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2. BASIC FORMULATION

Gas phase: dry air + .
water vapour The three phases are:

» solid phase (s) :mineral

» liquid phase (l) :water + air
dissolved

e gas phase (g) :mixture of
dry air and water vapour

Solid phase

The three species are:

o Solid (-): the mineral is
coincident with solid phase

« Water (w):as liquid or
evaporated in the gas

Liquid phase:

water + phase )
dissolved air  Air (a) :dry air, as gas or
dissolved in the liquid
phase
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Unsaturated soil: Porosity and deqgree of Saturation

Gas phase
/ Vo /V=V IV, xV, IV
= Sg X ¢
Liquid phase
VIIV=V, IV, xV, V=
Total volume S, x ¢
V=V +V, +V,
= Vs + Vh
Solid phase
V,/IV=1-¢
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Unsaturated soil: Mass in phases

Mass of air in the
gas phase

a
(x)gpg

Mass of water in the gas
phase

w
(Dgpg

Mass of water in the
liquid phase

OD|ap|

Mass of water in the
liquid phase

®,'p,
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Unsaturated soil: Mass in porous medium

Mass of air in the
gas phase

®gP S, P

Mass of water in the gas
phase

®DgPySyP

Mass of water in the
liquid phase

®'p, S,

Mass of water in the
liquid phase

(D:Nplsg(l)
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Mass of Solid in the
Solid phase

P, (1-¢)
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Heat In Water

evaporation

f

Vapour flux (diffusion)

=

Heat flux condensation

(conduction and advection)

=

Gas

Water

v

Liquid flux (advection) Liguid
Heat flux
(conduction and advection)
Heat flux (conduction) Solid
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THE TOTAL MASS FLUX OF A SPECIES IN A PHASE (E.G. FLUX
OF AIR PRESENT IN GAS PHASE |V IS, IN GENERAL, THE SUM

OF THREE TERMS

the nonadvective flux: igW, i.e.
diffusive/ dispersive,

i w

velocities, S, is the volumetric
fraction of pores occupied by the
gas phase and ¢ is porosity.

>
the advective flux caused by fluid
motion: o “p, d,, Where g is the ©g"Pg Uy
Darcy's flux, >
the advective flux caused by solid
motion: ¢S, wy"p, du/dt where W
du/dt is the vector of solid HS4"pg du/dt

0SS 04"p, du/dt ®q"Pg 0y
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The following balance equation will be applied

0 mass or energy per v fluxes of mass
- o
ot | unit volume of porous media or energy

sources or sinks of
mass and energy

Mass In Mass out

> >
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MASS BALANCE OF SOLID

Mass balance of solid:

%

2 (p.a-0)+v-(1) =0

p, solid density and j is the flux of solid.

0

at(pS(l (I))) (pS(l (I))dtj 0

Porosity variation:

D6 1]
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D, 1| D.p. du
P= ] (-9 . | - gv-
i | dt
Volumetric strain:
V-du _ de, N dSy N dSy
dt dt dt dt
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MASS BALANCE OF WATER

Water is present in liquid an gas phases. The mass balance of water
in the liquid and in the gas phase is expressed as:

- ° 0 w ~W evaporation w
T el (i) 1

@ %((D:NPISI(I))_I_V(J:N): fcondensation 4 fWw

f Wis an external supply of water and:
f condensation 4 f evaporation = ()

Adding the two mass balance equations leads to:

< (0,8 0+ 00, S,0) + V- (it + 1Y) = £
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§(®YVP|S|¢+®EVPQ,SQ¢)+V'(J]W "‘J\év) = f"

Flux referred to a fixed framework:
Jg =lg" + 05" pg Oy + §Sgeg" pg du/dt = J'g" + ¢Sye4"pg du/dt

Flux referred to the solid skeleton:

1 W : W w
= +
Jg =lg Ty PgYg o o
) ’ QOQ
Formulacion para
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The use of the material derivative leads to:

D, ((D:Npl S, +0,p,S, )
Dt

+(((D,Wp,8, +mgpgsg)¢)v-d—“+v-(j',W+j'g): fw

¢

Porosity appears in this equation as:
ea coefficient in storage terms
ein aterm involving its variation caused by different
processes
ehidden in variables that depend on porosity (e.g. intrinsic
permeability).

