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Introduction

THM phenomena modelling is needed for:

Long term stability assessment of the impervious
engineered barrier and host formation.

It includes thermal effects, water and gas flow,
mechanical behaviour.

Two numerical studies:
THM behaviour of clay engineered barrier lab test

HM behaviour of EDZ in host formation



Plan

Small scale wetting & heating experiment

How to model heat and water transfers

EDZ around a tunnel

How to model strain localisation

Some algorithmic aspects : specificities of coupled
problems in FEM.
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THM behaviour of clay barrier

Small scale test experiment (villar et al., 1994 ; Volckaert et al, 1996)

THERMOCOURLE HEATER (40 W or 100C)
Duration : 2401.6 hours STEEL CASE
N O O
Initial state : SAMPLE
Dry density : 1.66 g/cm3
O O O
Water content: 11.8% :
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Saturation : 49 % i European project
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THM behaviour of clay barrier

Experimental results :

Water intake volume
Temperature in the sample
Total pressure

Water content at the end of the experiment



THM behaviour of clay barrier

Numerical modelling : Mesh and boundary conditions
I
|

Temperature |
controlled heater ~i

Convective exchange

Injection Gas pressure = Const.

i



Two — phase model : chemical species

Liquid water

Dissolved H,

Gas may be Air or Hydrogen

Liquid phase

Gas phase

.
»

Water vapour

Dry H,



Conservation Equations

Movement Conservation
div(s;)+rg; =0

With Sy =S +0.(pyS W + PyS: )0
ySide dv = rgdy dv + At_i au;. dA

Water mass and Hydrogen mass Conservation

%(rwj S b St divr( W._c||) + dl\((Hzo)g %Zo-_g)' Qo=0

Storage Liquid water flux Water vapour Flux Source

V—t(fﬂgj Sy ¥ SoHp S,)F dl\(_h I+ 32__%)+ d|\(_,|4 L+ 9, H, 2__9) S Q,=0
Source

Storage Dry H, Flux Dissolved H Flux 9



Liquid phase flow

kk" (S ~
Kk (S)

_ N (Advection — Darcy law)
m,
Liquid water = w9,
: ri,q =H.,,.r3,.q
Dissolved H, flow = H2H, H2'" H2 4,
Mass Amount of solved H, (Henry law) : ri,=H_,(T).r3,

Hypothesis : solved H, don’t modify water properties

H2 Diffusion in liquid phase :

w T
—_— oMo [ DH0 = 15710
|_H2d rwSr,w/ [ DH2 N r e /n/v(T)
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Gas phase flow

Gas Advection

Kk (S, 5) :
g, =- —(Np, +7,9N2) (Darcy law)
Water vapour advection flux = I'A,0 9,
Dry H, advection flux = r S 2.99

Diffusion within the gas phase

1.75

Iy

. . re .
lho = - rg (1_ Sr,w)[ DEaSOUN_ 2= - _I(HZO)g Dl\_/|a2pour — DO EO T
g
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Mechanical model behaviour of clay barrier
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BBM (Alonso et al., 1990)
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Déformation volumique £, (%)
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Isotropic mechanical loading at constant suctions:
determination of the Loading Collapse (LC) yield
curve in the (p’-s) plane (by Laloui)

el @)
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THM behaviour of clay barrier

Suction controlled oedometer test

LC curve
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800 : :
Deviator stress g (kPa) 05 = 50 kPa

e Compressibility and
| shear strength of
unsatured soils [Cui 95]
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Deviatoric paths at constant suctions

al

(a)

g
SS

S,

S37S,”S;
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A

(by Laloul)
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Plastic yield surface

3 mechanism : Frictional + Cap Collapse + Traction
failure

Numerous models

18



Mechanical Constitutive Law

® multi-mechanisms model
Pore collapse
S /\ \ Frictional Rupture
4 Traction
\ Suction

3 (O 3p0*
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Stress state variable — effective stress concept

® Sols saturés : Contrainte effective

Postulat de Terzaghi:s{ =5, - U,0,;

Ij W]
@ Sols non saturés Contrainte effective ?
Contrainte de Bishop s{ =5, - u,a; + c(u, - u,)a, 0<c<l

/

¢ =f (beaucoup de facteurs)

effondrement pas reproduit

~
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Finite elements

» Coupled finite element (CSOL2) :

ISoparametric
5d.of Xy, py.Pg.T
8 nodes(Mand Fand T)

