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Resumen

En algunos conceptos de referencia para alma-
cenes geológicos de residuos radioactivos, se pro-
pone el uso de barreras de arcilla expansiva colo-
cadas alrededor de los contenedores de residuos.
Después de su colocación en formaciones geoló-
gicas saturadas, estas barreras experimentan una
fase transitoria de humedecimiento e hinchamiento
regida por el flujo de agua natural absorbida y un
régimen transitorio de temperaturas controlado
por el flujo decreciente de calor inducido por los
contenedores.

Durante los últimos años, grupos de investiga-
ción de varios países europeos han desarrollado
modelos de comportamiento de materiales expan-
sivos no saturados. Por este motivo, se ha prepa-
rado una serie de ejercicios de comparación, de-
nominada proyecto CATSIUS CLAY, cuyos
objetivos son, entre otros, el establecer las capaci-
dades de los programas para modelar y predecir

el comportamiento termomecánico de barreras de
arcilla en condiciones no saturadas.

En esta serie de ejercicios, participan siete equi-
pos de modelización de seis países miembros de
la Unión Europea. El proyecto, coordinado por
CIMNE (Barcelona, España), consta de tres partes:
ejercicios de verificación, ejercicios de validación
a escala de laboratorio y ejercicios de validación
"in situ" a gran escala.

El presente informe presenta los resultados de la
primera parte, en la que se realizaron dos ejerci-
cios de comparación de distinta complejidad. El
primer caso se diseñó para verificar la capacidad
de los programas para resolver problemas de flujo
a través de columnas de suelo no saturado. En
este ejercicio no se consideraron acoplamientos
térmicos ni mecánicos. En el segundo caso se pro-
puso un problema hidrotérmico en un medio poro-
so saturado. Se eligió este caso porque existía una
solución analítica para ciertas condiciones límite.
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Abstract

Stage 1 of CATSIUS CLAY Project: Verif ication
Exercises (analytical solution available) includes
Benchmarks 1.1 and 1.2, conf igur ing Work Pack-
age 1.

Acronyms used to designate the partners may be
found in the introduct ion.

Benchmark 1.1: Infiltration in a Finite Column of Unsoturated Rigid
Porous Medium

The prescribed f low in a rigid homogeneous iso-
tropic unsaturated medium was considered, and
two cases envisaged:

i) vertical f low and

ii) horizontal f low.

In both cases, predictions were satisfactory for all
partners.

Benchmark 1.2: Thermal Convection in a Saturated
Porous Medium

The flow in a rigid homogeneous isotropic and
saturated porous medium due to a spherical source
of heat was considered, and two cases envisaged:

a) low porosity (analytical solution available) and
b) high porosity (analytical solution not available).
Temperature distributions for both case A and

case B depend mainly on heat conduct ion. Correct
predictions were found by A N D , CLA, ISM, UPC,
UOL and UWC. Pressure distribution for case A de-
pends mainly on buoyancy effects. In this case cor-
rect predictions were found by A N D , CLA, UPC,
UOL and UWC. Pressure distribution for case B de-
pends mainly on thermal expansion of the f luid. It
has been found that only CLA, ISM, UPC and U O L
found a satisfactory prediction in this case.
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. The CATSIUS CLAY project

CATSIUS CLAY (acronym for Ca lcu la t ion and
Testing of Behaviour of Unsaturated Clay) is a Pro-
ject forming part of the Research Programme on
Nuclear Fission Safety of the European Commis-
sion. Its duration was from 1 Jan. 1 996 to 31 Dec.
1998.

jectives and scope
Compacted expansive clays are adopted as engi-

neered barriers around waste canisters in reference
concepts for geological repositories. After em-
placement in saturated formations, these barriers
undergo a transient wetting and swelling phase
governed by the rate of absorption of natural water
and a transient temperature regime controlled by
the decaying heat power input induced by the can-
ister.

In recent years a number of research groups in
several European countries have developed mod-
els for the behaviour of unsaturated expansive ma-
terials. From the experimental point of view, the re-
sults of fairly comprehensive suction controlled
tests on expansive clays are available. In addition,
full scale hydration experiments are in progress.
Therefore a benchmark exercise is being imple-
mented with the objectives:

3 to assess the accuracy and reliability of the
numerical predictions.

to establish the usability and capability of
codes to model the thermomechanical be-
haviour of unsaturated clay barriers.

to provide an evaluation of existing labora-
tory testing methods in view of the data and
parameters requirements of THM models.

J

The co-ordination tasks will be carried out by
Centro Intemacional de Metodos Numericos en
Ingenieria (CIMNE, ES), with Professor Eduardo
Alonso as a coordinator.

The partners involved, with their respective con-
tact persons are:

3

3

Agence Nationale pour la gestion des Dechets
Radioactifs EPIC (ANDRA, FR) M. Frederic
Plas.

Clay Technology Lund AB (Clay Technology,
SE) Dr. Lennart Borgesson.
ISMES S.p.A. (ISMES, IT) Dott. Ing. Rita
Pellegrini.
Centre d'Etude de I'energie Nucleaire Stu-
diecentrum voor Kemenergie Public Utility
Centre (CEN.SCK, BE) Ir. Martin Put.

Universitat Politecnica de Catalunya (UPC,
ES) Professor Antonio Gens.
Universite de Liege (ULg, BE) Professor Rob-
ert Charlier.
University of Wales College of Cardiff
(UWCC, GB) Professor Hywel Rhys Thomas.

1.
The work programme consists of three stages

which will be performed by all partners:

Stage 1. Verification Exercises

Its main purpose is to check that the codes in-
volved are correctly programmed to solve the field
equations. Two cases were taken in account:

3 BM 1.1: Infiltration in a Finite Column of Un-
saturated Rigid Porous Medium.

3 BM 1.2: Thermal Convection in a Saturated
Rigid Porous Medium.

Stage 2. Validation Exercises at Laboratory Scaie

Two laboratory tests will be modelled:
3 BM 2 .1 : Oedometer Suction Controlled Tests

on Samples of Compacted Boom Bentonite.
3 BM 2.2: Small Scale Wetting-Heating Test on

Compacted Bentonite.

Stage 3. Validation Exercises at Large "in situ" Scale

Two large hydration tests will be modelled:
3 The BACCHUS 2 in situ Hydration on Boom

Clay Pellets, performed in the HADES under-
ground laboratory at Mol.

3 The FEBEX Heating and Wetting Experiment
on Compacted Bentonite.
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2. Introduction to stage 1 of the CATSIUS CLAY project

This report presents the results of the stage 1 of
the project: "Veri f icat ion exercises". Two bench-
mark exercises of different complexity were per-
fo rmed by partners. The first case was designed to
check the capabil i t ies of the codes in solving f low
problems through columns of unsaturated soi l . N o
thermal or mechanical coupl ing were considered
in this exercise. O n e , two and three dimensional
discretization of the same basic problem together
with different mesh refinements were proposed for
solut ion. The second case involved a coupled hy-
drothermal problem in a saturated porous media .
It was selected because an analytical solut ion was
avai lable for some l imit ing condit ions which in fact
leads to the possibility of solving the problem in an
uncoupled manner: the temperature field is first
derived and is then used as an input for the water
pressure f ield equat ion. Partners were however
asked to solve the prob lem using the full capabi l i -
ties of their (coupled) programs. As a further cross
check a fully coupled extension of the case was
proposed, for which no analyt ical solut ion was
avai lab le, in order to compare the results offered
by partners.

C o m m o n symbols and acronyms for the different
partners have been used throughout the text and
the various f igures. They are as fol lows:

Organisation Acronym

ANDRA - o -
CLAY TECHNOLOGY - o -
ISMES - o -
SCK-CEN - o -
UPC ^ > -
MSM. UNIVERSITE DE LIEGE - & -
UWCC - 6 -
CIMNE o

Symbol

AND
CLA
ISM
SCK
UPC
UOL
UWC
CIM

The last case (CIMNE) refers, when appropriates,
to the analytical solution. Symbols were plotted in
the order indicated above so, when they coincide
in the same point, only the last one is clearly visi-
ble. This procedure allows also a clear identifica-
tion of the analytical solution.

Partners results were directly taken from the files
provided by the authors and were integrated in
common charts via Excel.

The types of codes used by the partners may be
grouped into two broad categories. The first one
corresponds to codes developed "in house" by the
organisation whereas the second refers to com-
mercially available codes.

The first group includes:

Code

CLEO

CODE BRIGHT

LAGAM1NE

COMPASS

Commercial codes used

Code

ABAQUS

ABAQUS

PORFLOW

Organisation

ANDRA

UPC

MSM-UNIVERSITE DE LIEGE

UWCC

in Catsius Clay are:

Organisation

CLAY TECHNOLOGY

ISMES

SCK-CEN
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OF UNSATURATED RIGID POROUS
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3. BENCHMARK 1.1 "Infiltration in a finite column of unsaturated rigid porous medium"

The 1 D flow of a fluid inside a rigid homoge-
neous isotropic unsaturated medium due to a pre-
scribed flow will be considered here. Two situations
(depicted on Figure 3-1) will be envisaged:

(i) vertical flow (i.e. considering the effect of
gravity) and

(ii) horizontal flow (i.e. not considering the effect
of gravity).

The motion of the fluid will be assumed to be
governed by Darcy's law. The action of the air
flowing out the medium will be neglected. The de-
gree of saturation will be assumed to vary linearly
with the fluid pressure. The porosity and the intrin-
sic permeability of the medium will be assumed to
remain constant. Similarly, the density and the dy-
namic viscosity of the fluid will also be assumed to
be constant. Assuming the initial distribution of
fluid pressures known and fixing the boundary con-
ditions (fixed flow at one end and fixed fluid pres-
sure at the other end of the considered medium),
the equations of:

(i) conservation of mass of the fluid,

(ii) motion of the fluid and,

(iii) saturation curve determine the spatial distri-
bution of fluid pressures and its evolution
with time.

Given an initial distribution of fluid pressures, an
analytical solution for the proposed problem can

be found. Here a constant initial fluid pressure dis-
tribution will be considered.

The governing equations mentioned on the previ-
ous point are summarised below:

(i) conservation of the mass of the fluid

-(p,nSr)+div(Pfq) =
dt

(3-1)

(ii) motion of the fluid

q = — {grad[p) + p, g grad{z)) (3-2)

(3-3)

(iii) saturation curve

S r = S r 0 - a s ( P o - p )

where
pa air pressure (assumed constant and equal to 0)
p fluid pressure
q macroscopic velocity of the fluid
pf density of fluid
jj dynamic viscosity of fluid
n porosity of medium
k intrinsic permeability of the medium
Sr degree of saturation
Sro model constant
as model constant
g acceleration of gravity
z vertical, upwards directed coordinate

z=10 m

i q

z=0 m

D=10 m

(a)

v D^IO m

x=0 m x = 10 m

(b)

Figure 3-1. (a) ID vertical flow and (b) ID horizontal flow.
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CATSIUS CLAY Project. Stage 1: Verification Exercises

Considering the flow 1 D, the governing equation is
i I ~v 2

f) (vertical flow)
of dz1

d2
P

(3-4)

x,f) (horizonfa/flow)
ox

It can be seen that the governing equation is the
same for both considered cases, changing only the
coordinate (z for vertical, x for horizontal).

The initial condition is

p(z,0) = Pi 0 < z < D (vertical flow)

p(x,0) = P, 0 < z < D (horizontal flow)

and the boundary conditions are

p(0,t) = Pb 0 < f (vertical flow)

qz(D,f) = Qfa

p(O,t) = Pb 0 < t (horizontal flow)

where
D height (vertical flow) of the medium

length (horizontal flow) of the medium

(3-6)

Pj initial fluid pressure

Pb fluid pressure at the boundary (z = 0 orx = 0)

Qb macroscopic flow at the boundary (z = D or x
= D), positive if directed along growing z or x.

Figure 3-2 shows the initial and boundary condi-
tions.

nput parameters
See table A.

(3-5) 3.1.2 Solved cases
Depending on the flow direction and the type of

mesh used, the following eight cases will be con-
sidered:

A vertical flow and 1 D coarse mesh

B horizontal flow and 1 D coarse mesh

C vertical flow and 1 D refined mesh

D horizontal flow and 1 D refined mesh

E vertical flow and 1 D free mesh

F horizontal flow and 1 D free mesh

G horizontal flow and 2D coarse mesh

H horizontal flow and 3D coarse mesh

Table A

Parameter

Height or length of medium

Intrinsic permeability of medium

Porosity of medium

Density of fluid

Dynamic viscosity of fluid

Model constant

Model constant

Initial fluid pressure

Boundary fluid pressure

Boundary macroscopic flow

Acceleration of gravity

?0

Symbol

D

k

n

Pf

S,o

as

P,

Pb

Qb

g

Value

10,00

6 ,53 -10 " 1 6

3 , 2 3 - 1 0 '

9 , 9 2 - 1 0 2

6 , 5 3 - 1 0 4

1,00

4,00 - 1 0 7

- 5 , 0 0 - 1 0 5

- 5 , 0 0 - 1 0 5

-2,00 - 1 0 8

9,81

Unit

m

m2

—

kg • m"3

P a - s

Pa"1

Pa

Pa

m-s" 1

m -s ' 2



3. "Infiltration in a finite column of unsaturated rigid porous medium"

z=1O m

z=O m

2.00-10 8m/s
Pb=-5.0CM0 Pa

h = -2.00-10 m/s

x=O m x=1O m

Pb=-5.00-10 Pa

(b)

Figure 3-2. Boundary conditions (a) vertical flow and (b) horizontal flow.

