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The Lagamine code is able to tackle a wide variety of problem, from hot rolling of sheet
piles to nuclear waste disposal. In this purpose, many finite elements were developed
since 30 years.

- Non linear finite element formulation

- Part 1 : Virtual work principal, definition of stress in large strain large
displacement problem, formulation of a displacement finite element, thermo-
mechanical coupled problem

- Part 2 : Hydro-mechanical coupled problems, Thermo-hydro-mechanical
problems, Chemo/Bio-Thermo-Hydro_mechanical problems, for soil and rock
mechanics applications.

Most of these developments were initiated for the study of nuclear waste disposal, where
many physical processes occur. They can be course used in other applications, like
reservoir engineering, shale gas, underground projects ...
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In multi-physics problems, several physical processes occur simultaneously and interact
each other. In the sequel, we will limit the presentation to (quasi-) static problems.

As for the mechanical problem, we will use the following balance equations:

- Momentum balance equation: it corresponds to the equilibrium equations (translation
and rotation) of the considered body.

- Mass balance conservation: the mass of the system remains constant (open or closed
system)

- Energy balance equation: we will express that the enthalpy of the system remains
constant (open or closed system)

- Second thermodynamics law

Depending on the studied problem, we will used some of these latter balance equations.
The remaining equations will be assumed more or less consciously.

In addition to these equations, we will need some state relationships (constitutive laws,
thermodynamics relations ...) that will be defined in order to close the system.

Infroduction HM problem CSOlL2 THM problem THM-B/C problem Conclusions



Finite element formulation and couplings ArGEnCo
e

Université
de Liege [

Non linearities in our problem come mainly from the constitutive behaviour of the
geomaterials, the time-dependent physical processes (flows, heat transfer, chemical
reaction) and the interactions between all the phenomena.

Focus on the coupling terms at the level of the finite element (monolithical approach)

Depending on the problem, a coupling effect might be more or less important and a
numerical treatment is thus different.

Infroduction HM problem CSOlL2 THM problem THM-B/C problem Conclusions



Finite element formulation and couplings ArGEnCo
I

Université
de Liege [

9

@ Mathematical formulation of HM problem
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Solid mechanics

» Linear momentum balance equation (Quasi-static condition)

00

OX j

—pg; =0

» Angular momentum balance equation (Quasi-static condition)

» Solid mass balance equation

% _g
ot
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Flow problem

» Fluid mass balance equation

%mw(mi)zq

» Linear momentum balance equation (Quasi-static condition)

Where F~"is the fluid drag force.
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HM coupled problem

Saturated porous medium

Solid skeletton Pore Fluid Porous medium

The porous medium is considered as the superimposition of two continua,

made of two chemical species (solid grain and water) and two phases (solid
and fluid).

The balance equations can be alternatively written for each species or the
mixture and one of the species.
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HM coupled problem (saturated conditions)

» Linear momentum balance equation for the mixture (weak form)

[o,6,d0= [ p,, 0,u/dQ+ [TudT

Terzaghi's postulate o, = o, — pJ,
Boundary condition oyn; =%

Mixture density Puix = Ps-1— @)+ .0,
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——
HM coupled problem (saturated conditions)
» Fluid mass balance equation (weak form)
- op’ . _ .
IM P —mi—dQ:IdeQ+jq pdI’
Q aXI Q r
Boundary condition g =m.n.
K ,6O
Darcy’s law m =-p, — (_p +0,9:)
M OX
: D @)
Storage law M=p —¢d+p —
Pu e D+ P, o
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HM coupled problem (saturated conditions)

» Fluid Linear momentum balance equation (strong form)

@_I_ FiS/W

+ =0
ox PwY;

Viscous drag force : F*" = pwlf'g VAL

» Solid mass balance equation (strong form)

op,1-9)) _,
ot
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HM coupled problem (saturated conditions)

» System of equations to be solved:

Iffugf;dﬂ = jpmixgiui*dQJrjfui*dF

OX

Q 1

J'I\ZI P —m a—p*dQ:J.Q p*dQ+Ic_| p’dl’
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HM coupled problem (saturated conditions)

Terzaghi postulate: i, = oi; — p'd;,

w.t it
* Viscous drag forces F>/" = e e ‘II WS,

K
K opt L Ko Opt o
« Relative velocity of the fluid: m = —?qﬁ +0""g) = —0" EJ“ ( ui + 0" g;)
_ - P pf f Qf
* Rate of fluid mass: 1" = o™ [7¢" + 7]
« Boundary conditions: total stresses
. Boundary conditions: fluxes T =min;
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The out-of-balance forces are usually different from zero and an iterative procedure is
necessary to find a new configuration in equilibrium (where the out-of-balance forces
vanish). Let’s consider a first configuration t1 which is not in equilibrium:

our . o
/ 0;1 «:1 aQm — / (QS’Tl(l — @Tl) + Qu"ﬂ@ﬂ)ggu‘:d-ﬂﬂ — / f.irlfu.zdf‘ﬂ
JOrl 8-’5 0Tl Jro

:/ FiHEU-: dQTl
S‘z‘rl
. op* _ _ _
/ (ﬂj?lp*_?n:la ) QTl / QTlp*dQTl+/ g‘i“lp*(ll—\?‘l
QTl QTl qu-l
- [ R do®
. SZTl

Our goal is to find a new configuration t2 for which the out-of-balance forces vanish:

ou; | . —r
/ TJQ L dQT? / (QS,TZ (l . @TZ) 4 Q?‘“’TZCDTQ),(}.-;U:(){QTQ _ / ]Lz Q?L:dFTQ =0
OT2 (91‘ 0OT2 JrT2

0
/ (JITQP T2 a p ) 072 / QTQT)*(i-QTQ + / q?‘Qp*dl—\TQ —(
JOr2 xrT QT2 , Ff}_Q

i
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In order to find this better approximation 12, we rewrite these latter equations in the
configuration t1 and the resulting equations are substracted from the initial equations.
This yields first for the momentum balance equation:

our ., 0. | |
(077 T— det F — o71)dQ™ = / FHE*qrm?
JOT1 8:}3k_ 8’}:‘ Or1

In a first step, let’s assume that the pore pressure is identical in the two configurations.
We define o6u; as the differences between the configurations t1 and 2.

v7? =2l + duy

Evaluation of the left-hand term of the equation yields:

(3() u
T2/ ¢ k
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Assuming that the two configurations are close, we may assume that Ju; tends to du;,
and the det F can be rewritten as:
(903?;,3

det ' =1
© +83:§

Using a Taylor expansion of the equation and discarding terms of degree greater than
one yields after some algebra :
odu odu
itj Wtk Tl aTtl
j |
The increment of total stress can be expressed as follow:

t

odu,
t
j

do—itk = Ciklj

—dp 5

The following expression of the stiffness matrix holds: HM coupling term

Small strain term

Q' = [F"u d

Qt

Large strain term: stress matrix

Infroduction HM problem CSOlL2 THM problem THM-B/C problem Conclusions



Auxiliary linear problem ArGEnCo

Université
de Liege [

Let’s consider now the fluid mass balance equation and follow the same procedure.

Assuming the same configuration in t1 and <2 but different pore pressure p = p™ +
we obtain the classical flow stiffness matrix:

t
.p(p P g, P pwtdpﬂjdgt
Qt

k" k" k" dt k" Q
- Op wt dp 8p wit 5dp o dp t HE % 4t
“F Lot | = dQ' = | F dQ
gﬁXi[ P ol T P o P G g! YEp

Considering now the influence of the configuration provides us the HM coupling terms:
HM coupling term