4 Gauss points

ﬁ =
Monolithical coupling :

* Resolution method : Newton-Raphson

K

— MM

[2x2]

K

— MW

[1x2]

K

—MG

[1x2]

K

=—MT

[1x2]

K K K
=—WM —GM =TM
[>3 [2¢ [ 20
K K K
=—=WWwW = GW —=TW
[1x3 [xp [ 142
K K K
=—=WG — GG = TG
[1x3 [xp [ 142
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Mechanical parameters

Symbols Values Unit
A(0) 0,4041 -
K 0,015 -

Py 0,6 MPa
K, 0,11 -
A, 0,25 -

P 0,45 MPa
r 0.3 -

Q) 0,041 MPa™
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Retention curve

density effect
accuracy for low saturation
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THM Numerical results : Thermal problem

Conduction >> convection
Steady state after 13 hours

Influence of saturation on heat supply

Heat supply [watt]
n B R

[ 1800 2000 2800
Time [Hour]
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Numerical results

. Diffusion problem

Vapour flows necessary
§ 100. to model desaturation
"ISr (%) near the heater

44.8

_ |
Saturation Vapour flows
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Numerical results : Stress state

'1.2

Deviatoric stress Mean stress IG eq (MPa)

0.

1.1
om (MPa)

2.3
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Numerical results / Experimental results
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THM behaviour of clay barrier

Numerical results / Experimental results

i 3
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Plan

Small scale wetting & heating experiment

How to model heat and water transfers

EDZ around a tunnel

How to model strain localisation

Some algorithmic aspects : specificities of coupled problems
in FEM.
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EDZ modelling

In situ / lab evidences
Strain localisation

Example

30



Borehole « stability » problem

Breakout
feature

Breakout

flank ™3

van den Hoek, P.J.. Smit, D.-J., Kooiljman, A.P., de Bree, P.. Kenter,
C.J., Khodaverdian, M., 1994, Size dependancy of hollow-cyl-
inder stability. Eurock, vol. 94. Balkema, Rotterdam.
R.J. Cuss et al. | International Journal of Rock Mechanics & Mining Sciences 40 (2003 ) 747-761
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Mol / Boom clay : Fractures observed during
connecting gallery drilling

Tunnel wall

32



ore

Mol / Boom clay : Fractures pattern around a well b
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EDZ Mont Terri

Structural and hydrogeological
characterisation of the excavation-disturbed
zone in the Opalinus Clay (Mont Terri Project,
Switzerland)

Paul Bossart, Thomas Trick, Peter M. Meier,
Juan-Carlos Mayor

Applied Clay Science 26 (2004) 429— 448
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Introduction

Observation in Mol URL during the new
connecting gallery drilling :

Strong strain localisation, open fracture ?

Unexplained variations of pore pressures
In the far field

Similar observations for Bure URL and for Mont Terri

URL
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How to model EDZ ?

Can a classical finite element code predict
Fracturation ?
Strain localisation ?

Strain localisation as fracturation precursor ?

Rice bifurcation criterion -> possibility of strain

Ok for some constitutive laws : non associated
plasticity, softening plasticity, damage ...

localisation

36



Introduction

* Momas : a French laboratory network

*The benchmark GDR Momas : Hydro-Mechanical
Modelling of tunnel excavation in a brittle geomate

* Numerical modelling of shear banding

rial
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General assumptions

» Skeleton mechanical behaviour

Linear elasticity : E ,etn,

Drucker Prager criterion: F ©° §|| stml, - S
2 tan’/
2sinf
= — P
M3 sins ¢ Cof(g )
Associated softening plasticity (decrease of cohesi on) :

2
Y
f(g°)= 1- @- a)Z> sio<gP <gf
IR

=a’sigPs gp
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General assumptions

» Weak form of balance equations :

s.de dV = rg. au dvV + t au dA
v 1) V | | Al I

v T, T(rd S)
v X it

dV = y Qd p,. dV- A_qd p. d/

e Resolution method:  Newton-Raphson

39



General assumptions

» Coupled finite element (CSOL2) :

ISoparametric

3dof:xyp.,
8 nodes (M and F) and 4 Gauss points

Ko K TEv  TEy

Monolithical coupling : k= 24 [ _ 1Xu TP,
" K K B S

Pu

(1] X
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Strain localisation evolution