Formulacion para 21
problemas THM



Porosity from solid balance leads to:

D (®'p,S, +©,p,S . . —¢ D.p,
(I) ((Dl P, I;)t (Dgpg 9)+((DI p|S| +(DgpgSg)1p:|) D[z N
d s
+(((0,Wp,S, +(D\gpgSg))V-d—l:+V-(j':N+j'g)= f
For incompressible solid:
<|>DS(®IWPISE): mgpgsg)+v°(j'.w+j'g):
:_(((D;Nﬁsl +0gPyS, ))V'Cclj_ij_F £
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Foundation In a saturated soll

MASS
BALANCE
OF WATER
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MASS BALANCE OF AIR

<— o . g(mgpgsgd))_l_v.(jg):fliberation_|_1:a

OO;O ° ot
o ,O:>o %(O)?QS'(I))-FV'(J-?): fdissolution 4 fa

where f 2 is an external supply of air and the internal source terms
that represent phase change are:
f dissolution 4 f liberation = ()

Adding the two equations leads to:

< (S 0ipS,0)+ V- (it + 1) = F°

An internal production term is not present because the total mass
balance inside the medium is considered in this equation.
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MOMENTUM BALANCE FOR THE MEDIUM

Momentum balance = equilibrium of stresses
(inertial terms neglected)

V.o+b=0

where o is the stress tensor and b is the vector of body forces.

Formulacion para
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INTERNAL ENERGY BALANCE FOR THE MEDIUM

Internal energy balance for the porous medium (g, €, e,):

0 .
5(68[)3 (l_¢)+elplsl¢+egpgsg¢)+v.(IC +Jes +Jel +Jeg) — fQ

* I Is energy flux: conduction through the porous medium
*(ess Joi» Jog) @re advective fluxes of energy caused by mass motions
o f Qis an internal/external energy supply.

Advective heat fluxes due to mass movement
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The internal energy in each phase can be calculated as a function of
internal energy of each component.

AW W a_.a .
€Pg = Cg0gPy +E;M P _(e
AW W a_.a
€y =€, 0, +€,0,

Following this decomposition, the advective fluxes of energy in each
phase are calculated as:

s AWIW ara
Jg _egjg +ngg

') =P
T >
WW AW | ;W w o
egjg _eg ('g+wgpgqg+ j
ara __Aa| :a a
egjg _eg (Ig+mgpgqg+ j
AW EW aza _ AW:w ara
Jg_egjg+egjg_eg|9+eg|g+egpg(qg+ j
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FINAL SET OF BALANCE EQUATIONS

GAS LIQUID

MASS BALANCE OF WATER. Unknown: P,

< oo+ 0o, 8,0+ V- +12)= £

MASS BALANCE OF AIR. Unknown: Pg

< (ofiSib+ i, 8,00+ v (7 +13)= 1°

SOLID

INTERNAL ENERGY BALANCE FOR THE MEDIUM. Unknown: T

0 ..
E(Esps (1_¢)+EIpISI¢+Egpg8g¢)+v'(lc+JEs +JEI +.|Eg): fQ

MOMENTUM BALANCE FOR THE MEDIUM. Unknown: u
s 5 b

SPECIES MASS BALANCE (REACTIVE TRANSPORT). Unknown: c

1%, :
a(d)slplc)_l_v'.l =R
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THM problem. Febex mock-up

STRESS EQUILIBRIUM

ENERGY

'.‘ BALANCE
) >

MASS

BALANCE

OF WATER

FEBEX MOCK-UP TEST SCHEMATIC DIAGRAM
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A5
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[ STl TR R SECTIO
Ly S L N A3
SECTION
AD
SECTION
Al
SECTIO
N AB
Formulacion para 29

problemas THM



THM problem. Febex mock-up
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THM problem. Febex mock-up
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Boundary conditions

JE\JN :((D\g)o Jg +((D\év)0 Vg (Pgo - Pg)+

where the superscript ()° stands for prescribed values.

*The first term is the mass inflow or outflow that takes place when a flow
rate of gas (j,°) is prescribed.

*The second term is the mass inflow or outflow that takes place when
gas phase pressure (P °) is prescribed at a node. The coefficient y, is a
leakage coefficient, i.e., a parameter that allows a boundary condition of
the Cauchy type.