For each case the following output was required:
pressure isochrones for t = 1 05, 1 06, TO7 and 1 08

seconds and pressure evolution at s = 2.50, 5.00,
7.50 and 10.00 m. The coarse and refined meshes
mentioned above are defined in Figure 3-3. For the
1 D free mesh the partner's best choice to get a high
accuracy was required as well as the mesh used.
For the 2D and 3D meshes the output was re-
quired at points on the x axis. Time step was left
free but the values used were required. For part-
ners using fully coupled thermohydromechanical
codes it was suggested to make the soil very stiff.
Air should also be disregarded.

The problem to be solved to find the pressure
field is defined by:

differential equation:

^ ^ ^ t ) (s,t)e(0,D)x(0,+co)(3-7)

initial condition:

p(s,0) = Pf S G [ 0 , D ]

boundary conditions:

p(0,t) = Pb fe[0,4oo)

— (D,t) = Gb f e [0,4oo)

(3-8)

(3-9)

where

horizontal flow vertical flow

s -—

It can be shown that the solution may be written
in the following form:

O, (3-10)

wiith

O, = Isinf^ts
n 2 D

42/-1)

A summary description of the modelling reports
provided by the partners follows. It is aimed at get-
ting an insight of how the solutions were obtained.

21



CATSIUS CLAY Project. Stage 1: Verification Exercises

1.0 m 0.1

ttt
0 o-o-o-

10.0 m
- / •

10.0 m

(a) (b)

2.0 m

(c)

1.0 m =
2.0 m

(d)

Figure 3-3. The fixed meshes: (a) ID coarse, (b) ID refined, (c) 2D coarse and (d) 3D coarse.

3.3.1 AND(CLEO)

The problem was solved for the 1D and 2D
cases using linear finite elements and the time inte-
gration followed the Euler semi-implicit method.
The program transforms automatically the velocity
into a pressure, according to Darcy's law.

Several sensitivity analysis were performed:

a) Study of the precision of the solution varying
the a parameter of the Euler method (0.0,
0.2, 0.5 and 0.8) and,

b) study of the time step varying the number of
elements (10, 100 and 200) and the a pa-

22

rameter of the Euler method (0.0, 0.2 and
0.5).

It was chosen the value of 0.2 for a, since it al-
lowed for both a good precision and a relatively
small calculation time.

3.3.2 CLA (ASAQUS)
The problem was solved for the 2D and 3D

cases. The results provided for the 1 D case were
obtained using 2D elements. To get a rigid me-
dium, all displacements were constrained.

The meshes used conformed to the case specifi-
cations. Since no differences were observed for the



1.1 "Infiltration in a finite column of unsaturated rigid porous medium"

cases of coarse and refined meshes, the free mesh
cases were skipped.

3.3.3 ISM (ABAQUS)
The problem was solved for the 2D and 3D

cases. To avoid the soil deformability effect, all the
displacement degrees of freedom were con-
strained. For the vertical flow case, the gravity load
was considered.

The meshes used 2D or 3D isoparametric ele-
ments with reduced integration. The coarse and re-
fined meshes conformed to the case specifications.
The free mesh was similar to the coarse mesh but
with a gradual refinement in the flow direction dur-
ing the 3 first meters, with 34 elements and 190
nodes.

The convergence criteria used were 5-1 0 3 of av-
erage force and 0.01 of average displacements
and fluid pressures.

An automatic time stepping was used. The initial
time step varied depending on the case (A: 25000
s, C and D: 220 s, E and F: 900 s, G and H:
25000 s). The maximum time step is ruled by the
allowed increment of fluid pressure within the in-
crement, which was set to 5000 Pa (1% of initial
fluid pressure). In cases A, G and H the real time
step used decreased to 1 600 s.

3.3.4 SCK(PORFLOW)
The problem was solved for the 1 D, 2D and 3D

cases. The field of interest is divided into contigu-
ous elements, each of which individually is a control
volume. Therefore to work in 1 D or 2D is equivalent
to work in 3D with one element depth. This explains
that the results in the three cases are close. As in
PORFLOW the value of the variables can be ob-
tained only on nodal points, small changes on the
fixed meshes were performed: for example, to ob-
tain the pressure at x = 7.5 m, a grid point was
added at 7.5 m. Since no significant differences
were observed for the cases of coarse and refined
meshes, the free mesh cases were skipped.

An automatic time stepping and an automatic
convergence criteria was used.

3.3.5 UPC (CODE BRIGHT)
The problem was solved for the 1 D, 2D and 3D

cases. Since the model used considers density vari-

ations with pressure variations, given by the rela-
tion p, = p,0-exp(P(p, - p,0)), the values of P =
]Q-n pa-i a n c | piQ = ] o5 Pa were used to simulate
fluid incompressibility.

The coarse and refined meshes conform to the
case specifications. For the free mesh cases, 200
elements were used.

The tolerances used for both cases were fixed by
the values ey = 10'5, e, = 1 0"3 and eQ = 10"14,
defined by the relations

max(|U,i+1 -Ul\)<eu,

max( |U , i + 1 - U ' i / U j + X - U ° \ ) < e u ,

max < s .

where U\ and F/ are, respectively, the solution and
residual vectors.

Time integration used a generalised mid-point fi-
nite difference of the Crank-Nicholson type (9 =
0.5), the general time sequence used coincided
with the times at which the solutions were required.
The time step was not reduced by convergence
problems.

3.3.6 UOL(LAGAMINE)
The problem was solved for the ID, 2D and 3D

cases. Isoparametric linear elements with second or-
der Gauss numerical integration scheme were used:
1 D line elements (2 nodes, 2 int. points), 2D quad-
rilateral elements (4 nodes, 2 x 2 int. points) and
3D brick elements (8 nodes, 2 x 2 x 2 int. points).

The coarse and refined meshes conform to the
case specifications. The free mesh was made of the
following elements: 30 of 0.0333 m, 20 of 0.050
m, 10 of 0.10 m, 4 of 0.50 m and 4 of 1.25 m.

The time integration was based on the general-
ised mid point scheme with 0 = 2/3 (Galerkin
scheme). The time stepping varied with the number
of steps for each type of mesh. The minimum and
maximum values are 2.5'104 s and 2.5-106 s for
coarse mesh, 2.5-1 02 s and 2.5-1 06 s for refined
mesh and 2.5-101 s and 2.5-1 06 s for free mesh.

3.3.7 UWC (COMPASS)
UWC solved the problem using two-dimensional

eight node quadrilateral elements. A free mesh
was also created comprising of 200 elements and
1003 nodes. Each element had an equal height of
0.05 m. Results were presented for the vertical flow
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CATSIUS CLAY Project. Stage 1: Verification Exercises

problem which illustrated negligible difference
when compared to the solution obtained using the
refined (1 00 element) mesh. This was found also to
be the case for the horizontal flow problem, there-
fore no further results were presented for this case.
All results were achieved using a maximum
timestep size of 100 000 seconds and a minimum
timestep size of 1 0 000 seconds.

A review of the plots providing a comparison of
partner's calculations and the analytical solution
shows that the agreement between theoretical and
partner's results is excellent. Both vertical and hori-
zontal flow regimes were handled in a satisfactory
way. As an illustration, Figure 3-4 and Figure 3-5
show the pore pressure distribution in the vertical
and horizontal column respectively for a common
time t — 1 07 s and a coarse one dimensional finite
element mesh.

The small discrepancies observed in these graphs
are about the maximum ones that can be found in
the exercise. Similar results were computed in the

same case using a 1 D refined mesh (Figure 3-6)
which suggests that the small computed differences
cannot be attributed to the proposed mesh refine-
ment. Use of 2D elements (coarse mesh) (Figure
3-7) or 3D elements (coarse mesh) (Figure 3-8)
did not result in any significant change in accuracy
of results. On the other hand, pore pressure evolu-
tions at x = 2.5, 5.0, 7.5 and 1 0.0 m confirm that
only small differences between the solutions pro-
vided by partners and the analytical solution could
be found. This is shown, for instance, in Figure 3-9
which refers to the horizontal flow case using free
mesh. Time steps, time stepping and convergence
criteria varied among partners (see section 3.3) but
did not seem to affect the results in a noticeable
manner.

The only significant word of caution came from
the selection of the water retention relationship
which in some programs has a default option
which may not suit particular needs. In fact a linear
relationship relating degree of saturation and suc-
tion was selected in the definition of the case in or-
der to obtain a simple analytical solution. It was
found that a different water retention relationship
may change the results significantly.

Pressure Distribution at 1 = 10's
-5.50E+05

-5.00E + 05

•4.50E + 05

1 A00E + 05

-3.50E + 05

-3.00E + 05

-2.50E+05
0 1
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Figure 3-4. Infiltration in a Finite Column of Unsoturoted Rigid Porous Medium. Cose A: Vertical Flow using ID Coarse Mesh.



3. BENCHMARK 1.1 "Infiltration in a finite column of unsaturafed rigid porous medium"

-5.50E+05

-5.00E+05 6=

-4.50E+05

-4.00E+05

-3.50E+05

-3.00E+05

-2.50E+05

Pressure Distribution at t = 10's
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Figure 3-5. Infiltration in a Finite Column of Unsaturoted Rigid Porous Medium. Case B: Horizontal Flow using ID Coarse Mesh.
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Figure 3-6. Infiltration in a Finite Column of Unsaturated Rigid Porous Medium. Case D: Horizontal Flow using ID Refined Mesh.
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Figure 3-7. Infiltration in a Finite Column of Unsaturated Rigid Porous Medium. Case G: Horizontal Flow using 2D Coarse Mesh.
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Figure 3-8. Infiltration in a Finite Column of Unsaturated Rigid Porous Medium. Case H: Horizontal Flow using 3D Coarse Mesh.
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Figure 3-9. Infiltration in a Finite Column of Unsaturated Rigid Porous Medium. Case F: Horizontal Flow using W Free Mesh.
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4.1 Case definition
The fluid flow inside a rigid homogeneous isotro-

pic saturated medium of infinite extent due to a
uniform spherical heat source will be considered
here. The situation is depicted on Figure 4 -1 .

The motion of the fluid will be assumed to be
governed by Darcy's law. The heat transport will
have two terms:

(i) heat conduction, which will be assumed to be
governed by Fourier's law, and

(ii) heat carried by convection.

The following physical parameters of the medium
will be assumed to be constant: thermal conductiv-
ity, specific heat, intrinsic permeability and density.
The following physical parameters of the fluid will
be assumed to be constant: thermal conductivity,
specific heat and dynamic viscosity. The density of
the fluid will be allowed to linearly vary with the
temperature (hence, a constant expansion coeffi-
cient will be assumed). The heat input per unit of
volume will be assumed to be uniform and expo-
nentially decaying with time inside the spherical
heat source and zero out of it. If we assume that
initially (i.e. prior to the onset of the heat genera-
tion) the temperature is constant everywhere and
the fluid is at rest, and we consider the usual
boundary conditions at the infinity (no perturbation
of the initial fluid pressure and temperature) and at

the centre of the spherical heat source (fluid pres-
sure and temperature are finite), the equations of:sure

(i)

(ii)

(iii)

conservation of mass of the fluid,

motion of the fluid,

heat transport and (iv) state equation of the
fluid determine the spatial distribution of tem-
perature and fluid pressure and their evolu-
tion with time.

Hodgkinson (1980) found an analytical solution
to the proposed problem by assuming:

(i) the validity of the Boussinesq approximation
(i.e. to consider variations of the density of the
fluid only in the equation of motion of the
fluid) and,

(ii) the permeability of the medium is so low that
the heat transfer by convection is negligible
compared to the heat transfer by conduction.

Assuming these hypotheses, the equations de-
scribing the heat and mass transfer become un-
coupled and linear. In fact, first the transient heat
transfer equation is solved (it does not depend now
on the fluid motion), and second, this temperature
variation replaced in the equation of motion of the
fluid determines (with the help of the equation of
conservation of mass of the fluid) the fluid pressure
distribution.

The governing equations mentioned above are
summarised below:

H=0

Figure 4-1. Spherical heat source with coordinate systems.
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(i) conservation of the mass of the fluid

of
(4-1

(ii) motion of the fluid

q = — (grad(p)-

(iii) heat transport

, g grad(z)) (4_2)

3t
-d/V(p.C,qT) (4-3)

(iv) state equation of the fluid

P, =P,o-PPron"-T0 ) (4-4)

with

(pC)Qv =np,C, + ( l -n ) P s C s (4-5)

r (4-6)= nr, +(i-n)rs

where
p fluid pressure

T temperature

p density

C specific heat

F thermal conductivity

f subscript fof fluid

s subscript for medium (solid)

av subscript for average

0 subscript for initia

n porosity of the medium

k intrinsic permeability of the medium

jj dynamic viscosity of fluid

P fluid expansion coefficient

H heat production rate per unit of volume

q macroscopic velocity of the fluid

g acceleration of gravity

z vertical, upwards directed coordinate

In order to derive the governing equations used
by Hodgkinson in his approximation, the following
assumptions have to be made:

Regarding the conservation of mass of fluid, if n
is constant, it may be written as

, div(q)+q •grad[pl) = 0 (4-7)

dp
If both n-—- (storage term) and q-grad(p f)

(convective term) are small compared to pf div(q)
(so they can be neglected), the continuity equation
will read:

div(q)=0 (4-8)

We see that in this (simplified) continuity equa-
tion, the fluid density pf plays no role. Notice that
we get the same result if we consider the fluid den-
sity pi constant (Boussinesq approximation).