1
i + w,t
Q' oxt r [Qt dt

we K Op' ady, m odu,
wox, ox,  ox

Large strain term: « stress matrix »
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We have now the expression of the iteration matrix, necessary to find the corrections of
the displacement fields du;and the corrections of the pressure gp to be added to their
respective current values to obtain a new current configuration, and a new pore
pressure field closer to a well-balanced configuration:

FXHE_ _dux_ Ko (2x2) K, (2%x1)
X X

FyHE _ ﬁ de 5 _ MM WM

[ HE o dp - Kuw 1x2) Ky, (1x1)

| Tp ] | Y

The classical matrices are located on the diagonal. The Kyy submatrix takes into
account for the material and geometrical non linearities. The two other submatrices
contain the effect of the Hydro-mechanical couplings.
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@ Finite element formulation (CSOL2)
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The field equations are spatially discretized using 2D plane strain isoparametric finite
elements with eight nodes for ¢;and dp. The usual quadratic serendipity shape function

are used.
X:=¢, Xu
Xi = ¢L XiL
P=9, P
il
[E S| 1
3 i ]
Ou,,
P — 0 — |
1  — |__|1 [
[ 0 [l
=1
(1) (b}
(a) Quadrilateral element (b) parent element
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In the element, the internal virtual work equations are computed:

) i°ou;
WM = [ oyé5dQ = o M N lyo
Q OX; OX

Where the virtual quantities (displacement rate and pore pressure vairation) are
expressed as a function of nodel values:

u =¢.u, P =4.p;

In 2D plane strain state, we obtain the expression of the nodal forces and flux:

0 o,
F:L_Z(O'uﬂJrO'n ¢L)I‘J‘WP/
Pl aXJ 5:«52

0 0
FzL_Z(O'12@+Uzz ¢L)f|tl‘WP1
FI 0 x; O x>

F, :z[m.qu - ‘MLJ W,

Pl
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Time discretization

A time step is defined by time # (beginning of the step) and time # (end of the step).
Pressure will be assumed to vary linearly on the time step.

Using a isoparametric formalism, it comes that :

t=N"t"+N°t

p=N" p'q + N2 _ZJB
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Equilibrium equation

It is obvious that we can not ensure the equilibrium at any time. It must therefore be
respected on average over the time step. To do this, we can use the method of
weighted residuals, with a weighting function W varying over time. The temporally and
spatially discretized balance equation is then written:

‘[H/({) Fiﬂéﬁeurdr — ‘[ IV[/U Fj_intérieurdr

T
1

J | 2 8-0 2 0 | 2 The value of 0 is defined in the loading
Euler, explicite Galerkin file (5th line, STRAT(2) coefficient).

The default value is 1 (implicit).

w w w
“ % ” B “ B Values of 6 higher than 0.5 guarantee
0:=1/2 8:2/3 0=1 stability_
Crank-Nicolson, Galerkin implicite

point milieu
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1. General principal

When equilibrium is not met, a new configuration should be find for which the out of
banlance forces vanish. Based on the mathematical formulation of the auxiliary linear
problem and introducing the isoparametric function, we can define the stiffness

matrix:
0P ¢ ¢ 09 09, E
g':[gftuu |Cijia 8—)(§duu _O-iti axg du +O'itk K?d“u ,[ Rl AL Q= .[FH Pl Lth
Al woddo, & .8 B d we $,0p; Q'
Qt

gt X .
fanlpr o E e, (T o0 i Do
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ISTR(1)=1; ISTR(2)=2; ISTR(3)=1 ISTR(1)=1; ISTR(2)=5; ISTR(3)=5

Computing all the terms and assembling the matrix is time consuming, it is possible to
evaluate the matrix after each iteration or not (3rd line, ISTR(1), ISTR(2) and ISTR(3)
in the loading file).

