the impact of the HM couplings

inherent to the EDZ on gas flows

[Corman et al., 2022]

Multi-scale HM model

• Microstructure (tube and fracture), and related parameters for clay rocks

• HM couplings between the transfer properties (micro-scale) and the stress state (macro-scale) 

• Mechanism of diffusion of dissolved gas within the liquid phase

• Lab-scale gas injection tests and of up-scaled configurations, to assess the potential

development of gas preferential pathways

[Corman et al. 2024] (under review)