On the other hand, the equation of motion of the
fluid (Darcy equation) reads:

q =-- (grad(p) + p f g grad{z)} f4"9'

If we take into account the state equation of the
fluid

P = P / o - (4-10)

and the expressions for the pressure variation (u)
and the temperature variation (0)

= P " ( P o " P r o 9 Z )

e = 7 - T n

(4-11)

(4-12)

we get
k

q=-- (grad(U ) -pp r . og0groc l (z) ) (4-13)

With the specified heat source, the problem obvi-
ously has an axial symmetry about the vertical line
passing by the centre of the spherical heat source.
It becomes then natural to select a cylindrical sys-
tem of coordinates (r, <J), z) with its origin located
at the centre of the spherical heat source, and the
z axis vertical and directed upwards. The solution is
then independent of the polar angle (j) . Figure 4-2
shows a plane cut through the z axis.

If (4-13) is introduced in (4-8) and the result ex-
pressed in cylindrical coordinates one obtains the
following form for the fluid mass conservation
equation:

1

or

o2u

az~
(4-14)

dt

Now we consider the equation of heat transport
(4-3). If we use the definitions of average values
(4-5) and (4-6) and take into account the continu-
ity equation (4-1) we get:
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A=250 m

Figure 4-2. Spherical heat source cut by a plane through the z-axis.

+(l-n)rs)grod(T)] +

+H-plq-grad(ClT) (4-15)

If n, Cf, Ff, Cs/ Fs and ps are constant, we get:

[p, n C f + ( l - n ) p ^
dt

+ (l-n)rjdiV(grad(T))~

+H-p!Clq-grad(T) (4-16)

and, if we neglect the fluid density variation
(Boussinesq approximation), we have:

(4-17)+H-p f 0 C,q-grad(T)

where (pC)avo and rav0 are constant. Finally, if the
convective term p,0C fq -grad(r) is small compared
to the conduction term , we get;

(PCto ? = ra,0 div{grad(Q}) +H (4"] 8)
8t

where the definition of the temperature variation 0
has been used.

Note that the distribution of temperature is inde-
pendent of the fluid flow. If the heat, source (heat
production rate per unit volume) has a spherical

symmetry the temperature distribution will depend
solely on the radial distance to the origin, R= (r2 +
z2)1/2 and the time. Writing equation (4-18) in
spherical coordinates leads to

(4-19)

In the proposed problem the following spherical
heat source is defined

H(R,0) = (initially)

_ 3Q0 _u (inside the spherica
4JIA3 heat source

(R<A,t> 0))

H(R,0) = (outside the spherical
heat source
[R>A, f>0))

where

A radius of the spherical heat source

Qo initial rate of heat production

X heat decaying constant

The initial conditions considered are:

(4.20)

(R,0) = 0 u(r,z,0)=0 (4-21;
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The boundary conditions considered are:

9 K f j = 0 u (°°,°°,t) = 0 (4-22)

9 (0,t) = finite u (0,0,t) = finite (4-23)

4.1.1 input parameters
Depending on the porosity of the medium, two

cases will be considered:

j A: low porosity

j B: high porosity
The following numerical values were specified in

table B.

4.1.2 Solved cases

lar points z = 0 (centre of the sphere) z = 1 25m
(half radius, inside the sphere); z = 250m (on the
sphere surface) and z = 375m. Figure 4-3 shows
the location of these points. For partners using cou-
pled mechanical-transport codes a recommenda-
tion to make the soil very stiff was made.

4 1 Analytical solution
As discussed previously, if Hodgkinson's ap-

proach holds, the temperature field may be deter-
mined independently from the motion of the fluid.
The knowledge of the temperature field allows then
to determine the pressure field.

The problem to be solved to find the temperature
field is defined by next differential equation:

an
The following information was requested: pressure

und temperature isochrones for f =50, 1 00, 500
and 1000 years and pressure and temperature evo-
lutions in the range 0-10000 years at some particu-

avR2dR\ dR Of

(R,f) € [0, + oo)x (0,+ 00) (4-24)

Table B

34

Parameter

Radius of sphere

Initial heat production rate

Decay constant

Thermal conductivity of medium

Density of medium

Specific heat of medium

Intrinsic permeability of medium

Porisity of medium (case A)
(case B)

Thermal conductivity of fluid

Initial density of fluid

Expansion coefficient of fluid

Specific heat of fluid

Dynamic viscosity of fluid

Acceleration of gravity

Symbol

A

Qo

X

rm

Pm

cm

k

n
n

r,

Pfo

p

Q

g

Value

250

1 , 0 0 - 1 0 7

7 , 3 2 1 5 - 1 0 ' °

2,51

2 , 6 0 - 1 0 3

8 , 7 9 - 1 0 2

1 ,00 - lO " 1 6

1,00 -10- "
1 0 0 - 1 0 1

6,23 1 0 '

9 , 9 2 - 1 0 2

3,85 - 10 - 4

4 , 1 8 - 1 0 3

6,53 - 1 0 ' 4

9,81

Unit

m

W

S"'

W-nr ' -°K- '

kg • m'3

J - k g - ' - ° K '

m2

—

W - m ' - ° K - '

kg • m 3

OI/-Il\

J - k g - ' ° K '

Pa-s

m • s"2
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z A = o m

z B = 7 5 0 m

z , = 0 m

z 2 = 1 2 5 m

z 3 = 2 5 0 m

m

Figure 4-3. The segment (AB) over which the isochrones are required, and the points (1,2,3,4) where the time histories ore required.

initial condition

9(J?,O) =

boundary condition

Re[0,+oo)

e(+oo,f) = 0 fe[0,+oo)

(4-25)

(4-26)

It should be noted that Fav on the left hand side
of the equation is indeed multiplied by the
laplacian of the temperature field, whose expres-
sion in spherical coordinates becomes not defined
at the origin. To solve the problem using these co-
ordinates, a function is sought such that satisfies
the previous equation everywhere except at the ori-
gin, where it is required to be finite.

It can be shown that the solution may be written
using a function V (defined later) in the following
form:

e(R,f) =

{ 4 . 2 7 )

Once the temperature is known, the problem to
be solved to find the pressure field is defined by
differential equation:

- ~ i r —(r,z,f) +
d[d Jrdr[dr

2u ae
dz

T(r,z,f)-gPPf0—(r,z,f)
dz

(r,z,t) e [0, co)x (-co,+co)x (0, oo)

initial condition
(4-28))

u(r,z,0) = 0 (r,z)e[(0,+oo)x(-oo,+oo) (4-29)

boundary condition

u(+oo,±oo,f) = fe[0,+oo) (4-30)

The left hand side of the equation is the
laplacian of the pressure field, whose expression in
cylindrical coordinates becomes not defined at the
origin. To solve the problem using these coordi-
nates, a function is sought such that satisfies the
previous equation everywhere except at the origin,
where it is required to be finite.

It can be shown that the solution may be written
using a function U (defined later) in the following
form:

3Q0

4nTA
U

A " + Z '(pC)0VA2

ro

(4-3i;

The definition of the functions V and U depends
on whether the point under consideration is inside
(a < 1) or outside (a > 1) the sphere, and is written
using the functions g0, g i , g2 and g3 (defined later)
in the following form:
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if a < 1 then V(o,x,X) =

= - I - ( l - e " ) -
o\X e 9

r'dt

/"erfc(z) = j i n ]erfc{t)dt

(4-40)

(4.32)
with ;°erfc(z) = erfc(z)

if a > 1 then V(a,x,A.)

= - { ( a - l )+ (a+V
a

if a < 1 then U(a,x,X)

1 f a 3

W(z) = e '?

(4-41)

(4-42)

A

3X
( l - e ' - ' J -

A summary description of the modelling reports
provided by the partners follows. It provides some
additional information on the calculation proce-
dure followed in each case.

- ( l + a ) g 2 ( l + a ) + ( l - a ) g 2 ( l - a ) l (4-34) 4 . 3 . 1 AND (CLEO)

if a > 1 then U(a,x,X) =

" ^ l ^ X

-(CT +1) g2 (a +1) + (a -1) g2 (CT - "I)-

- 9 3 ( o +l) + g3(cy -1)1 (4-35)

Finally, the definition of the functions go, g i ,
and g3 is:

(x) = — { / '
0 2X

-exp( -x 2 /4x)ReW[( lx ) l / 2 + / x / 2 x ' / 2 ] } (4-36)

1 -{2(Xx) 1 / 2 / ' e r fc(x/2x I / 2 ) -

-exp(-x 2 /4x)lmW[(^x) 1 / 2 + / x / 2 x l / 2 ] } (4-37)

g2(x) = ^ - / 2 e r f c ( x / 2 x I / 2 ) - l 9 o ( x ) (4-38)
X

A, A.
(4-39)

where the complex error functions used are defined
by:

The problem has been solved using the simpli-
fied equations following Hodgkinson's approach.
The temperature field was first found as an inde-
pendent problem. The pressure field was then
found using the temperature field. To solve both
problems, use was made of the symmetry proper-
ties of the solutions (derived from the approach
used) to reduce the domain where the solutions
where sought.

According to the approach used, the temperature
field has a spherical symmetry, hence, the spatial
domain is half the real axis. A 1 D linear mesh was
used. To ensure that the mesh was big enough so
the finite proximity of the (outer) boundary did not
influence the solution, the mesh size was varied
from 700 m up to 3000 m. It was found that the
mesh size did not have influence on the tempera-
ture field.

According to the approach used, the pressure
field is symmetric with respect to the vertical axis
and antisymmetric with respect to the horizontal
axis, hence, the spatial domain is a quarter of the
plane. A 2D mesh of linear elements covering a
square of 1500 m x 1500 m (50 elements along
the r axis and 240 elements along the z axis) was
used. The size of the mesh was varied from 700 m
up to 3000 m and it was found that for meshes
larger than 1 500 m, the influence of the size of the
mesh on the pressure field was negligible.

For both cases, the time step used was 0.5 in the
time interval from 0 year to 200 years and 1.0 in
the time interval from 200 years to 1 0000 years.
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4.3.2 CLA(ABAQUS)
The approach followed was to solve the general

equations in both cases. To deal with the coupling
between the temperature field and the pressure
field, a small code was prepared to read the out-
put from the stress analysis and generate input for
a new staggered temperature analysis. The spatial
domain where the solutions were sought was half
the plane.

The bulk modulus used for the rock was 1 -TO11

Pa and the bulk modulus used for the fluid was
1-109 Pa, which is actually the real bulk modulus
of water.

4.3.31SAA (ABAQUS)
The approach followed here is first to find the

temperature field (using a heat diffusion analysis)
and to assign the temperatures at the integration
points prior to find the pressure field (using a con-
solidation analysis). The equations used were the
general ones, but their solution did not consider
the influence of the flow on the temperature field.
The spatial domain where the solutions were
sought was half the plane.

The mesh used covered a rectangle with one
side over the symmetry axis and reached 5000 m
below and above the centre of the sphere and
5000 m in a radial horizontal direction. For both
heat diffusion and consolidation analysis 8-noded
isoparametric elements have been used. In total,
328 axisymmetric elements with 1084 nodes were
used.

When performing the consolidation analysis, the
displacements of the rock have been inhibited by
constraining all the degrees of freedom at the
nodes, whereas water has been considered incom-
pressible.

For the heat diffusion analysis, the tolerance ap-
plied was that the residual of the heat flux bal-
ance should be less than 0.005 of the overall
time averaged value of the typical flux so far dur-
ing the current step. Besides, an automatic time
stepping (with a maximum increment of tempera-
ture of 0.8 °K per increment) was used with initial
values of 9.46-1 06 s for case A and 11.04-1 05 s
for case B.

For the consolidation analysis, the tolerance ap-
plied was that the residuals should be less than
0.005 of the averaged force and volumetric flux
and 0.01 of average displacements and fluid pres-

sures. Besides, an automatic time stepping (which
gives a maximum increment of fluid pressure of
1.0' 1 05 Pa for case A and 1.0-1 06 Pa for case B)
was used with the same initial values as in the heat
diffusion analysis.

The partner gives the following reason for the
discrepancies between the analytical solution and
the program solution: at very low porosities (ac-
cording to Hodgkinson), the problem is mainly
driven by buoyancy forces whereas the Darcy law
used by the program does not depend on temper-
ature.

1.3.4 SCK (PORFLOW)
The partner reports that, although the PORFLOW

code is able of handling thermoconvection, they
have not been able to solve the test case because:

_) PORFLOW is in fact an aquifer code which
has 3D cartesian and cylindrical coordinates
but axisymmetry is not foreseen as option;
thus they cannot create a spherical symmetry
and this causes severe problems in this par-
ticular test case.

U Additionally, they have tried to approximate
the spherical symmetry by using series of
cubes or cylinders but as the symmetry was
not perfect, the results in the source or close
to it were rather far from what they expected
to have obtained, especially for the pore
pressures (they report that further away from
the source the approximation was accept-
able).

4.3.5 UPC (CODE BRIGHT)
The approach followed was to solve the general

equations in a fully coupled way for both cases.
The spatial domain where the solutions were
sought was a half plane.

The mesh used covered a rectangle with one side
over the symmetry axis and reached 1500 m below
and above the centre of the sphere and 1 500 m in
a radial horizontal direction. In total, 512 quadri-
lateral elements with linear shape functions for
both liquid pressure and temperature were used. In
total, 555 nodes were used.

The tolerances used for both cases were fixed by
the values Eu = 1 0"5, £„ = 1 0'3 and sQ = 1 0"7, de-
fined by the relations
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-\J I / ' " - U ° ) < s

m a x ( | F / ' ' | ) < 8 c

where W and F1 are, respectively, the solution and
residual vectors. The general time sequence used
coincided with the times at which the solutions
were required.