*The Is the mass inflow or outflow that takes place when
vapour mass fraction is prescribed at the boundary. This term naturally
comes from the nonadvective flux (Fick's law). Mass fraction and density
prescribed values are only required when inflow takes place. For outflow
the values in the medium are considered.
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ROAD PAVEMENT PROBLEMS
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Constitutive laws

Darcy = liquid and gas flow

Fick = vapor and air diffusion (dispersion)
Fourier = heat conduction

Retention curve = saturation versus suction
Water V-P-T = water density

Ideal gases law = gas density

Henry’s law = dissolved air

Psychrometric law = vapour concentration
Mechanical model = stress — strain response
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Enthalpy of water

Depending on the pressure of water (p, MPa) and the enthalpy per unit
mass (h, J/kg) three regions are distinguished.

From 100 °C to 180 °C, vapor pressure changes by one order of
magnitude. While atmospheric pressure (0.1 MPa) is the vapor
pressure at 100 °C, 1 MPa is the vapor pressure at 180 °C.

100 - ==T=100 oC

—T=1800oC

(1) Single phase region

m (liquid water)
] (2) two phase region
(liquid water+vapor)

(3) single phase region
(heated vapor)

(MPa)

Pressure

0.1+

0.01 7 T T T T 1
0.E+00 1.E+06 2.E+06 3.E+06 4.E+06

h (3/Kg)

Pressure-enthalpy diagram for pure water. Isotherm lines for 100 °C
and 180 °C are represented.
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SOIL DESATURATION

Liquid pressure decrease or air pressure increase:
two phase flow with nearly immiscible fluids.
o~ P, (moderate T).

*\/apour pressure increase: gas pressure is dominated
by vapour pressure.

.~ P, (relatively high T).
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Thermal conductivity

Fourier's law to compute conductive heat flux, i.e.:

C=-AVT
Where A is thermal conductivity of the porous medium.
_ 1 A=)y ¢ __ 4 (1-9)
}'dry R 7\‘solid xgas Ksat R 7\‘solld 7\‘I|q
2 3
SO|Id = (7\'solid )o + alT + aZT + aGT

The definition of dry and saturated thermal conductivities permits to
separate the dependence on porosity and the dependence on degree

of saturation. Finally,
7 S

dry

On the other hand, the dry and saturated thermal conductivities can be
calculated as described above or directly determined experimentally.
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Thermal Conductivity (W/m K)
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Formulacion para

problemas THM

Thermal
conductivity

Thermal conductivity is used in Fourier's law
to compute conductive heat flux, i.e.:

i, =-AVT
with
A= }\‘satSIQ\‘dry(l_Sl)

Ao =0y 0

dry solid “~gas
_ 1 1=9)y ¢
Ksat T 7\‘solid kliq

Mg = (Mg ) +8,T+a,T° +a,T°

solid
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Numerical modelling of drying induced by temperature gradients

ENERGY
BALANCE

MASS
BALANCE
OF WTER

o

MASS BALANCE
OFAIR

@

T=120°C

e L e e ek
o PR
Fo o B S e
. .- 4 ﬂfjp{-dﬂ_ e
o '-l,-‘:s'r Y, .'g,':'. o

|""*J .';r %“: B ..‘h - u-p#‘-;*%f

L

!

}e”ﬁﬁé
e
A

*?{“}hi'ﬁ?%%

" i e )

-/ f‘g%f'ei”*a 0
25 sf :

T=30°C

Degree of saturation

©c o o o o o O
[ N w ~ ol (0)] ~
| | | | |

= =

t=14d
experiment

—e—Calculated. Time(d): 0
—@— Calculated. Time(d): 0.5
—<&—Calculated. Time(d): 2
—#&— Calculated. Time(d): 14
=/ =Experimental: Time (d):14

o

Formulac 0
problema

0.02

0.04
Distance from hot side (m)

0.06

0.08 0.1

40



Liquid phase density

As a first approximation, the density of liquid phase can be calculated as:

P =P &XP(B(R —R,) +aT +yc)

where a water compressibility (B) and a volumetric expansion coefficient
(o) are defined. Reference values of 4.5 10 MPaland -3.4 104°C-1can
be used in this expression.
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Gas phase density

Gas density is calculated as the sum of vapor and air density. This can be written as:

Pg =Py TP,
If ideal gases law is used to calculate vapor and air density, it follows that:
PM, & PM
p — p _|_ p — Vv Vv _|_ a a
o V" RT O RT

where the M, = 0.018 kg/mol and M, = 0.028 kg/mol are the molecular masses for
vapor and dry-air. R is the ideal gas constant (8.3143 J/molK) and T is temperature.