Non deformed initial state

Damaged initial state

Localisation of a shear band

Apparition of a fault

41



Strain localisation indicators
kinematic field analysis

Strain maps : equivalent deviatoric strain :

Late indicator of well developed shear bands

Vilotte kinematical indicator : 4 = Eeq
e

€q

Early indicator, based on the strain path changes

42



Strain localisation :
bifurcation on the stress path

Rice criterion

Bifurcation from homogenous to banded state
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Strain localisation :
bifurcation Rice criterion

Kinematical condition :

Statically condition

Constitutive equation

44



Strain localisation :
bifurcation Rice criterion

Ijk| gkn n O
gt O
det(CZn n )=0

4th order equation the band direction
g direction : band mode I, Il, mixed ...

Gives band development potentiality
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Strain localisation :
bifurcation Rice criterion

« Softening behaviour : localization effects are very Important

e Bifurcation analysis thanks to the Rice criterion ( Acoustic tensor)

det(L (0))= n‘(at'+ atf+ at+ gt g)£ 0
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Rice criterion versus
Constitutive equation

Solution exist only for det(CijekFI) nj nl ) =0

Elastoplasticity non-associated models : Dilatant la WS
Elastoplasticity strain softening models

Hypoplastic models (CLoE Grenoble model, Kolymbas -
Gudehus models, etc.)

Damage models

Constitutive models allowing localisation

a7



Strain localisation

Shear / compaction bands arrive  naturally in finite
element modelling

If constitutive model allows it

If boundary conditions allow it

Do we always see it ?
Strain maps, Rice criterion, ...

Need attention !
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Theoretical study

e Initiation of localization (Material Defect)

(Regularization : Second gradient)

Before After localization
49



Theoretical study

« Initiation of localization (Material Defect) : Velocity fields

(Regularization : Second gradient)

Before After localization
50



Theoretical study

e Initiation of localization (Directional research)

(Regularization : Second gradient)

Non uniqueness of the solution

51



Biaxial drained tests : non uniqueness

e Strain localisation initiation : material imperfect lon
(Regularisation : Second gradient)
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Theoretical study

Localization study : Acoustic tensor determinant
Mesh dependence of the results for classical FE
Mesh independence for enriched continua

Non-unigueness of the results in both cases

What is the consequence for the tunnel modelling ?

53



Tunnel excavation modelling (1/7)

 Cylindrical cavity without retaining

 Anisotropic initial state of stress

» Geometrical dimensions : Internal radius 3 m
Mesh length 60 m
Choice :

Symmetry of the problem is assumed
894 elements — 2647 nodes — 7941 dof
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Tunnel excavation modelling (2/7)

S« =S, =- 174MPa S, = - 115MPa
S, =-1164MPa Sy =-15.4MPa
p, = 47MPa Py = 4.7MPa
246 él.

OLtET

s,=5,-bS p=-1151 % MPa

s,=s,-bS,p=-1541 % MPa

t T=1.5Ms (17 jours)
p,=4.7 1- = MPa
(ST Tt = 300 Ms (9.5 ans)

sxxzsyyzp =0

w
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Tunnel excavation modelling (3/7)

e Coupled modelling — Dripping condition

Bifurcation analysis Plasticity index
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Tunnel excavation modelling (4/7)

e Coupled modelling — Dripping condition (Coarse mesh)

Deviatoric strains Increment of dev. strains

57



Tunnel excavation modelling (5/7)

» Coupled modelling — Dripping condition (Refined mesh )

Deviatoric strains

Increment of dev. strains
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Tunnel excavation modelling (6/7)

e Coupled modelling — Comparison Coarse mesh - Refined

Deviatoric strains

mesh
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Tunnel excavation modelling (7/7)

Coupled modelling — Influence of boundary conditions (Coarse mesh)

Fixed pressure Fixed pressure Fixed pressure

(p,, = 0 MPa) (p,, = 0 MPa) (p,, = -5 MPa)
+ Dripping cond.
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Finite element method
for local second gradient models

Borehole « stability » problem

Chambon & Al Holo

61



Finite element method
for local second gradient models

Borehole « stability » problem

Chambon & Al Holo

62



Conclusions : EDZ model

Strain localisation may be modelled by FE method
and elastoplasticity models

Then EDZ development may by modelled

Mesh dependency of the results : Enriched continua
but non uniqueness of the solution

Influence of the boundary conditions : Which is the
(physically) correct flow BC ?