Time integration used a generalised mid-point fi-
nite difference scheme with a value of coefficient 0
equal to 0.8 for case A and tol .0 for case B. For
this latter case, no differences were found when it
changes from 0.8 to 1.0.

4.3.6 UOL(LAGAMINE)
To solve the problem, the temperature field was

first found as an independent problem. The pressure
field was then found using the temperature field.

According to the approach used, the temperature
field has a spherical symmetry. The finite element
mesh used covers a circular sector with a radius of
3000 m and an angle of 10°. It uses 1200
axisymmetric finite elements (triangle at the centre
and 8-noded quadrilaterals with 4 Gauss integra-
tion points elsewhere) each with a length of 2.5 m
(constant) in the radial direction. In total, 6001
nodes were used. The time integration was based
on the generalised midpoint scheme with 0 = 2/3
(Galerkin scheme), and the time stepping used co-
incided with the times at which the solution's were
required.

The fluid motion is assumed to be governed by
the variations of density due to the temperature
field (no transient term is taken into account apart
from the thermal induced specific volume variation)
which are taken into account in the Darcy law. The
finite element mesh used covers half a circle of
3000 m of radius. It uses 18 x 60 second order
axisymmetric finite elements (triangle at the centre
and 8-noded quadrilateral elsewhere) each with a
length of 50 m (constant) in the radial direction
and 10° in the circumferencial direction. In total,
3361 nodes were used. The time stepping used
coincided with the times at which the solutions
were required.

4.3.7 UV
To solve the problem, Hodgkinson's simplified

approach (without convection) was used. There-

fore, the temperature field was first found as an in-
dependent problem, and the pressure field was
then found using the temperature field.

The mesh used covered a rectangle with one side
over the symmetry axis and reached 1500 m below
and above the centre of the sphere and 1 500 m in
a radial horizontal direction. In total, 500 elements
with 555 nodes were used. The maximum timestep
size used was 31536000 s and the minimum
timestep size was 7884000 s.

AS. ,

Different approaches were followed by partners
to solve the problem proposed in this BM. Some
(AND, UWC) simplified the problem adopting
Hodgkinson's approach, others (ISM, UOL) simpli-
fied the problem only uncoupling the heat trans-
port from the fluid flow and others (CLA, UPC)
used no simplifications at all. Some partners per-
formed additional computations aimed at gaining
further insight into the problem. This additional in-
formation will be discussed in the next section.

In the following discussion, the term "true solu-
tion" refers to the solution of the fully coupled
problem when no simplifying assumptions are
adopted. As a result, Hodgkinson's analytical solu-
tion for case A is only an approximation which is
hopefully close to the true solution inasmuch as the
physical parameters selected imply the fulfilment of
Hodgkinson's assumptions. In this sense, Hodg-
kinson's analytical solution provides a reference
benchmark (albeit approximate) for case A. For
case B, Hodgkinson's solution is not expected to
approximate the true solution since the high poros-
ity selected makes unrealistic the fundamental hy-
potheses made in the analytical derivation.

4.4.1 Case A: low porosity (n = 10" )
Partners adopting Hodgkinson's approach (AND,

UWC) should find the analytical solution provided
by Hodgkinson, as has indeed been the case of
AND and UWC for both the temperature and pres-
sure fields (Figure 4-4 to Figure 4-7).

Partners which solve the problem by uncoupling
the heat transport from the fluid flow (ISM, UOL)
should find a solution theoretically closer to the
true solution. However, on account of the parame-
ters chosen for case A, it should as well be close to
the analytical solution provided by Hodgkinson, as
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has indeed been the case of ISM and UOL for the
temperature field (Figure 4-4 and Figure 4-6) and
of UOL for the pressure f ield. ISM, however, found
a different solution for the pressure field (Figure
4-5 and Figure 4-7). This discrepancy of the results
provided by ISM suggests that some important as-
pect of the problem was not taken into account.
Partners adopting the general approach (CLA,
UPC) should find the true solution, but, on account
of the parameters chosen for case A, it should as

•well be close to the analytical solution provided by
Hodgkinson, as has indeed been the case of CLA
and UPC for both the temperature and pressure
fields (Figure 4-4 to Figure 4-7). However, CLA
predicts slightly lower temperatures and slightly
higher pressures as compared with results of the
other partners.

4.4.2 Case B: high porosity (n = 10'1)
Partners adopting Hodgkinson's approach

(AND, UWC) should find the analytical solution
provided by Hodgkinson, but, in this case, the so-
lution need not be close to the true solution, since
the hypothesis underlying Hodgkinson's approach
are not fulfilled. AND and UWC predict a temper-
ature field close to predictions of other partners
(Figure 4-8 and Figure 4-10), whereas the pres-
sure field is clearly different (Figure 4-9 and Fig-
ure 4-11).

This discrepancy of the results provided by AND
and UWC indicates that some important aspect of
the problem was not taken into account. Partners
which uncouple the heat transport from the fluid
flow (ISM, UOL) should find a solution theoretically
closer to the true solution, whereas partners adopt-
ing the general approach (CLA, UPC) should find
the true solution.

Both the temperature fields and the pressure
fields provided by CLA, ISM, UOL and UPC are in
close agreement (Figure 4-8 to Figure 4-1 1). How-
ever, both temperature fields and pressure fields
obtained by partners, (particularly at earlier times)

may be consistently ranked in increasing values,
namely: UPC, UOL, ISM and CLA. It may be no-
ticed that partners following the uncoupled ap-
proach (ISM, UOL) predict temperature fields and
pressure fields which are between those obtained
by partners following the general approach (CLA,
UPC) (Figure 4-8 and Figure 4-10).

Concerning the pressure fields, those of case A
are different from those of case B (compare Figure
4-5 and Figure 4-9 for the pressure distribution at t
= 50 years and Figure 4-7 and Figure 4-1 1 for
the pressure evolution at z — 125 m). Although
ISM and UOL followed the same approach and
obtained similar results hopefully correct for case B
(Figure 4-9 and Figure 4-1 1), only UOL obtained
correct results for case A (Figure 4-5 and Figure
4-7).

Therefore, one may think that a physical phe-
nomenon which is important for case A but not for
case B was not included into the analysis per-
formed by ISM. As discussed in the next section,
this phenomenon turns out to be the buoyancy,
i.e. gradients of the unit weight of the fluid, due to
the temperature field, which are able to produce
fluid motion. Conversely, since in case B
Hodgkinson's approach does not furnish a solu-
tion close to the true solution, there must be a phe-
nomenon that is important for case B but not for
case A that has not been taken into account by
AND and UWC. As discussed in the next section,
this phenomenon turns out to be the thermal ex-
pansion of the fluid.

Concerning the temperature fields, they are simi-
lar for both case A and case B (Figure 4-4, Figure
4-6, Figure 4-8 and Figure 4-10). Since, on the
other hand, the motion of the fluid in case A is
clearly different from that in case B, it is then con-
cluded that uncoupling of the heat transport from
the fluid motion does not affect very much the re-
sults. This is confirmed by the results reported by
partners that include this uncoupling in their ap-
proach (AND, ISM, UOL, UWC) which may be
compared with those following the general ap-
proach (CLA, UPC).
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Temperature Distribution at t = 50 years
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figure 4-4. Jhermal Convection in a Saturated Rigid Porous Medium. Case A: low Porosity.
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Figure 4-5. Jhermal Convection in a Saturated Rigid Porous Medium. Case A: Low Porosity.



4. 1.2: "Thermal convection in a saturated rigid porous medium"

Temperature Evolution at z = 125 m
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Figure 4-6. Thermal Convection in a Saturated Rigid Porous Medium. Case A: Low Porosity.
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Temperature Distribution at t = 50 /ears
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Figure 4-8. Jhermal Convection in a Saturated Rigid Porous Medium. Cose 8: High Porosity.
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Figure 4-9. Jhermal Convection in a Saturated Rigid Porous Medium. Case B: High Porosity.



4. BENCHMARK 1.2: "Thermal convection in a saturated rigid porous medium"
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5. Further insight into BM 1.2

The solution for the benchmark problem in its
general (unsimplified) form takes into account the
flows of both fluid and heat, which affects the re-
sulting temperature field and the resulting pressure
field. These flows may be understood as the joint
action of several mechanisms, namely:

• Fluid motion due to buoyancy (fluid density
gradients and gravity originate fluid flow).

:_] Fluid motion due to dilation (fluid dilation is,
in fact, a fluid flow).

3 Heat flow due to conduction.

:_j Heat flow due to convection (as the fluid
moves, it transports heat).

In a specific case, the action of some of these
mechanisms may dominate the action of the rest,
allowing therefore the simplification of the problem
in such a way as to take into account only those
mechanisms whose action is dominant. Inasmuch
as the action of the neglected mechanisms is
small, the (simplified) solution thus obtained may
be close to the true solution.

Hodgkinson's approach (fluid motion is due only
to buoyancy and heat flow is due only to conduc-
tion), as discussed earlier, is suitable to deal with
case A (low porosity) and furnishes an analytical
solution which should be close to the true solution.
However, hypotheses underlying Hodgkinson's ap-
proach seem not to apply for case B. The question
is: What are the mechanisms whose action domi-
nate in case B?.

The answer to this question came as a result of
the discussions during the 1st and 2nd Project Meet-
ings, additional computations performed by some
partners and some developments performed by the
coordinator. It has turned out that case A is domi-
nated by the fluid motion due to buoyancy and the
heat flow due to conduction, whereas case B is
dominated by the fluid motion due to dilation and
the heat flow due to conduction. The result indi-
cates that buoyancy is replaced by fluid dilation as
the dominating mechanism as one goes from case
A to case B. Heat convection is not particularly rel-
evant in both cases.

In this section, developments intended to gain in-
sight in both cases are presented. For case A,
qualitative results concerning the solution are dis-
cussed. For case B, the pressure inside the heating
sphere is investigated. Finally, the results of addi-
tional computations performed by some partners
are considered, thereby confirming the above men-
tioned conclusions.

by the coordinator
In this section, a detailed analysis of two simpli-

fied cases, where some mechanisms are assumed
to be dominant, is presented. The first case consid-
ers the flow due only to buoyancy (fully solved by
Hodgkinson). Here the attention is given to the
symmetries of the solution and the intuitive mecha-
nism involved (Previously, AND had used the sym-
metries discussed here to restrict the domain where
the solutions were sought to one quarter of the
plane r - z). The second case considers the flow
due only to thermal expansion and the expression
for the pressure field at early times is derived.

5.1.1 Flow due only to buoyancy (Hodgkinson's
approach)

Let us consider the problem of benchmark 1.2:
Thermal Convection in a Saturated Rigid Porous
Medium with the following additional hypothesis:

l_] Boussinesq approximation: fluid density vari-
ations are only taken into account in the mo-
tion of the fluid equation.

• Heat convection negligible.

These hypothesis transform the benchmark
problem into the flow of an incompressible fluid
through a rigid medium due to buoyancy.
Boussinesq approximation used in the equation of
conservation of mass of fluid implies that tempera-
ture changes do not produce dilation of the fluid
(changes in fluid density occur without volume
change, i.e. some mass of the fluid is lost).
Boussinesq approximation used in the equation of
heat transport implies that the average volumetric
heat capacity (pC)av remains constant.

The equations describing the problem, as dis-
cussed previously, will read:

(i) conservation of the mass of the fluid

diV(q) = <

(ii) motion of the fluid

(5-1)

q = —(grad(u)-ppfoggrad(z)) (5-2)

(iii) heat transport

(pCLo^=r<w0cf/v(gr0d(e)) + H (5-3)
of
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(iv) state equation of the fluid

Pf = PfO ~PPf (5-4)

where the pressure variation (u) and the tempera-
ture variation (0), defined as

u =P-(PO -PfO9 z)

9 = 7 - T n

(5-5)

(5-6)

have been used.

Equation (5-3) is uncoupled from the others, so it
allows the temperature variation field (8) to be de-
termined. Due to the symmetry of the present prob-
lem, this field is seen to depend only on the time (t)
and the distance from the centre of the sphere (R).

Equation (5-2) shows that the flow has two com-
ponents:

qu = —grad{u (5-7)

The first (q j is the flow due to pressure varia-
tions, while the second (qe) is the flow due to tem-
perature variations (indeed, this term is associated
with unit weight variations, i.e. buoyancy, which,
via the state equation of the fluid, have been re-
lated to temperature variations).

Since the temperature variation field (9) has been
determined using equation (5-3), the term qe may
be interpreted as an externally imposed flow to the
system. On the other hand, the conservation of
mass of fluid requires that the term qu must be such
that the resultant flow q = qy + qo satisfies equa-
tion (5-1). We may then think that the system re-
acts to the imposed flow q0 creating a pressure
variation field u, which produces a flow qu such
that the resultant flow q = qu + qe satisfies the
conservation of the mass of the fluid as stated by
equation (5-2).

To gain further insight into the resultant pressure
variation field (u), we may exploit the symmetries of
the problem. Since the temperature variation field
(0) is symmetric with respect to the horizontal axis
(passing through the centre of the sphere), the flow
due to the temperature variation field (qo) is
antisymmetric with respect to that axis (i.e. we get
the lower halfspace vector field by mirroring the
upper halfspace vector field and changing its sign,
and viceversa).

It may be shown that the divergence of a sym-
metric (antisymmetric) vector field with respect to
an axis is a symmetric (antisymmetric) scalar field
with respect to that axis. Similarly, the gradient of a
symmetric (antisymmetric) scalar field with respect
to an axis is a symmetric (antisymmetric) vector
field with respect to that axis.