On the other hand, partial pressures principle is assumed to hold in the vapor-air
mixture (Pg:PV+Pa), which implies that:

PM,+P.M,
g - P

g

M

l.e. the gas phase has variable molecular mass depending on its composition.

If P, is given, air pressure can be calculated as P, = P - P, where it is assumed that
vapor pressure is also known.
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Vapor partial pressure

Vapor pressure depends on temperature and suction:

P,(T,s)=P(T)xF(s,T) 0
~5239.7 l R<R

P(T) =136075exp(—' Y

273+T

—sM,,
R(273+T)p, —

h

_

F(F’C,T)zexp[

s=P —-BR

g

In which P(T) is the boundary between (1) and (2) in the phase
diagram for pure water and F(s,T) is a reduction term due to capillary

effects (psychrometric law).

Relative humidity inside solil pores is assumed to be F
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Retention curve

This law relates capillary pressure and degree of saturation. One of the
commonly used models is the van Genuchten model (van Genuchten, 1980)

that can be written as:

(12 Y

S = SI_Smin _ 1+(P9_P|

Smax o Smin B P

This equation contains the parameters A and P. The first (A) essentially controls
the shape of the curve while the second (P) controls its height, so this latter can
be interpreted as a measure of the capillary pressure required to start the
desaturation of the soil. Since capillary pressure can be scaled with surface
tension (Milly, 1982) it appears that P also does. This can be shown if Laplace's
law is recalled:

. (1-2)
P-P="—" pg-p,zP(Se“’*—l) P=P o(T)
o(T,)

0
0

where o is surface tension and r is the curvature radius of the meniscus.
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K RETENTION CURVES FOR THE BENTONITE \

Test Data
Dry Density (gr/cm®)
- o >173 m [173,167] o [167,162]
EXperlmental A [162,157] o [L57,152] X <152

retention curve

Retention Curves

= = = BC Drying

tGRIMSEL

1000.0

= = = BC Wetting
MOCK_UB

Van Genuchten law

Different densities 1000 |
Swelling not g
permitted (except in s 100
low density samples) 3
10 ¢
Slomes T oo o1 02 0% o040 0% 060 070 om0 B 100

Degree of Saturation



Darcy’s law

Advective fluxes of liquid and gas are calculated using darcy’s law in the
generalized form:
Kk

A, =-—"(VP, -p.9
e )

o

Where a = 1, g if the law is used for liquid or gas phase. Intrinsic

permeability (k) relative permeability (k,,) and viscosity (u,) should be
calculated.

Intrinsic permeability

This parameter depends primarily on the porous medium structure.

k =|:ko (l_(llo)zi| (|)3 . —a (1)3 .
d)o (1_(1)) (1_(1))

where ¢, is a reference porosity and k_ is the intrinsic permeability at the
reference porosity.
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/ BENTONITE. INTRINSIC PERMEABILITY \

IntrinSiC permeability m Experimental Data

e K 0zeny's Model (Preoperational)
Kozeny's Model (Operational)

e Exponential Model

\ - /

For a continuum medium (Kozeny’s model

3 1 2 4.00E-13 r ]
(kP (A=0) | |
(1_ ¢) ¢0 3.50E-13 :
¢, : reference porosity 5 00E13
K, :intrinsic permeability for matrix ¢, il
which is used in Darcy’s law: | [
kk £ 2.00E-13
ro X
= ——"(VP, —p,9)
th m ( a P ag 1.50E-13 {
o I
1.00E-13 |
5.00E-14 |
]
0.00E+00 * | ‘ ‘
0.30 0.35 0.40 0.45 0.50 0.55
Porosity (n)
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Liquid viscosity

Water viscosity is required in Darcy’s law.