For hydro-mechanical problem, the global stiffness matrix is non-symmetric.
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2. General Algorithm PRE-PROCESSING
| <

INITIALIZATION

> Y

flows, potentials,

> imposed forces and
displacements

> Y
Finite elements,
nodal flows,
"Stiffness" matrix,

P

ITERATIONS IN NON-LINEAR
RERUN
>

-
ELEMENTS

assembling
> y

SOLVING SYSTEM
OF EQUATIONS

Y

CHECK FOR
CONVERGENCE

> y

END OF THE
SIMULATION

DOMAIN

TIME STEP
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3. Convergence norm

By default the norm of the out of balance forces is evaluated through the following

relationship:
>(F)

|\quuation

[EE~T, ZF=]

+
N N

I

Force React

Knowing that the order of magnitude of the out of balance forces for the mechanical
problem and the flow problem respectively are really different. It is therefore necessary
to sum the norm of each problem computed separately:

L o

Meca hydro
HE
7
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Application of HM problem: consolidation

ArGEnCo

STEP Load Drainage | Stress (soil) | Overpressure (water)
1 No No No No
2 Yes No No Maximum
3 Yes Yes Increasing Decreasing
4 Yes Yes Maximum No
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Numerical model Reality
L_Hq
_ drained ﬁ
I |
O O
Sand
Sand
1 undrained
Characteristics :

= Soil height : 2H

= Vertical displacement only
» Drained bases

= Constant load
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Analytical Solution (two drained bases) mq,

_ drained
Maximum settlement : o - _’l’_se
S = H
max mv ) q H a D
Adimensional time :
C .t O o
— V
Tv_ H 2 1 . undr:::tined_‘!'_Z
Adimensional settlement : Soll parameters
s(T,) N8 n°.-z°
—==1- -exp| — T P
Sr(;ax n;,an'ﬂ'2 p( 4 ' mvzi. 1_2 v
E 1-v
Adimensional pore pressure distribution :
U (2.T,) < 2 n®-z° 7N ¢, =
N2 (—1) exp| - T, |-sin| =——-z VT,
q nzzlln-yz (1) p( 4 Vj (Z-H j Vw M,
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Comparison : Analytic solution & LAGAMINE

E[Pa] | v[] | k[m?] | H[m]
107 | 02 | 10% | 0.03

Geometry : 30 elements CSOL2

Q8PS Q8P4 Q25P25
DoF’s 300 241 1563
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Tv=1.235e-006
e
I ——
0.49 —o :
o o————1—Element 1 Q8PS :
' ——o - meca : 8 nodes
—_ g:; =1 => parabolic shape function
T ossl <>° - hydro : 8 nodes
N ~o => parabolic shape function
N 0.44f
043+ - . . <<>) & ,' ®
o2y G< —— Analytic o o
0411 @ [—=—QsPs :
04 05 e 15 2 ) (R *
u®/q [-] o ! o
[ 4 :l ®
Parabolic approximate Analytic solution ! é
solution I
L
/. A
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Tv=1.235e-006

Infroduction

z/2H

049+
0.48}
047t
0.46
045}
0.44
0.43f
042t
041t

04

HM problem

Fifth order approximate

solution

Analytic solution

Q25P25 :

Element 1

- meca : 25 nodes

=> 5th order shape function
- hydro : 25 nodes

=> 5th order shape function

—— Analytic
—+— Q25P25

0.5

CSOL2

1.5

THM problem

THM-B/C problem Conclusions
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Tv=1.235e-006

. —_
N —
, , 1=
Analytic solution GEJ
. . . [}
Linear approximate solution m
\
'Y I
Q8P4 :
- meca : 8 nodes
=> parabolic shape function * —
- hydro : 4 nodes 049}
=> linear shape function 0481 7
047
? ® ? T 046 : K
o o EI 0.45
'"ﬁ 0.44
) A * 0.43
© © 042 —— Analytic
0.41+ —~— Q8P4
. *® ® 0.4 . .
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2/2H [-]