Therefore, since q@ is antisymmetric with respect
to the horizontal axis, div(q0) will also be
antisymmetric with respect to that axis, and, since
(5-1) may be written as div{qu +qo) = O, we con-
clude that div(k I (a grad{u)) = -div(qu) = c//v(q0) will
be antisymmetric with respect to the horizontal axis.
On the other hand, any scalar field u may be de-
composed in a unique way into its symmetric part
us and its antisymmetric part u°, i.e. u = us + ua.
Therefore, since div[k I \x grad{u)) is antisymmetric
with respect to the horizontal axis, it will be equal
to its antisymmetric part div{k I u. grad(u°)), so its
symmetric part div(k I |i grad[us)} will be 0. There-
fore, us is a harmonic function defined and
bounded over all the plane. But it is known that a
harmonic function defined and bounded over all
the plane is constant so, using the boundary condi-
tions, we get us = 0. Therefore u = u° i.e. u is
antisymmetric with respect to the horizontal axis
and, hence, must vanish over the whole
antisymmetry axis, i.e. over the horizontal axis.

Notice that in the case where there is no gravity
(g = 0), even if there is a temperature variation
field 0, the term q6 vanishes (i.e. there is no buoy-
ancy) so combining equations (5-1) and (5-2) u
must satisfy div(grad[u))-0, i.e. u is a harmonic
function. Therefore, as explained above, if we use
the boundary conditions at the infinity, we get u =
0 that implies q = 0, i.e., there is no flow. We see
that one of the keypoints in order to get this result
is that the fluid density pf does not appear in the
(simplified) equation of conservation of the mass of
the fluid (5-1).

If we consider the values of the pressure variation
field (u) over vertical lines, we see that there must
be at least an extremum value above and one
extremum value below the horizontal axis, since u
is 0 both over this axis and at the infinity and u has
continuous first derivatives. With the temperature
field of our problem, it turns out that over the verti-
cal axis through the sphere, there is a maximum of
u above the horizontal axis and there is a minimum
of u below the horizontal axis. Therefore, the pres-
sure variation field tries to make water flow down-
wards along this vertical axis, that is, it tries to
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oppose the buoyancy. However, it may be shown
that the buoyancy is so strong there that water
flows upwards. In fact, a "convection cel l" type of
pattern appears such that water flows upwards
near the centre of the sphere and downwards
away from it.

Intuitively: due to the buoyancy, water tries to
move upwards everywhere; since this is incompati-
ble with the conservation of mass of the f luid, a re-
sistance to this flow appears which generates a
pressure variation field in such a way as to con-
serve the mass of the f luid; since the buoyancy is
stronger at the centre of the sphere, there the water
flows upwards, flowing downwards where the
buoyancy is weaker and, hence, a convection cells
pattern is established.

5.1.2 Flow due only to thermal expansion
of the fluid

Let us consider the problem of benchmark 1.2:
Thermal Convection in a Saturated Rigid Porous
Medium with the following additional hypothesis:

[J absence of gravity (g = 0)

LJ heat conduction negligible

:_j heat convection negligible

• average volumetric heat capacity (p C)av re-

mains constant

J volumetric heat production rate H remains
constant

These hypotheses transform the benchmark prob-
lem into the flow of an incompressible fluid
through a rigid medium due to thermal expansion.
The first hypothesis makes the problem to have
spherical symmetry. Therefore the variables will
only depend on time (t) and distance to centre of
the sphere (R).

The equations describing the problem will read:

(i) conservation of the mass of the fluid:

n-^-+div(Plq) = O

(ii) motion of the fluid

q =—grad(u)

(iii) heat transport

(pQ.f-H

{5-9)

(5-10)

(5-1

(iv) state equation of the fluid

p f = P f 0 - p P f 0 9 (5-12)

where

pressure variation u = p-p0 (5-13)

temperature variation 0 = 7 - T o (5-14)

If spherical coordinates are used and the spheri-
cal symmetry is taken into account, the conserva-
tion of the mass of the fluid will read:

dp, , 5(pfg
R) t 2pfq

f

dt R
= 0 (5-15)

where q = qReR and eR is the (unit) vector associ-
ated with the coordinate R (distance to the centre
of the sphere).

Since the heat source H both inside the sphere
(H = Ho) and outside the sphere (H = 0) does not
depend on R, the initial condition 9 = 0 and the
heat transport equation imply that the same condi-
tion will hold at any time for the temperature varia-
tion 0 and, using the state equation of the fluid, for
the density of the fluid Pf. Taking into account this
remark, the state equation of the fluid and the heat
transport equation, we finally get the following ex-
pressions:

inside the sphere (R < A)

Pf
dqR 2 p f q '

3R R
^ = 0 (5-16)

outside the sphere (R > A)

Pf
dqR 2 P f q R

dR R
= 0 (5-17)

If we integrate these expressions, using the con-
dition qR = 0 at the centre of the sphere (R = 0)
and requiring continuity of flow at the boundary of
the sphere (R = A), we get the following expres-
sions for the flow:

inside the sphere (R < A)

qR =
3p,(pC)0,

outside the sphere (R > A)

(5-18)

3p f (pC)a v R-
(5-19)
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Using spherical coordinates and taking into ac-
count the spherical symmetry, the equat ion of mo-
tion of the f luid will read:

(5-20)
u. dR

If we integrate it using the expressions obtained
above for the flow, the condition u = 0 at the in-
finity (R = °°) and requiring continuity of fluid pres-
sure at the boundary of the sphere (R = A), we get
the following expressions for the fluid pressure:

inside the sphere (R < A)

.. nRn H
- ( 3 A 2 - R 2 ) (5-21)

outside the sphere (R > A)

(5-22)
k 3Pf(pC)ov R

The pressure at the centre of the sphere will be:

~ ' , c H 0 Q o
U n —

k2Pl(PC)o.
2 jx

A — —k2Pl(PC)ov 4/3izA*
A1 =

87i/cPf(pC)ov A
«• 9o. (5.23)

where the volumetric heat source rate HQ has been
written as a function of the total heat source rate
Qo applied to the sphere. If we neglect the fluid
density variations, we finally get:

Q c

8 T T M P Q O V A
(5-24)

5.1.3 Considerations concemina the solutions
of case A and case 8

It must be pointed out that the true solution for
both cases will not coincide exactly neither with the
predictions assuming flow due only to buoyancy
nor with the predictions assuming flow due only to
thermal expansion of the fluid. However (according
to Hodgkinson's solution, the developments per-
formed and the results provided by partners) it
seems that the solution for case A is close to the
solution assuming flow due only to buoyancy,
whereas the solution for case B is close to the solu-

tion assuming flow due only to thermal expansion.
This assert may be checked by adding the pressure
distributions predicted by the two considered ap-
proaches (as a first approximation to the genera
problem) and comparing the result with both initial
pressure distributions.

Just considering the absolute maximum pressures
predicted using each of the two considered ap-
proaches and where and when they occur, an indi-
cation is obtained concerning which mechanism is
dominant in each case.

For case A, the absolute maximum pressure pre-
dicted using Hodgkinson's approach is around
1 7.7-1 03 Pa (at r = 0 m, z = 250 m, t = 100
years) whereas the absolute maximum pressure
predicted using flow due only to thermal expansion
approach is around 0.53-1 03 Pa (at r = 0 m, z =
0 m and t = 0 years).

For case B, the absolute maximum pressure pre-
dicted using Hodgkinson's approach is around
1 7.0-1 03 Pa (at r = 0 m, z = 250 m, t = 100
years) whereas the absolute maximum pressure
predicted using flow due only to thermal expansion
approach is around 490-1 03 Pa (at r = 0 m, z = 0
m, t = 0 years).

For instance, if the solutions for case A and case
B are compared, it is readily seen that the corre-
sponding temperature fields are similar (Figure
5-1) whereas the corresponding pressure fields are
clearly different (Figure 5-2 and Figure 5-3).

If we take into account that using Hodgkinson's
approach the predicted temperature and pressure
distributions would be similar for both case A and
case B, we may view (as a first approximation) the
pressure distribution corresponding to case A (Fig-
ure 5-2 and Figure 5-3) as due to the buoyancy
whereas the pressure distribution corresponding to
case B should be associated with the fluid thermal
expansion. Therefore, it may be stated that in case
B the thermal expansion of the fluid dominates
over the buoyancy.

This impression has been confirmed by partners
results, since partners using Hodgkinsons's ap-
proach (AND, UWC) provided good solutions only
for case A and not for case B, whereas ISM who
used an uncoupled approach (but not including
the buoyancy) provided good solutions for case B
but not for case A. Finally, if results provided by
partners following the general approach (CLA,
UPC) are compared with those provided by part-
ners following the uncoupled approach (only UOL,
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Temperature Distribution at t = 50 years
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Figure 5-1. Thermal Convection in a Saturated Rigid Porous Medium. Comparison of case A (low porosity) and case B (high porosity).
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Figure 5-2. Ihermal Convection in a Saturated Rigid Porous Medium. Comparison of case A (low porosity) and case B (high porosity).
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Pressure Evolution at z = Om

100

Time (years)

1000 10000

Figure 5-3. Thermal Convection in a Saturated Rigid Porous Medium. Comparison of case h (low porosity) and cose B (high porosity).

since ISM did not include the buoyancy), they are
quite similar. This result shows that the coupling
between fluid flow and heat transport is weak.
Finally, predictions of the temperature field are
quite similar, and this confirms the previous state-
ment in the sense that even if the fluid flow field
changes (from case A to case B), its influence on
the temperature field is negligible. Conduction is
therefore the main heat transport mechanism.

As a further check, predictions for both case A
and case B for the pressure at the centre of the
sphere at early times using both the buoyancy ap-
proach and the thermal expansion approach (ac-
cording to the developments previously explained)
are shown in Table 5-1 together with partners pre-
dictions.

Using the first approach, a zero value for the
pressure is predicted for both cases, whereas, us-
ing the second approach, a (non zero) positive fi-
nite (proportional to the porosity) value is predicted
for both cases. Partners predictions show that CLA,
ISM, UPC, UOL have correctly taken into account
the thermal expansion of the fluid in both case A
and case B whereas AND and UWC have not
taken it into account in cases A and B.

In this section, additional computations per-
formed by some partners are presented. This com-
putations were performed at the initiative of the
partners in order to investigate the solution for
case B, since discrepancies among predictions by
partners were important.

5.2.1 CLA;ABA!

To investigate the effect of the bulk module of
both the porous medium (Km) and the fluid (Kf) and
of the thermal expansion of the fluid (P), CLA per-
formed the following computations:

„! Case A.
Km=l-1011 Pa, K f=l-109Pa, p=3.85-10"4 °K

•J Case 8.
Km=l-1011 Pa, K f=l-109Pa, p=3.85-10'4or

U Case A.
Km=infinite, K,= l-109 Pa, p=3.85-10"14 X 1

"K"1
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Table 5-1
Predictions for the pressure at the centre of the heating sphere (in Pa) assuming: flow due only to buoyancy,

flow due only to thermal expansion (at t = 0) and by partners (at t = 1 year).

Only buoyancy

Only expansion

AND

CU

ISM

UPC

UOL

UWC

Case A

0.00-103

0.53-103

0.00-103

0.50-103

0.54-103

0.77-103

0.49-103

0.00-103

CaseB

0.00-106

0.49-10'

0.00-10'

0.50-106

0.50-10'

0.42-10'

0.45-10'

0.00-10'

_l Case B.
Km=infinite, K f= 1 • 109 Pa, p = 3 .85 -10 1 4 "K"1

• Case A.
Km = infinite/ K,=infinite, (3 = 3.85-1 0"4 oK- ]

U Case B.
Km=infinite, Kf= infinite, P = 3.85-10'4 "K"1

From this set of computations, CLA draws the fol-
lowing conclusions:

J Influence of buoyancy.
If only buoyancy is taken into account (thus
neglecting thermal expansion of the fluid),
the results for case A and case B coincide.

3 Influence of bulk modulus.
For case A, bulk modulus has very little influ-
ence but for case B it is very important.
Changes in bulk moduli may lead to a wide
variation of pore water pressures.

5.2.2 ISM (ABAQUS)
ISM performed some sensitivity analyses to test

the limiting conditions implied by the low porosity
case. From this set of computations, ISM draws the
following conclusions:

J Influence of thermal expansion coefficient.
If thermal expansion coefficient is set to zero,
no excess pore pressure is predicted.

_1 Influence of gravity.
If gravity is set to zero, excess pore pressure
of the same value are obtained, the only dif-
ference being in the direction and value of
the fluid velocities (higher by two order of
magnitude in presence of gravity).

U Influence of permeability.
If permeability is decreased, excess pore
pressures predicted increase in the same ra-
tio. Rate of change of pore pressure is how-
ever not changed.

5.2.3 UPC (CODE BRIGHT)
UPC performed the following series of additional

computations:

J Case A.
Fully coupled analysis with n = 10"'° (rav and
(pC)av not changed).

_) Case B.
Fully coupled analysis with a refined time
stepping (ten times smaller).

: j Case B.
Fully coupled analysis with a refined time
stepping (a hundred times smaller).

U Case 8.
Uncoupled analysis (not taking into account
the water velocity field in the heat transport
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equat ion) and with a refined t ime stepping
(ten times smaller).