= Aexp B
H 27315+ T
Where A =2.1 102 MPa s and B = 1808.5 K-1,

Gas viscosity

My = (A “ 273B+Tj 1b b =C-Dk>0 (k: intrinsic permeability)
1

+— |1+
273+ T

Pg
Where A = 1.48 10*?MPa s, B = 119.4 K1, C = 0.14 and D = 1.2 10%*. A reduction coefficient
takes into account the possibility of Knudsen diffusion (Klinkenberg effect). As the mean free path
of the gas particles becomes comparable to the pore size (low permeability material) slip effects
(non laminar flow) may result in an apparent lower viscosity (apparent higher gas conductivity).

kk b kk kk b
q, =——=|1+=|(VP,-p,0)=—"2(VP,—p,0)—| —=—= |(VP, -p.9
o 298 .9) - (vm. - pg)- B2 R
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Fick’s Law. Molecular Diffusion

To calculate vapor and dissolved air migration:

=—(%p,S,™D1)Va,

where o=l, g and i=a, w depending if diffusion takes place in the liquid (dissolved
air) or in the gas phase (vapor).

o D£(273+T)"]

P

g

where t is a tortuosity reduction coefficient, D = 5.9 10 m?/s/K-"Pa and n=2.3.

In the case of dissolved air, the following expression is used for molecular diffusivity:

_ —Q
Pn = DeXp{R(273+T)J

Where 7 is a tortuosity reduction coefficient, D = 1.1x10*m?/s and Q =24530 J/mol.
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Aele

Mechanical constitutive model

Stress-strain relationship: irreversible
Suction induces swelling and/or collapse
Strength depends on suction

Effective stress, suction, temperature
Nonlinear laws

yd=20 kN/m3 Swelling pressure depence on dry density
0.3 20
0.25 - ,,,,,,,L,,,,,,,,,i,,,,,,,,,l ,,,,,,,,,, — — Experimental data (FEBEX)
| | | m
| o
1 7777771»7777 | e 15 4
0.2 ; —e— Meassured %
0.15 ———————————:r———— —e— Computed  |----- ;
0.1 1 ‘ l l 310
| 1 1 T
0.05 + | | 2
1 1 3 5-
| N
-0.05 + | i i .
0.1 | | | 0 | | |
0 5 10 15 20 14 15 1.6 17 18

Dry density (gr/cm3)
Vertical stress (MPa)



3. Algunos ejemplos

o Earth dams (2 types)

e Two phase flow

* Rock deformation at great depth
» Radioactive Waste disposal
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HM problem. earth dams

STRESS EQUILIBRIUM

".

MASS ‘
BALANCE

OF WATER

a Pantallas de concreto (pilotes secantes) ¢ Galeria G-4 e Perforaciones para drenaje
Cut-off wall (secant piles) Gallery G-4 Drainage holes

b Tapete de inyecciones d Perforaciones de inyeccion Elev Elevacién, en m
Grout blanket Grout holes Elecation, in m

Nota: La numeracion se describe en la tabla 7.1
Note: See table 7.1 for materials description

Formulacion para El Infiernillo, Mexico
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HM problem. earth dams

STRESS EQUILIBRIUM

!’.

A
MASS
BALANCE

OF WATER
Elev 180—“5
i = (1] X1 )
/ Elev Elevacion, en m
IX /62 i #<Z Elevation, in m
x/62 A
Vin/ez 5
Elev 120

v/62 \\ Elev 106.5 /m_ N _ e

Iv/62 P 7—”' Tv/es Elev 80

1 /62 :__;.. 1 W63 _ N

) ﬁf@{ = FCES /63 1% /62 ’iﬁga
/62 “"‘""’"""‘2 - | . 1/63 N viil/62
A]ﬂ"-ﬁ-\ / i ",'(62 - ,‘_ﬁ“:&‘_
e g ~ | x1/62 ) e A
X ——— f XN/61 ‘—w”- X/62 ~ /62 X11/61 '5%\_ -
— — B .
' TX/62__ N\~ Vil/62 —
Construction history
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HM problem. earth dams

STRESS EQUILIBRIUM

I

MASS
BALANCE
OF WATER ]
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HM problem. earth dams

STRESS EQUILIBRIUM

V.

