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Application domains 

• Reservoirs Engineering : oil industry (subsidence, fault activation, 
wells losses, geological history … )

• Water reservoirs – aquifers and subsidence, heat reservoirs and 
geothermy

• Nuclear waste underground disposals

• Mines

• Energy geotechnics (TC 308, Barcelona, Kiel, Lausanne …) 
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Numerical Models

• Finite Element Method : a robust and long life tool, (Plaxis, Aster, 
Code_Bright, Lagamine …)

• Finite Difference Method  : FLAC

• Distinct Element Method , particles / grains methods : UDEC, PFC, 
Yade, Montpellier, Grenoble 
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Reservoir engineering – geological history –
sedimentary basin compression fi=25°, u=5.81cm
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Thèse 
JD Barnichon
ULg – 1998 
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Subsidence of the Ekofisk oil reservoir 

 1970: Start of production

Initial stress state :
s v = 62 MPa   et  s h = 55 MPa

Pore pressure : 
49 MPa

 1975 - 1977: Re-injection of gas

 1985: Subsidence  ( 3 metres )

 1986: Injection of sea water

 Compaction 

 Depletion

 2000: Subsidence  ( 8 metres )

******* 
 Subsidence: 50 cm/year

 Evolution of the reservoir pore 

pressure: de 49 MPa à 24 MPa



A partial saturation model for chalk
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Thèse de F Collin

Thèses de 
F Collin 2003
C Schroeder 2002
ULg
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Saturation degree – water injection

Sw 1993 
Case A - Flow



- Fracturing

Anisotropies: - stress : σH > σh ~ σv

- material : HM cross-anisotropy.
Galery // to σh

Galery // to σH

Issues: Prediction of the fracturing.

Effect of anisotropies ?

Permeability evolution & relation to fractures ?

(Armand et al., 2014)

Nuclear waste underground disposal – EDZ

Strain localisation



B. Pardoen thesis , ULg 2015

• Permeability Anisotropy K

• Elastoplastic Drucker Prager Model  + cohesion softening + friction 
hardening

• Mechanical anisotropy: elasticity + cohesion + Biot coefficient

• Creep

• Water transfers in the near field

• Water transfers at the wall: saturated / unsaturated + limit layer

• Permeability Evolution in localised shear bands : some orders of magnitude 
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Modelling of excavation and SDZ experiment

HM coupling in EDZ

- Gallery excavation

SDZ  GED gallery // σh

Anisotropic σij,0 and material

 Localisation zone dominated

by stress anisotropy

- Intrinsic permeability evolution

Cross-sections

Plastic strain and a part of the elastic one      EDZ extension   +   kw increase
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F Salehnia Thesis - ULg : interaction between host rock EDZ and liner

Without the lining

Total deviatoric strain

Increment of deviatoric strain

3.5 years3.5 years

Total deviatoric strain

Increment of deviatoric strain

V = 0.6 m

H = 2.8 m

V = 4.4 m

H = 16 m

≈ 6.5 times

With the lining

2015



Oscillations: Contact pressure in relation to strain localization

Superposition of the normal contact pressure and total deviatoric strain

v5 days 6 days

 Origin



FE2 : B. Van Den Eijnden thesis – 3SR & ULg 
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FE2 – 5 ans – hydromechanical coupling – saturated  
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FEM – DEM: A. Argilaga Claramunt thesis – 3SR
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AC Dieudonné thesis – ULg : permeability of a bentonite seal

The processes taking place under repository conditions include

• Development of swelling strain / pressure

• Evolution of the water retention properties, the permeability…

• Structure changes

 Complex and strongly coupled multiphysical & multiscale processes !
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Material
MX-80 bentonite 
(70% in dry mass)

Quartz sand

(30% in dry mass)

Uniaxially compacted 

samples

ρd = 1.67 – 2.00 Mg/m³

w = 7 – 11%

(used in Bure and 

Tournemire URLs, France)

Experimental characterization performed in:

 CEA Saclay, France (Gatabin et al. 2016)

 Ecole des Ponts ParisTech, France (Wang 2012, Saba 2013)

ρd = 1.97 Mg/m³

Inter-aggregate  
porosity

Intra-aggregate  
porosity

ρd = 1.67 Mg/m³
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Water retention behaviour

Constitutive model
𝑒𝑤 = 𝑆𝑟 . 𝑒 = 𝑒𝑤𝑚 + 𝑒𝑤𝑀

Microstructural water ratio:     𝑒𝑤𝑚 𝑠, 𝑒𝑚 = 𝑒𝑚 exp − 𝐶𝑎𝑑𝑠𝑠
𝑛𝑎𝑑𝑠

Macrostructural water ratio:   𝑒𝑤𝑀 𝑠, 𝑒, 𝑒𝑚 = 𝑒 − 𝑒𝑚 1 +
𝑠

𝑎

𝑛 −𝑚

Coupled modelling (HM): 𝐾𝑤 = 𝐾0
1−𝜙𝑀0

𝑀

𝜙𝑀0
𝑁
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𝑒𝑤𝑚
𝑒𝑤𝑀
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Numerical results

• Evolution of the bentonite buffer:

• Very high transmissivity if contact, lower if technological void.

• Preferential hydration from the bottom in the early process.

Bentonite permeability
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+ thesis L Gramegna, 
ULg 2021



Conclusions 1 – constitutive models for 
mechanical behaviour
• mechanical constitutive models: the elastoplastic framework is a 

powerful, efficient, robust tool. It allows to account for a number of 
physics aspects, e.g. anisotropy.

• Upscalling and micromechanics based models are increasingly used. 
However, they remain complex to be used: numerical model 
complexity; parameters identification; initial state; microstructure 
description; coupling; anisotropy … 

• Strain localisation allows to well represent plastic behaviour, e.g. EDZ

• Constitutive models have a growing complexity, including physical 
aspects, multiphysics coupling, boundary conditions …
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Conclusion 2 –hydromechanical coupling 

• Coupling with increasing nonlinearities 

• Interfaces allow preferential water flow, coupled with mechanical 
behaviour 

• EDZ // highly swelling materials, bentonite : permeability evolves with 
which porosity? Larger / macro pores, fractures … Micromechanical 
models?
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