From this set of computat ions, UPC draws the
fo l lowing conclusions:

j Influence of porosity in case A.
Temperature distributions are very close to
Hodgkinson's solution both for n = 1 0"4 and
n = 10"10 (Fov and (pC)av are the same in
both cases), showing the small effect of po-
rosity on the heat transport equation in this
case. Pressure distributions for n = 10"'°
match better Hodgkinson's solution than for n
= 1 0"4, showing that the storage term
(n-dp/dt) in the water mass balance equation
is not totally negligible in this latter case.

j Influence of time step in fully implicit integra-
tion scheme in case B.
Temperature distributions are found to be
dependent on the time step, since, for in-
stance, the peak increment of temperature
at the centre of the sphere predicted using
the normal time step was 67.98 CK,
whereas a value of 78.04 °K is predicted
when the time step is reduced to 1/10.
However, when the time step is further re-
duced to 1 / I 00, similar values to those ob-
tained when time step is reduced to 1/10
are found, showing that the converged solu-
tion may have been reached.

J Influence of convection in case 8.
When convective terms are eliminated from
the heat transport equation, no differences
are found with respect to the corresponding
fully coupled case, showing that convection
is negligible in this case.

5.2.4 UOL (IAGAMINE)
UOL performed the following series of additional

computations:

j Case 6.
Fully implicit time integration ( 6 = 1 ) with re-
fined time stepping (310 time steps) and
monolithical analysis without convective term
in the heat transport equation.

j Case 8.
Fully implicit time integration ( 9 = 1 ) with 31
time steps and monolithical analysis with
convective term in the heat transport equa-
tion.

.J Case B.
Fully implicit time integration ( 9 = 1 ) with
31 time steps and monolithical analysis
without convective term in the heat transport
equation.

j Case B.
Galerkin time integration scheme (9 = 2/3)
with 31 time steps and monolithical analysis
without convective term in the heat transport
equation.

From this set of computations, UOL draws the
following conclusions:

, j Influence of convective term in heat transport
in case 8.
The effect of taking into account or not the
convective term in the heat transport equa-
tion amounts to maximum difference of tem-
perature comparing both cases of 0.1 °K.
This shows that convection is negligible in
this case.

_.! Influence of time step in fully implicit integra-
tion scheme in case 8.
If a time step size 1/10 lower is used, the
maximum temperature increases in 10.2 °K.

j Influence of integration scheme in case 8.
Using a Galerkin time integration scheme (6
= 2/3) the maximum temperature obtained
is 7.7 °K higher than the value computed
through a fully implicit time integration
scheme (6 = 1).

5.2.5 UWC (COMPASS

UWC performed the following additional compu-
tation:

j Case 8.
Hodgkinson's approach taking into account
the convective term in the heat transport
equation.

From this computation, UWC draws the following
conclusion:

j Influence of convective term in heat transport
in case B.
The effect of taking into account or not the
convective term in the heat transport equa-
tion in Hodgkinson's approach is negligible
in this case.
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5.2.6 Influence of time stepping and uncoupling

Using the data provided by UPC and UOL, an
analysis is performed regarding the influence of
time stepping and the degree of coupling on the
solution for case B.

Both UPC and UOL used a fully implicit ( 9 = 1 )
time integration scheme and varied the time step-
ping in a similar way. The "normal" time stepping
(identified by an n in the graphs) was used in the
solution to the benchmark provided by each partner
(i.e. prior to this sensitivity analysis) and corresponds
to times where the solution was required in the case
definition.

The refined time stepping (identified by an r in
the graphs) corresponds to multiplying by 10 the
number of time intervals with respect to the normal
time stepping. It is clear that the solution will also
depend on the program used, but some informa-
tion on the influence of time interval could hope-
fully be claimed from these analyses.

Both UPC and UOL performed computations
taking or not into account the convective term

div(pf C, qT) in the heat transport equation. Their
solutions correspond, respectively, to the cou-
pling (identified by c in the graphs) and to the
uncoupling (identified by u in the graphs) of the
heat transport equation from the fluid motion
equation.

A set of significant results have been included in
Figures 5-4 to 5-7. Concerning the temperature
field, Figure 5-4 and Figure 5-6 show that a re-
finement in time stepping essentially rises the tem-
perature whether or not there is coupling. Con-
cerning the pressure field, Figure 5-5 and Figure
5-7 show that, for a given partner, the pressure is
not affected either by time stepping or by coupling,
whereas the pressure field predicted by UPC is
slightly lower that the pressure field predicted by
UOL. However, the maximum observed relative
difference is around 5%, and could be due to dif-
ferences in the mesh used.

Therefore, it may be concluded that, in case B,
time stepping increases the temperature field and
has no influence on the pressure field whereas un-
coupling has no influence on the temperature field
or in the pressure field. Probably these conclusions
will also apply in case A.

Temperature Distribution at = 50 years

-10
250 300 350 400 450 500 550

Vertical distance (m)
650 700 750

Figure 5-4. Influence of time stepping (n = normal, r - refined) ond uncoupling (c = coupled, u = uncoupled) in cose B (high porosity).
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Figure 5-5. Influence of time stepping (n = normal, r = refined) and uncoupling (c = coupled, u = uncoupled) in case B (high porosity).

Temperature Evolution at z = 0 m
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Figure 5-6. Thermal Convection in a Saturated Rigid Porous Medium. Influence of time stepping (n = normal, r = refined) in case B
(high porosity).
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Pressure Evolution at z = 0 m

Figure 5-7. Thermal Convection in a Saturated Rigid Porous Medium. Influence of time stepping (n = normal, r=refined) in case B
(high porosity).
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6. Conclusions

It may be argued that a val idat ion exercise
should not necessarily be included in a benchmark
exercise such as CATSIUS CLAY. However, experi-
ence ga ined with BM1.1 and BM1.2 has disclosed
some interesting aspects. Hopeful ly the exercise
has also contr ibuted to improving the computa-
t ional techniques of partners.

BM1.1 is a relatively simple uncoupled f low
problem in a co lumn of unsaturated soil . It has
been solved correctly by all partners. N o significant
conceptual or numerical anomaly has been de-
tected. Table 6-1 gives a summary of the computer
programs used by the partners and the cases
solved by them.

BM 1.2 is a coupled f low-thermal prob lem in a
3 D porous space. Part A considers a low value for
the porosity (n = 1O4 ) . An analytical expression
provided by Hodgkinson is close to the true solu-
t ion and has been used as a reference. Part B con-
siders a high value for the porosity (n = 1CH).

Hypotheses underly ing Hodgkinson 's app roach
are not ful f i l led in this case and therefore no ref-
erence solut ion was prov ided. However, as pre-
sented in a previous sect ion, the general trends of
the true solut ion for case B cou ld be established
and they have been used as a reference for dis-
cussion.

Table 6-1 summarises the simplif ications used by
partners to solve the problem proposed in this BM.
Some (AND, UWC) simplif ied the problem adopt -
ing Hodgkinson's approach (heat transport uncou-
pled f rom fluid mot ion and Boussinesq approx ima-
tion), others (ISM, UOL) simplif ied the problem by
uncoupl ing the heat transport f rom the fluid mot ion
and others (CLA, UPC) used no simplif ications at
a l l . Obviously , those partners fo l lowing the general
approach should f ind the true solution (if numerical
aspects are disregarded), whereas those partners
fo l lowing a simplif ied approach should f ind a solu-
t ion close to the true solution inasmuch as the un-
derlying simplifying hypotheses used have only a
small effect on the solut ion.

Compar ing in terms of general trends the results
provided by the partners, the fo l lowing summary
may be made:

J Case A.
Temperature distributions were correctly pre-
dicted by all partners. Pressure distributions
were correctly predicted by AND, CLA, UPC,
UOL and UWC.

• Case B.
Temperature distributions were correctly pre-
dicted by all partners. Pressure distributions
were correctly predicted by CLA, ISM, UPC
and UOL.

The reasons for these results have been traced to
taking or not into account the relevant mechanisms
involved in the flows of both fluid and heat in each
particular case. As a summary of the analysis per-
formed and the results provided by partners, the
following conclusions were reached:

IJ Case A.
Fluid motion is mainly due to buoyancy (fluid
density gradients and gravity originate fluid
flow). Heat flow is mainly due to conduction.

• Case B.
Fluid motion is mainly due to the thermal di-
lation of the fluid. Heat flow is mainly due to
conduction.

All partners (AND, CLA, ISM, UPC, UOL, UWC)
have correctly predicted the temperature fields for
both cases because they are mainly induced by
conduction in both cases and this mechanism is in-
cluded in all the approaches used. However, only
partners taking into account buoyancy (AND, CLA,
UPC, UOL, UWC) have correctly predicted the
pressure field for case A. Furthermore only partners
taking into account the thermal dilation of the fluid
-excluded in Boussinesq approximation- (CLA,
ISM, UPC, UOL) have correctly predicted the pres-
sure field for case B.

Some minor discrepancies between predictions
provided by partners may be attributed both to the
approach followed as well as to numerical issues
such as mesh size, number of elements and time
stepping.

It should be added that the conclusions and final
predictions reached (summarised above) have
benefited from a relatively long period of discus-
sion and critical review of results, which has gone
beyond the strict methodology of a benchmark ex-
ercise "sensus strictus".
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Table 6.1
Main differences between the analysis performed by partners to solve benchmark 1.1 and benchmark 1.2.

Benchmark 1.1

Code used

Method of solution

Dimensions used in the analysis

ID

2D

3D

Code used

Method of solution

Simplifications used (case)

AND

CLEO

FEM

•

•

CLA ISM SCK

ABAQUS ABAQUS PORFLOW

FEM FEM NPI

•

• • •

• • •

Benchmark 1.2

AND CLA ISM SCK

CLEO ABAQUS ABAQUS

FEM FEM FEM

A B A B A B

UPC

C BRIGHT

FEM

•

•

•

UPC

C BRIGHT

FEM

A B

UOL

LAGAMINE

FEM

•

•

•

UOL

LAGAMINE

FEM

A B

UWC

COMPASS

FEM

•

UWC

COMPASS

FEM

A B

Heat transport uncoupled from fluid motion and
Boussinesq approximation (Hodgkinson)

Heat transport uncoupled from fluid motion(*)

None

* ISM did not take into account the buoyancy.
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8. Appendix. Description of the programs used by partners

A summary of significant features of the pro-
grams involved in the project is given below. The
intention is to provide a general description of the
different programs. Details may be found directly
from the partners involved. Some of the summaries
given below have been extracted by the coordina-
tor on the basis of a more extense information pro-
vided by the partners.

General program information

The benchmark was analysed using module
UNSAT2R of the general program CLEO. The
module UNSAT2R is written in FORTRAN and has
a size of 2 0 0 0 lines and works on a sunsparc 10
using a spare server 670 . The code was developed
in 1 990 in order to study desaturation in galleries.
The code UNSATMECA will be developed.

Program sfafus

Processes modelled - Governing equations solved

The program (2D, 3D axisymmetric) has the ca-
pability to model the mass transfer (module
UNSAT2R) in clay and the mechanical behaviour
of saturated swelling and non swelling clay (mod-
ule GEOMECA). The unsaturated behaviour cou-
ples the effective stress concept extended to the
negative pore pressures with the concept of capi l-
lary stress. Thermo-hydro-mechanical behaviour is
available for saturated clay and is under imple-
mentation for unsaturated clay.

Method of solution

The program uses the Finite Element Method with
linear elements and the Euler semi-implicit method
for time resolution.

Processor needed for input/output

The limitations resulting from the pre and
postprocessor for meshing will be improved by the
implantation of UNSAT2R in the finite element
code MODULEF.

General program information

ABAQUS is a general purpose finite element pro-
gram designed specifically for advanced structural
and heat transfer analysis. It is written in FORTRAN

and C, and versions are maintained and supported
on most standard engineering computers.

Program status

The program performs efficiently on a wide
range of computers, and is particularly effective for
large problems running on advanced computer ar-
chitectures. The documentation includes the fo l -
lowing manual set: User's Manua l , Theory Man-
ual , the Example Problems Manua l , the Verification
Manual (with over 3 0 0 0 basic test cases, providing
verification of each individual program feature
against exact calculations and other published re-
sults) and Quali ty Assurance Plan.

Processes modelled - Governing eguations solved

The fol lowing element libraries are available
(with I D , 2D and 3D elements): stress, heat trans-
fer, acoustic medium, piezoelectric, coupled prob-
lem and user-defined elements. The material defi-
nitions include temperature dependence, elasticity,
viscoelasticity, metal plasticity, creep, volumetric
swelling, cam-clay model, extended Drucker-Prager
model , capped Drucker-Prager model , crushable
foam model , jointed material model , strain rate
dependent plasticity, no tension, no compression,
concrete, permeability, piezoelectric properties,
acoustic medium properties, thermal conductivity,
specific heat, emissivity, latent heat, gap conduc-
tance, gap radiation, user materials. The following
analysis procedures are available and can be mixed
in any reasonable fashion: linear static stress-dis-
placement analysis, nonlinear static stress-dis-
placement analysis, dynamic stress-displacement
analysis for linear problems, dynamic stress-dis-
placement analysis for nonlinear problems, creep
and swelling analysis, transient and steady-state
heat transfer analysis, natural frequency extraction,
eigenvalue buckling estimates, sequentially cou-
pled temperature and thermal stress analysis, fully
coupled, transient or steady-state, temperature-
displacement analysis, fully coupled acoustic-
structural vibration analysis, fully coupled ther-
mal-electric analysis, consolidation, partially satu-
rated f low, mass diffusion analysis.

Method of solution

The Finite Element Method is used. The fol lowing
solution techniques are incorporated: wawefront
solution algorithm (automatic, internal, wawefront
minimization), elastic re-analysis (based on original
stiffness matrix), geometric nonlinearities (lagrangian
and updated Lagrange formulations for finite strain
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cases), solution of nonlinear equations (full Newton
method), constitutive integration (for materials
models written in rate form, fully implicit integration
is used).