ULg — numerical LML — experimental

63



Strain localisation

Classical models show pathological behaviour :
Mesh dependent results : band thickness effect
Load — displacement curve dependence

Improvement : constitutive model with micro-structu
second gradient of displacements models, Cosserat
models, non-local models ...

Need of specific finite element

Increased dof/ node number

re .
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Strain localisation & hydromechanical coupling

Pore size evolution in shear / compaction bands
Storage = pore volume (transient term)
Permeability as function of pore size

Kozeni Karman permeability model ? Others ?

Large opening -> permeability magnitude order chang

S

65



EDZ permeabillity evolution

Structural and hydrogeological
characterisation of the excavation-disturbed
zone in the Opalinus Clay (Mont Terri
Project, Switzerland)

Paul Bossart, Thomas Trick, Peter M.
Meier, Juan-Carlos Mayor

Applied Clay Science 26 (2004) 429— 448

Changes of permeability : 2 order of magnitude

66



Plan

Small scale wetting & heating experiment

How to model heat and water transfers

EDZ around a tunnel

How to model strain localisation

Some algorithmic aspects : specificities of coupled
problems in FEM
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Finite elements for coupled processes

Numerical convergence

Monolithical schemes vs staggered schemes

68



Physical aspects:
various terms of coupling

Saturated Hydromechanical coupling. Dof : coordinate
+ 1 pressure

Two fluids flow In rigid porous media coupling. Dof
pressures

Heat diffusion and transport coupling. Dof : 1 press
1 temperature

Thermo-hydro-mechanical coupling. Dof : coordinates
2 pressures + 1 temperature

S

2

ure +

+

69



Finite element modelling: monolithical approach

Coupling between different phenomena
model each phenomenon

model all the interactions between them

Accuracy :
New dedicated finite elements
New dedicated constitutive laws

70



Coupled finite elements

Increased dof number : from 2 to 5 for a THM
unsaturated 2D case

Dof of different types / unities and order of magnit udes :

coordinates (10 °m), pressures (10 °Pa), temperature
(10%K) , chemical concentration (ppm) ...

Adaptation of numerical convergence evaluation :
mixture of different dimensions

Harder understanding of non convergence

71



Coupled FE : stiffness matrix

CPU Time consuming problems

Quadratic convergence thanks to Newton Raphson
scheme

Iteration matrix must be exactly tangent to the spa
time discretised problem

ce and
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Stiffness matrix

Derivative of problem 1 nodal
forces with respect to
problem 1 nodal unknowns

Derivative of problem 1 nodal
forces with respect to
problem 2 nodal unknowns

Derivative of problem 2 nodal
forces with respect to
problem 1 nodal unknowns

Derivative of problem 2 nodal
forces with respect to
problem 2 nodal unknowns
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My best choice :

Coupled Finite Elements

Finite elements with
* 8 nodes for 2D cases
* 4 dof per node : X, y, water pressure, oil pressure
* 4 Gauss points

Newton — Raphson solution procedure

Fully coupled tangent matrix (versus staggered
methods)

Time integration with generalised mid-point scheme.
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Finite element modelling: staggered approach

Monolithical approach : 1 code, 1 FE mesh, 1 time
stepping.

But diffusion needs large time steps while
elastoplasticity needs small load steps

But different research development history have
produced different advanced numerical codes

Eclipse : finite difference for multiphase flow in oll
reservoirs : many efficient tools, e.g. for well mo dels,
etc.
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Finite element modelling: staggered approach

Need for an alternative way
Take advantage of different advanced codes

Manage different convergence problems

15t model separately each simple uncoupled problem

Then couple the different codes
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Finite element modelling

. staggered approach

Mechanical \
problem
N, steps J

strains
pore pressure

Information exchange

N

Mechanical
problem
N, steps

~
J

Fluid flow \
problem
M, steps /

-
.

Fluid flow
problem
M, steps

Information exchange

~
/

Time
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Staggered tool optimisation

Accuracy and stability checking : Turska et al 1993,
Zienckiewicz et al, 1988 : requires specific
communication data

Cycling the data exchange may improve accuracy
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Conclusions

Modelling coupled THM process is possible

Non linear coupled behaviour not easy to follow
Difficulties may arrive for very low saturation deg rees
Hydromechanical coupling may be modelled

Pore pressure effect on mechanical behaviouris cle  ar

Permeability evolution, especially in EDZ, remains an
open Issue.
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