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First Question: Why Multi-physics? 





Second Question: Why Multi-scale? 

THMC 
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ICME framework, Horstemeyer 2009 



Current Paradigm: computational homogenisation/upscalling 

Zhao and Guo, 2011 

Dulikravich, G. S., & Tanaka, M. (2000). 
Inverse Problems in Engineering 
Mechanics II. Elsevier. 

Generalizable for any thermodynamic flux/force  



How does it work? 

Stack of CT-scan images 
Chemical composition 

Chemical system reduction 
(chemical homogenisation) 
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Alevizos et al. RMRE 2016 
See also the poster by Sotiris Alevizos 



How does it work? 

Stack of CT-scan images 
Chemical composition 

Chemical system reduction 
(chemical homogenisation) 

Invariant manifold selection. E.g. 
steady state approximation for the 
intermediate species: 

Alevizos et al. RMRE 2016 
See also the poster by Sotiris Alevizos 



How does it work? 

See also the poster by Martin Lesueur 

Navier-Stokes fluid flow  
(hydraulic homogenisation) 



How does it work? 

Navier-Stokes eqs 
Linear elasto-plasticity 

CT-scan scale 

Laboratory scale 
THMC 

Forces 

Fluxes (disp) 

Fluxes (disp) 

Forces 



How do we scale up from lab scale to geodynamics? 

•  THMC systems obey MaxEP, MinEP or something 
else? Does the choice of BCs make any difference?  

•  Current paradigm in computational homogenisation 
follows the MaxEP path 

•  Is MaxEP representative for THMC systems? How 
do we deal with the cascade of length/time scales of 
localisation?  
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The multiphysics (THMC) approach 

–  Fluid-saturated rock 
–  Coaxial Elasto-visco-plasticity, 

deviatoric and volumetric 
components 
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Towards a unified THMC approach 

–  Fluid-saturated rock 
–  Coaxial Elasto-visco-plasticity, 

deviatoric and volumetric 
components 

–  Mechanical (Shear) heating 
–  Endothermic fluid release 

reaction producing excess pore 
pressure 

–  Porosity and permeability linked 
with Kozeny-Carman law 

AB(solid )
rF
rR

! ⇀!!↽ !!! A(solid ) + B(fluid)

  φ = φ0 + Δφmech + Δφchem



Do we need chemistry? 
Triaxial experiments (THM) in soft rocks 

250 F. OKA ET AL.

Figure 6. Distributions of shear strain and volumetric strain at the surface of the
specimens by a PTV image analysis.

the volumetric strain levels predominantly concentrate in periodic horizontal planes throughout
the specimen. In addition, shear strain localizes following a horizontal direction. Interestingly, the
strain localization pattern does not indicate the presence of a shear band, but rather points to a
compaction band. The strain concentrations are mainly caused by the volumetric compression of
the material to form the so-called compaction bands. In particular, periodic compaction bands are
clearly observed in the CD6 test. Furthermore, as shown in Figure 2, the gradient of the stress–strain
curve for CD6 clearly changes around a global axial strain of 7%. Thus, localized compressive
deformations become significant after a global axial strain of 7% beyond the yield state.

3. CONSTITUTIVE EQUATIONS

After describing experimental observations of a range of deformation and failure behaviors of Noto
diatomaceous mudstone under various effective confining pressures, we next provide a numerical
analysis of the experiments using an elasto-viscoplastic constitutive model with structural changes
developed by Kimoto and Oka [18]. The model is presented as an extension of Adachi–Oka’s
elasto-viscoplastic model [19, 20] and is based on an overstress type of viscoplasticity [21]. Material
instability characteristics of the model with microstructural considerations have been previously
discussed in Kimoto [22] and Kimoto et al. [23]. The structural changes are phenomenologically
described by shrinking both the overconsolidation boundary and static yield surfaces with the
evolution of viscoplastic strains. In the following, the constitutive model will be presented within
the framework of small strains. The large strain version of the model will be subsequently presented
and used in the analysis.