Processor needed for input/outpLi

ABAQUS/Pre and ABAQUS/Post or other pre-
and postprocessors may be used.

''-I'

General program information

PORFLOW is a software tool for solution of
mult i-phase fluid f low, heat transfer and mass
transport problems in variably saturated porous or
fractured media. It can be operated on a broad
range of micro, mini , main frame and supercom-
puters.

Prog "am status

The program has been extensively verified by
compar ison of its results with analytic solutions, ex-
perimental and field data, and other numerical
models.

Processes modelled - Governing equations solvec

The code is designed primarily to solve 2D or 3D
problems. It solves a set of coupled transport
equations for fluid velocities, pressure, temperature
and concentrat ion of chemical species in
multi-phase or mult i - f lu id, variably saturated, frac-
tured or porous media f low. The number of phases
(or fluids) and number of species equations to be
solved can easily be varied to accommodate spe-
cific user requirements. The equations may be
solved in their two or three dimensional , transient
or steady state fo rm. The governing equations are
based on the conservation principles, except that
the Darcy's equations are used in place of the
Navier-Stokes equations.

iViefhod of solution

The Noda l Point Integration method is used to
integrate the governing differential equations by
temporal and spatial discretization over each con-
trol volume of the physical domain . The numerical
method leads to solutions that automatical ly con-
serve f lu id , heat, and mass locally within every grid
element, as well as for the entire model doma in .
The resulting system of linear algebraic equations
is then solved by one or more of the several matrix

inversion algori thms. In the current version, the
control volumes (elements) used to define the
problem geometry can vary in size across the coor-
dinate system, but their geometry is restricted to
that of a rectangular paral lelepiped or segment of
a solid cylinder.

P'ocesso: ed *oi inpj'/oulput

The program has its own pre- and postprocessor.

Gencal progiam infcniclion

C O D E BRIGHT is an acronym for C O u p l e d DE-
format ion , BRIne and Heat Transport. It has been
developed by the Geotechnical Department in the
Technical University of Cata lonia. Al though the
program was originally developed for saline me-
dia, at present, has become more general and ap-
plicable to other geological media.

Program status

The program is a research tool and new devel-
opments are continuously in progress. Usually, the
last version with verified capabil it ies is avai lable at
any moment. A user guide has been written and it
is updated with new developments as soon as they
are verif ied. Val idat ion of the code is performed by
comparison with analytical solutions, with com-
puted data and measured data (laboratory tests, in
situ tests or real systems).

Processes modelled - Governing equations solved

The program handles coupled f low temperature
and deformat ion problems in geologic materials. It
solves simultaneously the fol lowing set of govern-
ing equations: mechanical equi l ibr ium ( I D , 2 D ,
3D), water mass balance, air mass balance, en-
ergy balance and mass of mineral balance. Un-
known variables are: solid displacements, l iquid
pressure, gas pressure, temperature and porosity.

The fol lowing constitutive relations are consid-
ered: Darcy's law for l iquid and gas advective flux,
Fourier's law for heat conduct ion, retention curve
for variat ion of degree of saturation of l iquid phase
and state equations for l iquid and gas. Henry's law
and psychrometer law are used to describe the
mass fraction of dissolved air and the fraction of
vapour mass, respectively. Mechanical behaviour
is dealt with using non-l inear elasticity, elasto-
plasticity (model of Alonso et a l . , 1990) , visco-
elasticity, viscoplasticity and thermoelastoplasticity
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(model of Gens et a l . , 1995). Additionally, the
elastic part may follow a state surface approach.

Method of solution

The Finite Element Method is used to solve the
equations. It has the fol lowing features: analytical
or numerical integration depending on element
type ( I D : segments, 2D: triangles, quadrilaterals,
3D : tetrahedrons, triangular prisms); generalised
mid-point scheme time integration (with a value of
0 between 0 and 1 specified by the user) and
Newton-Raphson method for solution of the
non-linear system of equations; automatic time
step (depending on convergence conditions or out-
put requirements); convergence criteria in forces,
fluxes, displacements, temperatures and pressures.

Processor needed for input/output

There are no pre- and postprocessors specifically
developed for the program.

Typical applications in the waste disposal field

Thermo-hydro-mechanical processes taking
place around waste deposits and, particularly, in
the zone of engineered barrier. In seals, specially
near heat sources, the coupled behaviour induced
by temperature and brine contents (influence the
creep deformation of saline materials) and the hy-
groscopic and dissolution/precipitation processes
may be analysed. In clay and rock deposits, the
flux of species in the medium in presence of tem-
perature may be analysed, being particularly inter-
esting the cases where gas generation and migra-
tion takes place.

General program information

LAGAMINE is a program that has been developed
by the MSM Department of University of Liege since
1 982 . It has been developed to model large strain
inelastic metal forming processes. Since 1984 it has
then also been developed for the modelling of
geomechanics problems. It was written in FOR-
TRAN, the executable has 5 Mb, the source code
has 675 routines and 250 000 lines and is avai
able on VMS, UNIX, DOS and AIX environments.

Program status

The program is a research tool , continuously de-
veloped by a research team. A partial documenta-
tion is achieved through doctoral thesisses and re-
search reports. The validation is done by

comparison with analytical solutions when avail-
able and with benchmarks or published solutions.

Processes modelled - Governing equations solved

The problems may be 2D , axisymmetric or 3D.
The processes modelled are of various types: solid
mechanics (large strain and large rotations,
elastoplasticity and elastoviscoplasticity, unilateral
contact with friction), soil and rock mechanics
(elastoplastic models Drucker-Prager, Van Eekelen,
Dafalias-Kaliakin, Cam Clay, Alonso-Gens, CLoE,
Pande, ...), seepage (Darcy law), thermal conduc-
tion (Fourier law), diffusion (transient and steady
states, thermal dependence of the conductivity and
heat capacity, free surface seepage, unsaturated
flow,...), advection-diffusion (full upwind Petrov-
Galerkin model, transport of pollutant, transport of
heat), strain localisation (non associated plasticity,
softening, damage models). Coupl ing schemes:
thermomechanics, hydromechanics, thermal-hy-
draulic flow, thermo-mechanical-hydraulic (under de-
velopment). Monolithical and staggered schemes
have been implemented.

Method of solution

The Finite Element Method is used. The time evo-
lution is supposed to be linear on each time step.
The generalised mid point scheme is used. For non
linear problems, the Newton Raphson method is
used. The finite elements are mostly isoparametric.
The internal power is integrated thanks to the
Gauss numerical integration scheme. An auto-
matic time stepping is available. The convergence
criteria are based on the L2 norm of the out of bal-
ance forces and of the velocity corrections.

Processor needed for input/output

No processor is needed, but several pre- and
postprocessors have been developed by the MSM
Department.

Typical applications in the waste disposal field

Stability of slopes and of the clay-geomembrane
system, tunneling, stability of underground open-
ings, seepage and transport in porous media, tran-
sient thermal conduction, subsidence model l ing.

General program information

COMPASS is an acronym for C O d e for
Model l ing PArtly Saturated Soil. It was developed
at the University of Wales College of Cardiff. It has
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been developed for application to unsaturated soil
problems. It is written in FORTRAN and has 7300
lines. It runs on a VMS environment.

Program status

The program has been validated against a series
of analytical and numerical solution of subsets of
the fully coupled model. Additionally, it has been
compared with another independent computer
program. A user manual is available.

Processes modelled - Governing equations solved

The code is 2D and currently is extended to 3D.
The program handles coupled thermo-mechanical-
hydraulic problems in unsaturated soil. It solves si-
multaneously the following set of governing equa-
tions: energy balance (heat conduction; convection
in the l iquid, vapour and air phases; latent heat of
vaporisation transfer the movement of vapour),
moisture mass balance (liquid flow due to Darcy's
law and vapour flow due to both diffusion and bulk
flow of air air), air mass balance (bulk flow of air
due to a generalised Darcy law and flow of dis-
solved air in water) and mechanical equilibrium
conditions (based on finite strain theory, there are
3 versions: non-linear elasticity (non-linear state
surface for volumetric deformation, shear behav-

iour via deformation modulus and state surface for
the variations of degree of saturation with both ap-
plied stress and suction), elasto-plasticity (Alonso et
al. model) and thermo-plasticity (Gens model)).
Unknown variables are: temperature, negative
pore water pressure (soil suction), pore air pressure
and displacements.

Method of solution

The Finite Element Method is used to solve the
governing differential equations spatially with the
time variation accommodated via a finite differ-
ence technique. It has the following features: 5 ver-
sions (HM: Heat and Moisture transfer, HMA:
Heat, Moisture and Air transfer, HMAE: Heat,
Moisture and Air transfer with non-linear Elastic
deformation, HMAEP: Heat Moisture and Air trans-
fer with Elasto-Plastic deformation and HMATP:
Heat, Moisture and Air transfer with Thermo-Plastic
deformation), 8-noded isoparametric elements
based on "serendipity" shape functions, numerical
integration, implicit time integration with evaluation
of the non-linear matrices weighted at the mid time
step, automatic time step sizing (depending on
convergence conditions or output requirements),
convergence criteria for all equations, output op-
tions, direct solution of the resulting simultaneous
equations via a Gauss elimination technique.

72



PUBL1CACI0NES TECNICAS

1991

0 / REVISION SOBRELOS MOOELOS NUMERLCOS
RELAWMOS CON EL ALMACENAMIENTO BE RESIDUOS
RADIACTIVOS.

02 REVISION SOBRE LOS MODELOSNUMERICOS
RELACIONADO COH EL ALMACENAMIENTO BE RESIBUOS
RADIACIIVQS. ANEXO I Gut de codigos apkobles.

03 PRELIMINARY SOLUBILITY SJUOIES OE URANIUM OlOXIBE
UNBER m commons EXPECTEO IN A SHINE
REPOSITORY.

04 GEOESTADISTICA ?ARA EL ANAUSIS BE RIESGOS
Una introduction a la Geoestadistica no parome'trica.

05 STTUACIONES SINOPTICAS Y CAMPOS BE V1ENT0S
ASOOABOSEN'ELCABRIL".

06 PARAMETERS, METHOBOLOGIES AND PRIORITIES OE SITE
SELECTION EOR RADIOACTIVE WASTE DISPOSAL IN ROCK
SALT FORMATIONS.

1992

0 / STATE OE THE ART REPORT: DISPOSAL OE RAOIACTIVE
WASTE IN BEEP ARGILLACEOUS FORMATIONS.

02 ESTUDIO DE LA INE1LTRAC10N A TRAVESBELACOBERTERA
DELAFUA

03 SPANISH PARTICIPATION IN THE INTERNATIONAL INTRAVAL
PROJECT.

04 CARACTERLUCIONBEESMECTITASMAGNESICASBEIA
CUEUCA BEMABRIB C0M0 MATERIALS DE SELLADO.
Ensayos de alteration hidrotemal.

05 SOLUBILITY SWBIES OE URANIUM DIOXIDE UNDER THE
CONDITIONS EXPECTEB IN A SALINE REPOSITORY. Phase II

06 REVISION DEMETOBOSGEOEISICOSAPUCABLESAL
ESTUDIO Y CARAOEROKIOH DE EMPU7MENT0S PARA
ALMACENAMIENTODERES1DU0SRABIACTIVOSBEALTA
ACTIVIDAD EN GRANITOS, SALES YARCILLAS.

07 COEEICIENTES DE DISTRIBUQON ENTRE RADIONUCLEIBOS.

08 CONTRIBUTION BY CTN-UPM TO THE PSACOIN LEVELS
EXERCISE.

09 BESARROLLO BE UN MODELQ DERESUSPENSION DE
SUELOS CONTMINADOS. APUCACIONALAREADE
PALOMARES.

10 ESTUDIO DEL CODISOEFSM PARA CAMPOLEIANO.
IMPLMAC10NENVAX.

11 LA EVALUACION DE LA SEGURIBAD DE LOS SISTEMAS DE
ALMACENAMIENTO DE RESIDUOS RABIACTIVOS.
UTIUIACION BEMETODOS PROBABIUSTAS.

12 METODOLOGIA CANAOIENSE BE EVALUACION DE LA
SEGURIBAD DE LOS ALMACENAMENTOS BE RESIBUOS
RADIACTIVOS.

13 BESCR1PWNDELA BASEDEBATOS WALKER.

1993

0 / INVESTIGAQON DE BENTONITAS C0M0 MIERIALES DE
SEILABO PARA ALMACENAMIENTO BE RESIBUOS
RABIACTIVOS BEALTA ACTIVIDAD. I0NA DE CABO BE
GATA,ALMERIA.

02 TFMPERATURA DISTRIBUTION IN A HYPOTHETICAL SPENT
NUCLEAR FUEL REPOSITORY IN A SALT DOME.

03 ANAUSIS DEL CONTENIDO EN AGUA EN FORMACIONES
SALINAS. Su apkation alalmacenomiento de residuos
radiactivos

04 SPANISH PARTICIPATION IN THE HAW PROJECT.
Lobomtory Investigations on Gamma Inadiation Effects in
Rock Salt.

05 CARACTER1ZACI0N Y VAUDACION INDUSTRIAL BE
MATERIALLY ARCILLOSOS C0M0 SARRERA BE INGENIERIA.

06 CHEMISTRY OF URANIUM IN BRINES RELATED TO THE
SPENT FUEL BISPOSAL IN A SALT REPOSITORY (I).

07 SIMULACIONTERMICADELAIMACENAMIENTOEN
GALERIATSS

08 PR0GRAMASCQMPLEMENTAR1QSPARAELANAUSIS
ESTOCASTICO DEL TRANSPORTE DE RADI0NUCLE1D0S.

09 PROGRAMS PARA EL CALCULO DE PERMEABIUDADES DE
BLOQUE

10 METHODS AND RESULTS OF THE INVESTIGATION OF THE
THERMOMECHANICAL BEAVIOUR OF ROCK SALT WITH
REGARD TO THE FINAL DISPOSAL OF HIGH-LEVEL
RADIOACTIVE WASTES.