2/2H [

Infroduction

0491
0481
0471
0.46
0451
0.44}
0431
042¢
041}

0.4

Tv=1.235e-006

— Analytic
—e— Q8P8

1.5

0.49}
048}
047}
0.46}
045}
044}
043}
042}
041}

—— Analytic

—+— Q25P25

HM problem

CSOL2

Z/2H [

2/2H []

THM problem

0.49r
048+
047+
0.46 -
045-
0.44+
043+
042r
0.41r

04

—— Analytic
—+— Q8P8

dens |-

0 05 1 1.5

u®/q [-]

0.49\

048+

e

0.45
0.44
043+

0421
0.41r

—— Analytic|

—+— Q8P4
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Tv=4.938e-006
e
0.49f 0.49f
048} 048}
0.47 047}
T 0461 T 046
I 045 I o045}
"'-N- 0 44 L Q 0 44 oo
N 0 N 0.
0.42 — 0.42f _— i
—— Analytic| gg?jlg'c
0.41} —o— Q8PS 041y —— dens
0.4 t 0.4 i N i
0 15 0 0.5 15 2
¥ T
0.49f 0.49}
0.48} 048l 7
0.47f 047}
T 0461 T 046 K
I 045} I 045¢
‘N"' 0.44 "‘N'- 0441+
N 0 N 0.
0.43f 0.43f
0.42f — 0.42f ,
— Analytic — Analytic
0417 —+— Q25P25 | 0417 —*— Q8P4
04 1 - 1 ] 04 1 7 1 i
0 0.5 1 15 0 0.5 1 15 2
e e
u-/q [-] u-/q []
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0.49} 049}
0.48} 048}
047} 047}
0461 T 0461
T o045} T 045}
N N
N 0441 N 0.44f
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0.421 : 042} - i
—— Analytic g’;?alét'c
0.41F —o—Q8P8 0.41r — dens
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15 2 0 05 1 15 2
e
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0.49}
0.48|
0.47}
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L 045¢ L 045;
N N T
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0.08 -

0.07 -

0.06 -

0.05-
i 0.04
D
0.03}
0.02- - ;' ...... o S ) Analytic
_ I t I —o— Q8P8
0.019. nl la - 0 Q8P8dens :
| | men —— Q25P25
displacement s
% 05 1 15 2 25 3 35 4 45 5
Tv [-] x10°
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02r
0.18
0.16
0.14
0.12
T
= 01+
-
0.08 -
0.06 -
— Analytic
0.04 —e—Q8P8
—o—Q8P8 |
0.02} | —+— Q25P25
—+— Q8P4
0 0.005 0.01 0.015 0.02 0.025 0.03

Tv [-]
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Comparison for E=10° Pa

Tv= 3.462e-003 o2r
1 LB v
Divergence —_ =
0.16|- > ==
014 -
o122 =
E? 011
0.08
0.06
0.04 -
—— Analytic 0.02 — Analytic
_ —e—Q8P8 | e Q8P8
0'40 O‘.2 014 0t6 OJB V‘II 1‘,2 1:4 14‘6 118 é 00 0.[;05 0.;)1 0.(;15 0.62 O.OIZS
u®/q [-] Tv[]
- e
iy = -
Initial T o
Sample © o
& @ Deformed @
Analytic 5 Sample s
Solution | o ©

Infroduction HM problem CSOlL2 THM-B/C problem Conclusions



Finite element formulation and couplings ArGEnCo
I

Université
de Liege [

9

9

¥ Mathematical formulation of THM problem (MWAT2)

9

9



Université
de Liege [

Thermo-hydro-mechanical problem ArGEnCo

Solid skeletton Pore Fluid 1 Pore fluid 2 Porous medium

Liquid phase Gas phase

Liquid issolved Dry Water
water air air vapour

Air species

Water species
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Liquid phase Gaseous phase
Liquid water } Water vapour
_ _ Air
Dissolved Air