MASS ‘
BALANCE

OF WATER

Lig._Sat
07825
070835
063421
0.56008
0.48581
041176
033762
026347
v I 018332

011518

Lt

J
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roblem: dam construcition

MASS
BALANCE
OF WATER

Elevacié (m)

—e— Assent mesurats en el camp

—m— Assent model amb pluja
60— I T

Assent model en sec

)

|
|
40 |
0 20 40 60 80 100 120 140 160

Assentaments (cm)
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180

2

Elevacio ()

—Elev 160

rEIw 120

Est 0+135

Elevation {m})

200

160 4

140 1

120 4

100 4

20 1

G0 ==

Wertical displacement (crm)

40

a0 100 140 200 240
Assentaments &)
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Water level

=

EElav 180

—

Elev 120

Est 04135 I-
. Caleulated
Elevation (m) K displacements at
fiED . : . : end of
’ impoundment
T Y L R e
il i T L S S S e e
Calculated : : : : : :
displacements at : 2 ] :
{ month T e e e  eaued
: : | displacements at
; i end of
00 F--m-mg e - mmpoundment
! ' Calculated l
ao - d 4| displacements at
: : 4 months
Vertical displacement (o)
B0 t :
K 8 10 12 14
Assentam ents (cm)

1] 2 4
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Elgwdiio i)

Water level

™

Elevation (o)

EaTaul
L=, =)

a

Caleulated
disolacements at
4 rannths

end of

Mleasured
displacements at

tnpoundment znd
2 months ater

Calculated : >
displacemente at | oo o™ ) O
1 month ./"’,'i
Calculated
displacetnerts at :
2 months oot ) y o
Horizoatal displacements (cm)
) i i oY
T T T T T
-15 =10 a 1] a 10 18

Desplzgaments heritzansals (omi




My HM:

0.2

0.18 -
0416 1 Relleno con
G capas
o 0.14 - horizontales
S 0.12 -
2 0.1 A
& 0.08 1
2 0.06 O aaas
F 0.04 *—.__*/

0.02 4

0 ‘ ‘ ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Tension media (p)

Cu = 30 kPa

STRESS EQUILIBRIUM

. 4

MASS
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mineros

0S

=S Escombrera
' de residu
i salinos
s o SODre lod

0S

0.066766
0.06009
0.053414

0.046737

- 0.040061

- 0.033384

- 0.026708

- 0.020031
0.013355
l 0.0066783

1.68618-06

step BB.HZ1E
Contour Fill of Displacements, |Displacements|

U

Gl



No drenado

|Displacements|

_ Deformaciones de corte. B
(Vol =0) i

Drenado

Deformaciones volumetricas

(hardening)
D —
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Formulacion para
problemas THM

Desplazamientos para los casos
analizados con 210 dias (rapido),
210 semanas (lento) y 210 meses

(muy lento) al final de la
colocacion de la 22 etapa.

60
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Liguid Pressure
0.91214
I 0.79954
0.68693
- 0.57433
- 046173 210 da S
- 0.34912

- 0.23652

01239
0.011311
-0.10128

Liguid Pressure
09
ID 78714
067428
210 weeks
- 0.44826
-0.3357
- 022284
0.10998

-0.0028821
-0.11574

Liguid Pressure
08

ID.?BSS
0.6706

s 210 months

- 0.32851
-0.21182

0.09712
-0.017576

-0.13227

o
w
I

Maximum pressure
o
(V)
L

o
=
I

—210 days
— 210 weeks
— 210 months

1000 2000

3000
Time (days)

4000

5000

6000

61



Tensién de corte (MPa)
o
=

016 v 210 days o 210 weeks

etapa 0.14 - final 2a

0.12 A etapa

final 1a
0.08 -

0.06 -
0.04 -

0.02
O ! T ! ! T T O !

final 1a

Tension de corte (MPa)
o
H

jafCial inicial

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3

UESE (el EEs e (117E) Tension media efectiva (MPa)

Maximum pressure

0.5 0.2
— 210 days _0.18 1 final 2a
0.4 1 — 210 weeks & 016 1 etapa
— 210 months S
< 0.14
0.3 1 2 012 4 finakla
9 etapa
0.2 % 0.1 -
© 0.08 -
01 | = 0.06 - Estado
@ o
$ 0.04 - inicial
|_
0 ‘ ‘ ‘ ‘ ‘ 00z | 210 montRs
0 1000 2000 3000 4000 5000 6000 0 ‘ ‘ ‘ ‘ ‘ T
Time (days) 0 005 01 015 02 025 03 035
Tension media efectiva (MPa)
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H: GAS AND WATER
5X5 FLOW IN A PLANAR
FRACTURE. THE