3.1. Elastic strain rate

The additive decomposition of total strain-rate tensor ε̇ij into elastic strain-rate tensor ε̇e
ij and

viscoplastic strain-rate tensor ε̇
vp
ij is assumed such that:

ε̇ij = ε̇e
ij + ε̇

vp
ij (1)

Copyright ! 2010 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2011; 35:244–263
DOI: 10.1002/nag

Oka et al, IJNAMG, 2011 

Qmech = E + pf Vact
E = E0 +ΔΕ

The goal is to 
constrain the 
hardening law: 



a (T)HM system for pore collapse 

The energy and entropy balance laws are solved explicitly to 
determine the global attractor of the system 



Isotropic consolidation of saturated Bleurwiller sandstone  

Fortin et al, JGR 2007 

Diagenesis (pore collapse) in sandstone 



Drained consolidation of diatomaceous mudstone 

Oka et al, IJNAMG, 2011 
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specimens by a PTV image analysis.

the volumetric strain levels predominantly concentrate in periodic horizontal planes throughout
the specimen. In addition, shear strain localizes following a horizontal direction. Interestingly, the
strain localization pattern does not indicate the presence of a shear band, but rather points to a
compaction band. The strain concentrations are mainly caused by the volumetric compression of
the material to form the so-called compaction bands. In particular, periodic compaction bands are
clearly observed in the CD6 test. Furthermore, as shown in Figure 2, the gradient of the stress–strain
curve for CD6 clearly changes around a global axial strain of 7%. Thus, localized compressive
deformations become significant after a global axial strain of 7% beyond the yield state.

3. CONSTITUTIVE EQUATIONS

After describing experimental observations of a range of deformation and failure behaviors of Noto
diatomaceous mudstone under various effective confining pressures, we next provide a numerical
analysis of the experiments using an elasto-viscoplastic constitutive model with structural changes
developed by Kimoto and Oka [18]. The model is presented as an extension of Adachi–Oka’s
elasto-viscoplastic model [19, 20] and is based on an overstress type of viscoplasticity [21]. Material
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described by shrinking both the overconsolidation boundary and static yield surfaces with the
evolution of viscoplastic strains. In the following, the constitutive model will be presented within
the framework of small strains. The large strain version of the model will be subsequently presented
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ij and
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Matching the experiments 

Poulet and Veveakis COGE 2016 

See also poster by Mustafa Sari for more 
materials (sandstone, carbonates…) 



Retrieving information for the rheology  
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MaxEP or MinEP 
Where do THM systems self-organise? 

Paesold et al JoMMS 2016 
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T(H)M systems self-organise at MaxEP 

Paesold et al JoMMS 2016 



T(H)M systems self-organise at MaxEP 

Paesold et al JoMMS 2016 



So… 
Where do THMC systems self-organise? 
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Alevizos et al, Mathematics 2016 



What changes when chemistry is included?  

Veveakis et al, JMPS 2010 



AB(solid )
rF
rR

! ⇀!!↽ !!! A(solid ) + B(fluid)

System of equations 
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System’s stability regimes 
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Gruntfest number 

Stable creep Stable-tertiary 
creep 
transition 

Tertiary creep – 
dynamic instabilities 

char. time scale heat production
char. time scale energy transfer

Gr =



Phase diagrams 

Temperature 
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Natural localised instability 



THMC systems self-organise around MinEP 
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Alevizos et al, Mathematics 2016 



How do we upscale from here? Constant force vs flux BCs 



Multiple time/length-scales 



30  | 

Exrtapolation to large scales? 
Large scale modelling 
 



Modelling Subduction zones: Serpentinite dehydration 
oscillator 



Modelling subduction zones 

Alevizos et al, JGR 
(2014) 

Rogers & Dragert, Science 
(2003) 



Chaotic signals – Gisborne (New Zealand) 

Poulet et al, JGR (2014) 



Matching length scales 
•  Intern. Ocean Discovery Program 
•  Japan Trench Fast Drilling Project 
 
Nature news, Dec 2013: 
 “The localization of deformation onto a limited thickness (~5 meters) of 

pelagic clay is the defining characteristic of the shallow earthquake 
fault” (Chester et al / Science 2013). “That’s just weird” says Emily 
Brodsky (UC Santa Cruz) 



In Conclusion 



Thank you! 

http://ugg.unsw.edu.au 
 



Important dates 
Abstract submission: 15 November 2016 
Abstract acceptance: 15 December 2016 
Early-bird registration: 31 January 2017 
 
Contact 
geoproc2017-contact@enpc.fr 

July 5-7, 2017 Paris, France 
 

The 6th International Conference on 
Coupled Thermo-Hydro-Mechanical-

Chemical (THMC) Processes in 
Geosystems: Multiphysical instabilities 

across the scales 