Water mass balance div( f )+ div( f )+ S,, +S, —Qu0 =0

Air mass balance div(ia ) + div(ia_O| )+ Sa + Sa_d -Q, =0
Momentum balance div(o;)+p09; =0
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Liquid phase: Liquid water + Dissolved air
Kk' (S, )
> Liquid phase advection (unsaturated Darcy’s flow) 9, =—y—(YpW +0,9V2)
. . . . . , | — _ S DHZOV px\vr
» Dissolved air diffusion (Fick’s law) Ay T TPwRrwPar ¥ -
Henry’slaw  px =H, (T).0%
Gaseous phase: Water vapour + dry air
. kkrg (Sr,g) V V
> Gaseous phase advection 9, =~ “ (VP +p,9V2)
; vapeur /02 .
> Dry air — water vapour diffusion Lan, = 7Py rgDar VY p. = 0,
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. . A : I—>g
Liquid water: Sy o) + dIV(i(H O).) =Qn,0),

2

Water vapour: S, o, -+ div(f

I
) —)g Q(H 20

S0, ! S'(Hzo)g . Storage term liquid water / water vapour

2)g

LHZO), /LHzo)g : mass flow of liquid water / water vapour

E.’3 : Evaporation mass rate
2

Qh,0), /Q(Hzo)g : Production — consumation of liquid water / water vapour

f - . etq - ligui
—(H,0), Pw 9| g,€tq, : liquid and gas phase flow

i (1,0, : diffusive water vapour flow
-(H

_ 9
i(Hzo)g _szo'g 20)g

2 : ..
— E(pw.go.sr,w + PhoPS, )+ dIV( wd, )+ dlv(!(HZO)g + Po q, )—QHZO =0

Qu,o Production — consumation of water
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Gaseous air: Sqary, +Aiv(f . )+EL =Quu,
—(Air), g
g—>d
Dissolved airS ), +div(f . )=EZ" =Qun,
S(Air)g /S'(Air)d : Storage term dry air / dissolved air
fwn, ! T ar, - mass flow of dry air / dissolved air
E9 : Dissolution mass rate
Q(Air)g /Q(Air)d : Production — consumation of dry air / dissolved air
f =p% g +i,,
—(Air), P pir gg ~(AIr)g g,€tq  :liquid and gas phase flow
— A9 I a1 apny. - diffusive dry air and dissolved air flow
f(Air) = PAir-HAir-q| 1 ainy, SNy T (AN Y
_ d L

——

a (p/gir '¢'Sr,g + p,gir H Air (DSrW) + div(pgir 'gg + i(Air)g ) + div(pgir H Air '9| + i(Air)d ) o Q(Air) =

Q(Air) : Production — consumation of air
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Heat transfer: S; +Ef 2 .L+div(f )-Q; =0

S, : Storage term of heat
L : Heat flow
E%>? . Evaporation mass rate

Q; : Production — consumation of heat

L : Evaporation Latent Heat

- eff
iT = leong * Z H; 'ii H.  :Enthalpy of species i
|

i =T .grad (T) i,,g - Conductive heat flow

Zcond T

S; +S,.L+div(V,).L+div(i_,, +ZHi.\1$ff)—QT =0

Q(Air) : Production — consumation of heat
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This formulation can be adapted for many applications with various materials, fluids.
Some parameters are related to the physical processes:

IKW, IKA, ISRW, ITHERM, IENTH: definition of the relative permeability curves,
retention curve, thermal conductivity evolution and heat capacity expression (See
appendix 8)

IVAP : water vapour taken into account

ICONV : heat convection taken into account

IGAS: 0 = air ; 1 = hydrogen ; 2 = nitrogen ; 3 = argon ; 4 = helium ; 5 = CO2 ;
6 = CH4

Other parameters are related to the numerical purposes:
ITEMOIN: stiffness matrix computed analyticaly or numerically

IFORM: secant or tangent formulation of the storage term.
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As an extension of the hydro-mechanical problem, the stiffness matrix of the MWAT2
element has the following expression:

R du, ]
e ' K (2x1) [ | Ky (2x1) || Kpy (2x1)
FyHE du, Kow %D || Koy @xD) || Ky (1x1)
FpﬁvE =K] dp, Kue Ax1) || Keg (1x1) || Ko @x1)
\ g Kar xD) |[ Ker @xD) || Kip (1x1) |
_FTHE | | dT | Ll GT T

Knowing that the order of magnitude of the out of balance forces for the mechanical
problem, the flow and the heat problem are really different, it is therefore necessary to
sum the norm of each problem computed separately:

Thermal

el

Meca hydro+air
HE
7|

+F™]
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.28 4 N

0.85 4

Saturation [-]
=
£

Succion [kPa)

Im

— Parméznilité & feau
-- - - Permésolitd & lair

0 0 40 B0 80 100
Saturation %]
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.28 4 N

0.85 4

Saturation [-]
=
£

l||<

Succion [kPa)

Im

— Parméznilité & feau
-- - - Permésolitd & lair

0 0 40 B0 80 100
Saturation %]
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.28 4 N

0.85 4

Saturation [-]
=
£

Succion [kPa) J
1m

— Parméznilité & feau
-- - - Permésolitd & lair

0 0 40 B0 80 100
Saturation %]
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Modelling with fixed gas pressure
1 = & N o - 1 - =
WIS NS 9 E I Y D
0.8 \ \ "n. \ ——Iritial 08 . /_/[ - J,ns"’f
a7 k\ l.l_ \ \ == 5 min a .FI-— 2 .J'" f/
Toas 1“1\ 1"'\ & 1\ 20 i T os !‘f / // J/r —
gﬂ.ﬁ x\.‘ X 1 \ === G0 min Elﬁ_ -'! f »//x -5 min.
E 0.4 \\ 1\ } x\ —saomin| 304 ; f/ ’/’ ~== 20 min.
0.3 \’}"A.L \“~ —e- 600 min. 0.3 ; {f{"x ~+- 50 min.
02 \{\ﬁ 02 i L4070 —240 min.
0.1 1" o %/f -~ 800 min.
0 ] [ .
ap 85 100 105 115 0 2 4 & & 10 12
Pression d'eau (kPa) Succion (kPa)
1 1
0 \:‘\ _\\ -hi 0.8
0.5 \{:‘\\ \- 0E
07 \}\\\ E'L 0.7
E 08 == Initigl —{ =~Initial \\\\\Q\k '..'~ 06 E
EGE -a 5 min. _| ~=-5min. \\\'\Q\\-\\_ 05 E
g0 s —~— 200 mrin. -
T 0.4 P = =20 mirf. 0.4
e R
0.2 —+— 500 min 0.2
0.1 0.1
a . ' . f a [ * = i ¥ . ¥ i}
0.8 0.82 0.04 0.98 .28 1 35 -an EY: 20 5 -0 05 0.0
Saturation (-} Déplacemant vertical (mm)
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Modelling with variable gas pressure (k, <>0)

1 ]
AN R D s o v
L W Y ; _—
07 \‘%;n_‘\ 11'-1 \\ =~ nitial 5 }.’i [{ ”. /,-*" f;ﬂ'j -
- ’Qk -5 'nirj . : "':_E'FL
e RN N KN -l SR N £ 0 %4 bt
%o N so0mn : i/ ﬁ,/ RV
03 1 \. . ! /l J 800 min.
02 N . g I
0.1 ‘ \' o4 'zjf
o t \ c?x
an o3 100 105 110 115 -2 0 2 4 g B 10 12
Pression d'eau (kPa) Succion (kPa)
1 1
TS ———% . e
z:: ‘\:“‘::"‘\\_ —.\‘\ 08 {' /Vf "'- —--'—“'//j
- “‘\-ﬁm“"\-\ \ o \\{‘ /)‘;_, _’f .