1994

01 MODELO CONCEPTUAL DE EUNCIONAMIENTO DE LOS
ECOSISTEMAS EN EL ENTORNO DE LA FABR1CA DE URANIO
DEANBU1AR.

02 CORROSION OF CANBIBATE MATERIALS FOR CANISTER
APPLICATIONS IN R0CKSAL1FORMATIONS.

03 STOCHASTIC MODELING OF GROUNBWATER TRAVEL TIMES

04 THE BISPOSAL OF HIGH LEVEL RADIOACTIVE WASTE IN
ARGILLACEOUS HOST ROCKS. Identification of parameters,
constraints and geological assessment priorities.

05 EL OESTE DE EUROPA Y LA PENINSULA IBERICA DESDE
HACE-120.000 ANOS HASTA EL PRESENTF. Isostosio

1995

06 ECOLOGIA EN LOS SISTEMAS ACUATICOS EN EL ENTORNO
BEELCABRIL.

07 ALMACENAMIENTO GEOLOGICO PROEUNDO DE RESIDUOS
RADIAOIVOSDEALTAACTIVIDAD (AGP). Conceptos
preliminaies de referenda.

08 UNIDADESMOVIES PARA CARA6ERI2ACI0N
HIDROGEOQUIMICA

09 EXPERIENOAS PREUMINARES DE MIGRACION DE
RAD10NUCLEID0S CON MATFRIALES GRANITICOS. EL
BERROCAL, ESPANA.

10 FSTUBIQS DE DESEQUIUBRIOSISOTOPICOS DE SERIES
RADIACT1VAS NATURALES EN UN AMBIENTE GRANIT1C0:
PLUTON BE EL BERROCAL (TOLEDO).

11 RELAC10NENTREPARAMETROSGEOEISICOSE
HIDR0GE0L0G1C0S. Una revision de litemtura.

12 DISENO Y CONSTRUCQON DE IA COBERTURA MULTICAPA
DEL DIQUE DE ESTERILES DE LA FABRICA DE URANIO DE

01 BETERM1NAQ0N DEL MODULO DE ELASTICIDAD DE
FORMACIONES ARCILLOSAS PROFUNDAS.

02 UOi LEACHING AND RAD10NUCUDE RELEASE MODELLING
UNDER HIGH AND LOW IONIC STRENGTH SOLUTION AND
OXIDATION CONDITIONS.

03 THERMO-HYDRO-MECHANICAL CHARACTERITATION OE THE
SPANISH REFERENCE CLAY MATERIAL FOR ENGINEERED
BARRIER FOR 6RANTTEAND CLAY HLW REPOSITORY:
LABORATORY AND SMALL MOCK UP TESTING.

04 BOCUMENTO DE SMESIS DE IA ASISTENCIA GE0TECN1CA
AL DISENO AGP-AROLLA. Concepto de referenda.

05 DETERMINACION DE LA ENERGIA ACUMULADA EN IAS
ROCAS SAUNAS FUERTEMENTEIRRABIADAS MEBIANTE
TECNICAS DE TERMOUMINISCENCIA. Aplication al walisis
de repositories de residues radiactivos de alto actividad.

06 PREDICCION DE FENOMENOS DE TRANSPORTE EN CAMPO
PROXIMO Y LEJANO. Interaction en fases salidas.

07 ASPECTOSREIAClOnABOSCONLAPROTECClON
RABlOLOGia DURANTEEL DESMANTEIAMIENTO Y
CLAUSURA DE IA FABRICA DE ANDUJAR.

08 ANALYSIS OF GAS GENERATION MECHANISMS IN
UNDERGROUND RADIACTIVE WASTE REPOSITORIES.

09 ENSAYOS DE LIXNIACION DE EMISORES BETA PUROS DE
LARGA WA.

10 2!PIANDEI+D.DESARROLLOSMETODOLOGICOS,
TECNOLOGICOS, INSTRUMENTS Y NUMER1C0S EN LA
GESTION DE RESIDUOS RABIACTIVOS.

11 PWYECTO AGP- AIMACENAMIENTO GEOLOGICO
PR0FUNB0.FASE2.

12 IN SITU INVESTIGATION OF THE LONG-TERM SEALING
SYSTEM AS COMPONENT OF DAM CONSTRUCTION (BAM
PR01EO). Numerical simulator: Code-Bright.

1996

0 / DESARROLLO DE UN PROGRAM INFORMAIICO PARA EL
ASESORAMIENTO DE LA OPERACION DE EOCOS
EMISORES DE CONTAMINATES GASEOSOS.

02 FINALREPORT OF PHYSICALTEST PROGRAM CONCERNING
SPANISH CLAYS (SAfONITESAND BENTONITES).

03 APORTACIONES AL CONOCIMIENTO DE LA EVOLUCION
PALEOCUMATia Y PAIEOAMBIENTAL EN LA PENINSULA
IBERICA DURANTE LOS DOS ULTIMOS MILLONES BEANOS
A PARTIR DEL ESTUDIO DE TRAVERTINOS Y
ESPELEOTEMAS.

04 METOBOS GEOESTADISTICOS PARA LA INTEERACION BE
INE0RMACI0N.

05 ESTUDIO DE LONGEVIBAD EN BENTONITAS: ESTABIUDAD
HIDROTERMALDESAPONITAS.

06 ALTERACION HIDROTERMAL BE IAS BENTONITAS BE
AIMERIA

07 MAYDAY. UN CODIGO PARA RFM1ARANALISIS DE
INCERTIBUMBRE Y SENSIBIIIBAD. Manuales.



1997

01 CONSIDERAGON DEL CAMBIO MEDIOAMBIENTAL EN LA
EVALUACION BE LA SEGURIBAD. [SCENARIOS CUMATICOS
A LARG 0 PIAIO fW IA PENINSULAIBERICA.

02 MEWD0L06IA DE EVALUACION BE RIES60 SISMICO EN
SEGIAENTOSOEFAUA.

03 BE1FRMINAC10N BE RADIONUCLEIDOS PRESENTES EN EL
INVEHTARIO OE REFERENCIA BEL CEflJRO BE
AMACENAMIENTODEELCABRIL

04 AIMAGNAMIENTO DEEINIIIVO BE RESIDUOS DE
RABIACJIVIDAB ALIA. Coracterizocion y comportamiento a
largo plow de los combustibles nucleates itradiados (I).

05 MEIOOOLOGIA lit ANALISIS BE LA BIOSFERA EN LA
EVALUACION BE ALMACFNAfMENTOS 6E0LOGICOS
PROFUHOOS DE RESIDUOS RADIACIIWS DEALTA
ACIIVIBAB ESPECKA.

06 EVAWACION DEL COMPORTAMIENIO Y BE LA SEGLIRIDAD
BE UN AIMACENAMIENTO GEOIOGICO PROFUNDO EN

V.Marzol997

07 SINTESIS TECTOESTRATIGRAFICA DEL MACHO HFSPERKO.
VOLUME!

OS f lORNADhS Of hD t JECNOLO&AS BE GESTION OE
RESIDUOS RADIACTIVOS. Posters descriptivos de los
proyectos de I+D y evaluation de la seguridod a largo plazo.

09 FEBEX. EJAPA PREOPERACIONAL. INEORME DE SINTESIS.

10 METODOLOGIA DE 6ENERACION DE ESCENARIOS PARA LA
EVAWACION DEL COMPORTMVENTO DE LOS
ALMACENAMIENTOS DE RESIDUOS RADIACIIVOS.

) 1 fMNUAL DE CESARR V. 2. CotSigo para la evaluation de
seguridad de un alniacenamlento superficial de residuos
radiactivos de baja y media octividod.

1998

01 FEBEX. PRE-OPERATIONAL STAGE. SUMMARY REPORT.

02 PERFORMANCE ASSESSMENT OF A DEEP GEOLOGICAL
REPOSITORY IH GRANITE. March 1997.

03 FEBEX. DISENO FINAI Y MONTAJE DEL [USA YO "IN SITU"
ENGRIMSEL

04 FFBEX. BENTONITA: ORIGEH, PROPIEDADES Y
FABRICACION BE BLOQUFS.

05 EEBEX. BENTONITE: ORIGIN, PROPERTIES ANB
FABRICATION OF BLOCKS.

06 1ERCFRAS TORNADAS DF I+D Y TECNOLOGIAS DE
GESTION DE RESIDUOS RADIACTIVOS. 24-29 Noviembre,
1997.Volumenl

07 TERCERAS1ORNADAS DE I+D Y TECNO1OGIAS DE
GFSTION DE RESIDUOS RADIACTIVOS. 24-29 Noviembre,
l997.Volumenll

08 MODEUIACION Y SIMUIAC1OH DE BARRENS (MIMES.
09 EEBEX. PREOPERATIONA1THFRMO-HYDRO-MECHANICAL

(WM) AiOOEUING OF THE "IN SITU" TEST.
10 FEBFX. PREOPERATIONAL THERMO-HYDRO-MFCHANICAL

(THM) MODELLING OF THE "MOCK UP" TEST.

11 DISOLUCION DEL U02(s) EN CONDICIONES REDUCTORAS
YOXIDANTES.

12 FFBEX. FINAI DESIGN ANB INSTALLATION OF THE "IH
SITU"TEST AT GRIMSEL

1999

0 / MATFRIALES ALTERNATES DEIACAPSUIA BE
AL/MCENAMIENTO DF RESDIUOS RADIACTIVOS DEALTA

02 INTRAVAL PROJECT PHASE 2: STOCHASTIC ANALYSIS OF
R&OIOHUaiOFS TRAVEL TMES AT THE WASTE ISOLATION
PILOT PLANT (WIPP), IN NEW MEXICO (U.S.A.).

03 FVALUACION DEL COMPORTAMIENTO Y DE LA SF6URIDAD
DE UN AIMACENAMIENTO PROEUNDO EN ARCILLA.
Febrero 1999.

04 FSTUDIOS DE CORROSION DEMATERIALES METALICOS
PARA CAPSULAS DE ALMACENAMIENTO DF RESIDUOS DE
AUAACTIWAD.

05 MANUAL DEL USUARIO DEL PROGRAM VISUAL BAIAN V.
1.0. COBIGOIHTERKTNO PARA M REAU1ACI0N BE
BALANCES HIDROLOGICOS Y LA ESTIMACION DE LA
RECARGA.

06 COMPORTAMIFNTO FIS1C0 DE LAS CAPSUIAS DE
AIMACENAMIENTO.

07 PARTICIPACION DEL CIEtMTEN ESTUDIOS DE
RADIOECOLOGIA EN EC0S1STEMAS MARINOS EUROPEOS.

08 PLAN DE INVESTIGACION Y DESARROLLO TECNOLOGICO
PARA LA GESTION DE RFSIDUOS RADIACTIVOS
1999-2003. OCWBRE1999

09 FSTRATIGRAFIA BIOMOLECUIAR. M
RACEMlACION/EPimOAClON DE AMOACIDOS COM
HERRAMIENTA GEOCROHOLOGICA Y PALFOTFRMOMETRICA

PUBLOCIONESNOPERIODICAS

1992

PONENCIAS EINFORMFS, 1988-1991.

SEGUNDO PLAN DE I+D, 1991-1995. T0MOSI, IIYIII.

SECOND RESEARCH AND DEVELOPMENT PLAN,
I991-1995JOLUMEI

1993

SEGUNDO PIAN DE I+D. INFORMEANUAL1992.

PRIfAERAS lORHABiiS DE I+B EN IA GESTION DE RESIDUOS
RADIACnVOS.TOMOSIYII.

1994

SEGUNDO PLAN I+D 1991-1995. INEORMFANUAL1993.

1996

1995

TFRCFRPIAUDEI+D 1995-1999.

SFGUNDAS JORNADAS DE I+D. EN LA GESTION DE
RESIDUOS RADIACTIVOS. T0M0SIYII.

FL BFRROCAL PROJECT. VOLUME! GEOLOGICAL STUDIES.

EL BERROCAL PROJECT. VOLUME I!
HYDROGFOCHEMISTRY.

EL BERROCAL PROJECT. VOLUME III. LABORATORY
MIGRATION TESTS AND IN SITU
TRACER TEST.

FL BERROCAL PROMT. VOLUME IV. HWROGEOLOGICAL
MODELLING ANB CODE
DEVELOPMENT.

EditO:

•BD'J
empreso national de issiduos icdmctivos, s.a.

Diseno y coordination editorial: TransEdit
Imprime: GRAFISTAFF, S.L.
ISSN: 1134-380X
D.L.: M-7022-2000
Febrero del 2000

Existen disparities ejemplares de diversos numeros de las Publkadones Jecnicas de ENRESA
reladonadas en este apartado. Quienes este'n interesados en completarsu coleccidn o en disponei

de algim titulo concreto pueden dirigir su sokitud a troves del numero de fox o direcdon
de correo electronico (jue se detahn a continuacion:

Fax: 91566 8165

Correo electronico: prej@enresa.es



mm
emprssa .national de residuos :o(lia('ivos, s.a

Emilio Vorgos, 7-28043 Madrid
Tfno.: 566 81 00-Fox: 566 8169 OCIUBRE, 1999