. UPSCALING PROBLEM

e e e e 44—
1 2 m 0.035 m—QLl—m— 0.035 B
~-BLOCK_2 ~-BLOCK_7
0.030 —#—BLOCK_3 | ——BLOCK_8
—<BLOCK_4 LU L ><BLOCK_9
—S=BLOCK_5 -e-BLOCK_10
= 0.025
o = 0.025 EXRA
=3 o
o 2
7 u o
2 0.020 4K 2
S ) 2 0.020 3
> S
& >
MASS BALANCE '% o}
L © 0.015 - =
O 0.015 -
0.010 -
0.010 -
0.005 ‘ : ‘ ‘
0 02 04 06 08 1 0.005

N . 0 0.2 0.4 0.6 0.8 1
Liquid Saturation

Liquid Saturation
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- 1.181e-05
' 1.0496e-05

9.1855e-06
- 7.8733e-06
- 6.5611e-06
- h.2488e-06
- 3.9366e-06

- 2.6244e-06
I 1.3121e-06

]

i 1

0.888389
0.77778

| 0.66667

0.55b56
0.44446
0.33335
0.22224
0.11113
2.867e-05

a) 60X60 ORIGINAL b) 60X60 UPSCALED c) 12X12 UPSCALED

S

e
i

Gas fluxes and degree of saturation
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TM: ROCK SALT IN SITU TEST

STRESS EQUILIBRIUM

ENERGY
BALANCE

Observation Drifts
on the 750 m Level

e %

Boreholes

Test Drifts
—_— on the 800 m Level

S

Heater Casks Power Supply and Data Acquisition

BAMBUS-I and BAMBUS-II: EC research project
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Observation drift
Level 750 m

Observation drift

Level 800 m

Backfilled Drift tmp

- 168.4
with heaters I 1552

. 128.8
11586
-102.4
- 8920
- 7600
- B2.80
- 49 K01
36,401

L

»‘2 step 114,744

Contour Fill of terp.

Features: Tunnel + Observation drifts, 6.~ 12 MPa, Axial length: 25 m,
hexaedral elements, regular mesh, 65,954 nodal points x 4 dof = 263,816 dof
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7. DRIFT CLOSSURE IN THE HEATED AREA
(BAMBUS Il - Project : 3-DIM modelling studies)

500 T T T T T T
450 * horitzontal drift closure (3D-model)
—o-horitzontal ( TSDE experiment)
_ 400 m vertical drift closure (3D-model) oo o o
£ 350 -& vertical (TSDE experiment) . e
e ® —
@ | I |
I R ] e
*
*
&
NLlen

sep- sep- sep- Sep- Sep- sep- sep- Ssep- sep-

90 91 92 93 94 pR 96 97

1.5 years of heating

terp
18477

I168.28
151.8
- 1351
-118.83
- 102.34
- B5.856

6937
52.884
u 36.4

Az
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98

sep-
99

Temperature evolution (whole model)

9 years of heating

temp

I 150 66

- 136.38
+122.09
-107.81
- 93.528
- 79.246

G4.963
a0.621
6.4

 164.94

end process

ternp
61,36

ISB.SB?
- 55.813
- 53.04
- 50.267
- 47.493
- 4472

41.946
39173
36.4
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(THM) Residuos Radioactivos en Roca fracturada

 Evaporation and condensation of water (fractured rock)

Ambient
Conditions

STRESS EQUILIBRIUM

ENERGY
" BALANCE
MASS

BALANCE

: l—-—-—\ n

|

OF WTER l

o

MACE DALANCE
QFAIR

68
J. Rutqgvist & C.-F. Tsang (2003)
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Temperaturas
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Grado de saturacion en la roca y en las fracturas

 Degree of saturation (after 4 years)

Matrix Fracture
(initial degree of saturation = 0.92) (initial degree of saturation = 0.05)



Case 2 analysis (thermomechanical and mechanical coupling)

 Gas permeability variation near drift
2

B 59-3

O 76-3
— Base Case
—Case 2
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Comentarios finales

e Es conveniente que se puedan elegir las
ecuaciones a resolver y fendmenos a incorporar

e Las condiciones de solucion numeérica cambian
mucho segun el problema a resolver

* Todos los acoplamientos conocidos hay que
Incorporarlos en la formulacion

* Fendmenos acoplados versus procesos acoplados

Formulacion para 72
problemas THM