: = |nitial
e _ B B N N7 P
E 0. —+ Initial E )
505 oS min. '\\ H §os \ \ -..i ::g i
E 04 :3::: \“ 2 o4 \\‘ ?‘!' o

0.3 —-—240mi;1. 0.3 \\ \‘..ﬁ —
0z = 02 \Q‘\-\\-E'-
0.1 0.1 \%

G.’J.g 0.;32 D_;H D.IQE, 0_193 1 Ggs gle a7 o QIQ 100 101 1|'32

Saturation [-) Pression d'air (kPa)
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Modelling with variable gas pressure (+dissolved gas)
05t NN N o . —
0.80 \t\\ \'\. 080 f
0.70 \Qm\\ -\'\. : 0.70 _{
£ 040 W \‘- :;’_‘lmr::n T 060 f
E as0 _‘% -\. =50 min. ; 0.50 f a0 A,
_-% 0.40 AN N :zg min E 040 { :;:2 min
0.30 \\ 1]'1 - 030 Ir .
i
1/

i—__-—-—"‘ =5 min.

=20 min

0.20 ‘1 0.20

0.10 010
.00 T T v v T - .00 T T v T T v
a0 a2 44 98 43 100 102 1] 2 4 ] a 10 12
Fression d'esu (kPa) Succlon (kPa)
1.00 1.00
m || o —
- I : BRI \i’g’é
a.70 ik \\:—:“\-\_\.\\. .
— B — N

T 080 =5 min E 080 ~20min
= ) L = m \ )
3 050 ~mn 3 050 == .
% -+ &0 min | ‘\_‘}\\1\_\ -\ =240 min
£ 040 — 240 min x 040 =00 min

030 800 min 0.30 \\ \'-

0.20 0.20 11

010 0.10

0.00 v | = ! .00 T T T T T T T 1

0.80 082 0.84 0.88 028 1.00 a4 &5 48 ar a3 o8 100 104 102
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Infroduction HM problem CSOlL2 THM problem THM-B/C problem Conclusions 57



Finite element formulation and couplings ArGEnCo
I

Université
de Liege [

9

@ Mathematical formulation of C/B-THM problem
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Modelling reactive medium in a THM context

C
6_1:] +5; = 0 (j = coal (f) or solid product)

Sf - — Cf Coz koexp — ﬁ Second-order Arrhenius-type reaction rate for coal

. HqV(C —V- (DUVC )|-|-| S]:— 0 (j = 0, or gaseous product )
)

S ~

Transport part Consumption part
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Modelling reactive medium in a THM context

Darcy velocities of gas
MWAT2D » ADVE2D

NTECL

Coo= Cop FIC(IN,IP1)*XY (6,KF)

l Average O, concentration degradation rate in DELTAT
REACT > ADVE2D

New data transfer file: NTECF T

Degradation
term
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As an extension of the THM problem, the stiffness matrix of the MWAT2+ADVEC
elements has the following expression:
FE] O [du, ]
FyHE duy _KMM (2x2) Ky (2x1) Kgy(2x1) Kqy (2x1) (K, (2x1)|
FpHE dp,, Kuw @x2) Ky @x1) - Kgy (1x1)  Kpy @xD) (K, Ax1)
FHe | K dp, | K=| Kus@x?)  KiglxD)  KeoxD)  Kyo(@xD) |Keo(txD)
|:T|?|E dT Kur@x2)  Kyr (Ix1)  Kgr(x1) K (Ix1) | K (1x1)
£ HE dc [ Kye 1x2)  Kyuc(@x1) Kg@x1) Kie@x1)| Kec(@x1) |
| 'c L i

Knowing that the order of magnitude of the out of balance forces for the mechanical
problem, the flow, the heat problem and the reactive transport problem are really

different, it is therefore necessary to sum the norm of each problem computed
separately:

Thermal React

|7 =[F

Meca hydro+air
HE
+|F™]

+[F|

++HFHE
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